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Anodizing is an electrochemical process by which the thickness of the natural oxide layer present on metals is increased.
Anodizing is used to improve the corrosion and wear resistance of the substrate, to enhance the adhesion of coatings and
for aesthetics reasons. The properties, chemistry and morphology of the resulting anodic oxide film depend on the
anodizing parameters chosen.
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| 1.Introduction

Anodizing is an electrochemical process in which the operating conditions such as the temperature of the electrolyte and
the electrode, the electrolyte pH and chemical composition, as well as the current density involved play a crucial role and
influence the final properties, chemistry, and morphology of the resulting anodic oxide film. This section discusses the
working principles of anodizing, the barrier and porous anodic layer types and the effect that the operating conditions have
on the anodizing process itself and on the properties of the resulting anodic oxide layer.

| 2. Working Principles

Anodizing is an electrochemical process to artificially thicken the oxide film on a metal surface, creating an oxide layer of
up to several micrometers thick. This artificial oxide film forms on aluminum when a current at sufficient voltage flows
through an electrolyte in which the aluminum is the anode and a suitable material is the cathode . The involved mobile
species in the anodizing of pure aluminum in aqueous solutions are AI** cations, and 02~ or OH™ anions @B, The
oxidation of aluminum at the aluminum/oxide interface generates the AI®* cations, while O2~ or OH™ anions form at the
oxide/solution interface by the stripping of H* from H,O molecules 2.

lonic migration through the oxide under a high electric field (in the order of 108 to 10° V/m) enables the growth of the
anodic oxide film [&. The high electric field is generated by the potential drop, caused by the insulating properties of the
aluminum oxide at the metal/oxide/electrolyte interface 4. 02~ and OH~ anions migrate through the film towards the
oxide/metal interface. Once there, they react with Al** cations resulting in oxide formation &, Some of the available AI3*
cations are not consumed at the oxide/metal interface and they migrate towards the electrolyte. At the oxide/electrolyte
interface, additional alumina can be formed by the reaction of the AI** cations that have migrated from the oxide/metal
interface with available 02~ anions BB, Under certain conditions (that will be discussed later on) the AI3* cations are
ejected into the electrolyte [4. lon migration and dissolution during anodizing is schematically represented in Figure 2.
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Figure 2. Schematic illustration of ions movement and dissolution of oxide in sulfuric acid solution. Reprinted with
permission from [&; Copyright 2008 John Wiley and Sons.

Besides the oxide formation reaction, other reactions, known as side reactions, related with the nature of the substrate
alloy or the electrolyte, can occur and have a significant impact on the anodizing process and its efficiency. An example of
this is the deposition of dissolved metals (e.g., copper) present as alloying element or the oxygen evolution reaction (8l
(LOJ1AA2)[13)14]AS]IAG]A7][18][19][201[21] The effect of alloying elements, as well as the effect of the electrolyte nature will be
further discussed in Sections 3.1 and 4.

Regarding the crystallinity of the anodic oxide formed, a large number of anodic coatings have been studied. It has been
found that all of them consist largely of amorphous oxide, with a percentage of y-Al,O3 formed in some cases BIEILLI12]
In general, the lower the amount of species incorporated from the electrolyte, the higher the oxide crystallinity 13!, Still,
some authors report on completely amorphous anodic oxides and attribute the y-Al,O3 percentage to an artefact caused
by the interaction of the oxide layer with the electron beam during transmission electron microscopy BIEI4 An effect on
the anodic oxide crystallinity by the pre-treatment steps cannot be ruled out 221,

| 3. Barrier Anodic Layers and Porous Anodic Layers

A so-called barrier-type anodic film is grown when the anodizing is performed in pH neutral electrolytes with a relatively
low reactivity towards the anodic film. In such electrolytes, e.g., borate or tartrate solutions, the formed oxide is insoluble
Bl In this conditions, no AI®* cations are lost into the electrolyte and barrier oxides can be grown at high current
efficiencies close to 100 % M. The current efficiency is measured by the ratio between the amount of current used for
oxide formation versus the total current applied during the process 181,

During barrier anodizing the oxide layer grows at both the aluminum/oxide interface and the oxide/electrolyte interface. It
was found that 60 % of the oxide growth occurs at the aluminum/oxide interface, while 40 % of the film thickness forms at
the oxide/electrolyte interface, as shown in Figure 3 [, The growth of the film continues until the resistance of the film
prevents the current from reaching the anode 21, At this stage, the barrier-type anodic film suffers a dielectric breakdown
Bl This phenomenon gives rise to localized sparking and is reflected by voltage or current instabilities during the
anodizing process 23],

Generally, barrier anodizing is performed at low current densities, typically between 0.01 and 1 A/dm2. The chemical
composition of barrier anodic oxides is not pure alumina since electrolyte ions incorporate into the film 2B |ncorporated
electrolyte species typically account for about 1 at% [. Furthermore, barrier films are thin (typically up to hundreds of
nanometers) and dielectrically compact [2I[L2]15],
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Figure 3. Schematic representation of ionic processes taking place during barrier oxide growth. Reprinted from 2
Copyright 2009 VUBPRESS.

On the contrary, if the anodic oxide film is soluble in the electrolyte, a porous oxide film forms. These porous oxide layers
are the ones relevant for aerospace applications. The pores are oriented perpendicular to the metal surface at the center
of a cell and the cells ordered in a hexagonal array BI4IE] A thin barrier layer of scalloped morphology is present at the
pore base. The morphology of an ideal porous anodic layer is schematically illustrated in Figure 4.
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Figure 4. Schematic representation of an ideal porous anodic oxide. Reprinted with permission from &!. Copyright 2008
John Wiley and Sons.

The barrier layer is formed first, before the porous layer growth starts. Its thickness is proportional to the applied voltage,
and once formed it remains constant during the anodizing process . This layer is thin enough to allow a continuous ionic
flow 3. The continuous ionic flow, together with the access of the electrolyte, and therefore of the current, to the
oxide/metal interface through the porous structure, lead to a continuous film growth 221, This does not mean that the film
thickness is necessarily constantly increasing. In fact, the film growth rate gradually reduces as the electrical resistance
increases with film thickness 3. When the film growth rate is equal to the film dissolution rate, the actual film thickness
will remain constant. This mechanism enables the growth of a much thicker porous anodic oxide layers compared to
barrier oxides. Typical porous layers can be grown up to a few hundred microns.

When a porous anodic film is being formed, AI** cations do not react with O2~ anions at the oxide/electrolyte interface.
Instead they are ejected into the electrolyte, either by field-assisted dissolution or by field-assisted direct anion ejection 2
BILA Therefore, the oxide growth only takes place at the oxide/metal interface. The total process efficiency is
approximately 60 % since about 40 % of the Al3* cations are lost into the electrolyte 118l As the film growth proceeds,
the oxide formed is pushed away from the oxide/metal interface. This means that the outer part of the film, which is the
oxide formed during the first instants of the process, is in contact with the electrolyte for the entire anodizing time. This
can lead to a significant chemical attack at the outer part of the film 2. This leads to thinning of the pore walls and to
wider pore mouths. When this attack is severe, the pores in the uppermost part of the film lose their structural stability and
collapse. This phenomenon is known as chalking and is characterized by a slightly white-colored powdery film with
reduced hardness and lower adhesion properties.



The exact mechanism of pore formation has been a subject of debate over the last decades among the scientific
community. Until recently, the most widely accepted theory explaining porous formation was the field-assisted dissolution
theory that was first proposed by O'Sullivan et al. 2. The field assisted dissolution model proposes that the constant
thickness of the barrier layer, which is independent from the duration of the anodizing process, implies that an equilibrium
exists between the film formation rate at the metal/oxide interface and the film dissolution rate at the oxide/electrolyte
interface close to the pore base. However, taking into account the chemical dissolution rate of the oxide in the open circuit
(when no current is applied), an equilibrium between film formation and film dissolution is unlikely, since the dissolution
rate is several orders of magnitude smaller than the oxide formation rate 29, Therefore, the hypothesis of the field
assisted dissolution theory is that the dissolution rate of aluminum oxide increases in the presence of a high external
electric field by stretching or breaking the Al-O bond 29, This increased dissolution rate under a high electric field is then
able to balance the oxide formation rate. The field assisted dissolution theory explains pore nucleation by local
concentrations of the electric field, associated with defects or oxide thickness non-uniformities 24, This theory has been
recently refuted by a research group from the University of Manchester 21221231 |nstead, their research suggests that it is
plastic flow caused by stresses present in the growing anodic oxide that is responsible for pore formation 212211231 pores,
they suggest, are formed by the flow of aluminum oxide from the barrier layer towards the pore walls. This mechanism is
referred to as the field assisted flow theory (21221231 pifferent origins for this stress are reported [&: the high electric field
that is generated in the oxide, inducing a compressive electrostriction pressure 24, the difference in volume between the
oxide and the consumed metal (2228 and the migration of a large number of ionic species through the oxide [2811271128]

The validity of the field assisted flow theory has been demonstrated by the deposition of a thin layer of tungsten, used as
tracer. After anodizing, the tungsten tracer was found evenly distributed at the pore walls, indicating that the oxide flows
from the barrier layer towards the pore walls [21[221[23] However, Garcia-Vergara et al. 22 showed that this behavior is, to
a certain extent, electrolyte dependent. Findings compatible with the field assisted flow theory are reported after anodizing
in sulfuric acid electrolyte, while growth behavior compatible with the dissolution model was found after anodizing in borax
electrolyte.

| 4. Effect of the Applied Voltage or the Applied Current

Anodizing processes can be carried out potentiostatically, i.e., by imposing a voltage to the system and letting it freely
adjust the current; or galvanostatically, imposing a current and letting the system freely adjust the voltage. In general,
increasing the applied voltage in a voltage-controlled process is equivalent to increasing the current in a current-controlled
process.

Generally, an increase in potential leads to thicker anodic films with thicker barrier layers, larger pore cells and wider
pores. In fact, it has been found that the thickness of the barrier layer is proportional to the formation voltage. Rates of
1.3-1.4 nm/V in the case of barrier layers and 1.2 nm/V for the barrier layer at the base of porous anodic oxide have been
reported BIRILS] These rates are considered almost universal. Other anodizing parameters seem to have little to no effect
on the barrier layer thickness EI4I5I15],

When anodizing potentiostatically, the applied voltage can be changed during the process. When a large voltage variation
is applied, the oxide film morphology will adapt to the new conditions 5 and a transition from the oxide formed under the
previous and the new conditions takes place. This transition varies depending on whether the change is a sudden
potential drop or a sudden potential increase. In the case of a potential drop, a so called recovery effect takes place 12!,
When the voltage is suddenly dropped, the current reduces to a very low value and it can take a long period of time, in the
range of minutes, for the current to recover and reach the steady-state condition corresponding to the new voltage 22!, On
the contrary, if the voltage is slowly reduced the current will adjust to the new condition much faster 13, Besides the rate
at which the potential is dropped, other factors influence the speed of current recovery, such as the values of the original
and final voltage, the difference between voltages, and the temperature of the electrolyte 1229 The recovery effect is
often related to the initial chemical thinning of the barrier layer, followed by a stage of field assisted dissolution in which
the film is dissolved faster but also a certain degree of growth takes place at the metal/film interface. Finally, a new steady
porous growth state is achieved. The observed current reduction is attributed to the delay between the applied potential
and the thickness of the barrier layer underneath the pores 2289 From a morphological perspective van Put et al. 21 and
Curioni et al. 3 showed that an oxide with varying morphology across its thickness is achieved when the potential is
dropped during the process, with finer pores generated below the initially present larger pores.

Conversely, when the potential is increased, a current overshoot is observed and a new steady rate of film growth is
reached relatively quickly BY. The anodizing efficiency increases during a potential rise, because for a certain period of
time the current exceeds the equilibrium current at the steady-state B, |n this case, also a graded morphology is reported
(B9 This is schematically visualized in Figure 5.
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Figure 5. Schematic representation of the morphology effect of voltage variations during anodizing.

During processes of stepwise application of voltage, the thickness of the individual layers formed during each step
correlates with the voltage applied 2. Curioni et al. BY explored this to create funneled morphologies on AA2024 T3
alloys anodized in 0.46 M sulfuric acid with the addition of 80 g/L tartaric acid in order to improve the anti-corrosion
properties, as well as the adhesion performance. The desired morphology consists of an external region with a coarser
morphology to improve paint adhesion, and an innermost region with a very fine and highly ordered morphology in order
to hinder the penetration of a corrosive electrolyte. A transition area between the two regions should be present to prevent
interfacial mechanical stresses. Such a morphology is achieved by applying an initial stage of potentiostatic anodizing at
high potential, followed by a decreasing linear polarization to the final reduced potential and, finally, prolonged
potentiostatic anodizing at the reduced potential. The main constraints on the design of a stepwise potential cycle are the
minimum and maximum voltages applied during the low potential and high potential phases and the rate at which the
potential is decreased BY. The minimum potential needs to be sufficient to ensure the oxidation of second phase particles
(321 if the voltage is not high enough to oxidize the second phase particles, these remain in the oxide/alloy interface after
anodizing and could serve as cathodic sites, enabling galvanic coupling and corrosion B9, The effect of second phase
particles during anodizing will be further discussed in Section 3.1. On the other hand, the maximum potential cannot
exceed the potential leading to the onset of burning [FBYE3] At voltages higher than a certain threshold burning takes
place. Burning is a local film thickening phenomenon caused by a local current concentration and a local temperature
increase 433 The nature of the electrolyte determines the maximum anodizing voltage that is applicable before the
onset of burning BY. During burning a highly ordered pore arrangement is observed. This highly-ordered pore
arrangement already appears at voltages slightly below the potential threshold 23], This observation indicates that a very
high electric field is the governing factor for the growth of a highly-ordered porous film 2. According to Aerts @, burning
only takes place during the pore development phase, not in the first stages of anodizing when a compact barrier layer is
formed. He suggests that burning is associated with a barrier layer thickness threshold. As previously mentioned, the
barrier layer thickness is proportional to the formation voltage. Hence, a maximum barrier layer thickness implies a
maximum potential that can be applied to avoid burning. Finally, during a stepwise potential change, the rate at which the
potential is varied should be gentle enough to create a gradual transition between the internal fine oxide and the coarse
morphology of the external oxide. Immersion experiments of anodic layers with a funneled-like morphology show
promising results in pitting corrosion resistance; however, the effect of such a morphology on coating adhesion has not
been reported 39,

An interesting alternative process to obtain a funnel-like structure is discussed by Chung et al. 8. They propose the
application of a small negative potential (-2 V) after DC anodizing. The hydrogen ions, positively charged, are attracted
towards the surface and dissolve the anodic oxide in the uppermost region of the oxide, thereby widening the pore
mouths. Moreover, there are no electrons involved in the dissolution reaction of alumina, so that no extra Joule’s heat is
generated when applying the negative potential. To the authors’ knowledge, this possibility has not been further
investigated, and therefore no information on its corrosion protection or adhesion performance is available.

Up to this point only the use of direct current (DC) has been discussed. Another aspect that has been investigated is the
usage of alternating current (AC) for anodizing purposes. In general, AC and DC anodic layers are very similar in terms of
morphology or chemical composition BZ. One important difference between AC and DC anodizing process is the evolution
of hydrogen gas at the anode (the aluminum part) during the cathodic cycles RIBAE8] For example, an alternate current
at 50 Hz interrupts the oxide growth every 0.01 s, hydrogen gas evolves on the alloy surface for 0.01 s before the oxide
growth reaction is resumed 4. To obtain a comparable thickness, longer AC anodizing times are required compared to
DC anodizing, since in AC processes the oxide growth is continuously interrupted. Additionally, at the beginning of each
anodic cycle part of the current is used to build-up the high electric field that enables ionic migration so that oxide growth
can start B4, Consequently, part of the anodic charge is lost to processes other than oxide formation, further reducing the
anodizing efficiency BZ. A maximum frequency exists, at which all the charge during the anodic cycle is consumed to
build-up the electric field across the barrier layer and no oxide growth takes place BZ.



For application in aerospace industry, a patent filled by Short Brothers 28 and subsidized by Bombardier claims a
combination of an AC and DC process in a sulfuric and phosphoric acid mixed electrolyte, creating an oxide with a duplex
structure. The outer part of the film consists of a porous structure with an average pore diameter in the range of 20—40 nm
and a thickness of less than 1 um. Underneath this outer layer, a less porous oxide with a thickness of up to 8 pm is
formed. The objective of creating this duplex layer is the same as for the funnelled morphologies, aiming to optimize the
adhesion of an organic coating by promoting mechanical interlocking and primer penetration into the open porous upper
part of the oxide layer, while at the same time keeping a good barrier corrosion protection provided by the less porous
oxide in the inner part of the film. Besides the Short Brothers patent 28 no other reference to such a duplex AC-DC oxide
layer or process has been found.

| 5. Step Anodizing: Complex Anodic Layers

Complex anodic oxide layers can also be formed by a two-step anodizing process, in which the first step consists of
anodizing in an acidic electrolyte obtaining a porous anodic layer, followed by anodizing in an electrolyte that does not
dissolve the film. In this second anodizing step a barrier anodic film is formed underneath the porous one, creating a so
called ultra-thick barrier layer. Such films have been investigated by Girginov et al. B2[4% as promising candidate materials
for nano-scale dielectric capacitance systems due to its high breakdown voltages.

They fabricated porous anodic films on aluminum using a mixture of two aqueous solutions: 20 wt% H,SO,4 and 4.5 wt%
(COOH), at a constant current density. The second anodizing step was carried out in a neutral aqueous borate electrolyte
(ABE). This second step has a two-fold effect: it generated a thick barrier layer below the original porous anodic film and it
also partially fills up the pores from the original layer, as schematically illustrated in Figure 6.

To the best of the authors knowledge, there have been no studies on the possible applications of such ultra-thick oxide
layers in corrosion protection applications.

(b)

Figure 6. Schematic picture of complex anodic layers: (a) complex film obtained by filling a porous film (b) complex film

obtained by filling a porous film with deep pores. Reprinted with permission from B2: Copyright 2002 Elsevier.

| 6. Effect of the Electrolyte Temperature

During the process of aluminum anodizing, not only the mass transfer needs to be considered, but also the heat transfer
(2, Heat is produced during anodizing mainly by Joule heating due to ionic current passing through the highly resistive
oxide layer on the aluminum electrode [2. Aerts [@ dealt in his PhD thesis with the role of heat transfer and the role of the
electrolyte and electrode (i.e., the aluminum part) temperature during anodizing. The electrolyte temperature has an effect
on the oxide morphology, visualized in Figure 7. High electrolyte temperatures lead to pore widening close to the
oxide/electrolyte interface L. This effect is caused by the higher aggressiveness of the electrolyte at higher
temperatures, which accelerates the oxide dissolution reaction. The pore widening effect is gradually reduced towards the
alloy/oxide interface 41, In fact, the pore diameter is found to be proportional to the applied formation voltage and
independent of the electrolyte temperature in regions close to the barrier layer 211,
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Figure 7. Schematic illustration of the effect on the anodic oxide morphology of increasing the electrolyte temperature.

The electrolyte temperature also has an influence on the microhardness of the film, which decreases with increasing
electrolyte temperature [2. To assess the significance of the electrode temperature, Aerts &4 studied anodizing in a cool
electrolyte with a high electrode temperature and vice-versa, keeping the difference of temperature electrolyte-electrode
constant. According to his findings, the electrode temperature affects the formation ratio of the oxide layer to a larger
extent than the electrolyte temperature.

The impact of the electrolyte temperature on the oxide barrier layer thickness is controversial. In the literature claims can
be found reporting barrier layer thinning with an increase of the electrolyte temperature B8 while others report no
significant changes [1611291142]
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