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Abstract: Aluminum alloys used for aerospace applications provide good strength to weight ratio at
a reasonable cost but exhibit only limited corrosion resistance. Therefore, a durable and effective
corrosion protection system is required to fulfil structural integrity. Typically, an aerospace corrosion
protection system consists of a multi-layered scheme employing an anodic oxide with good barrier
properties and a porous surface, a corrosion inhibited organic primer, and an organic topcoat.
The present review covers published research on the anodic oxide protection layer principles and
requirements for aerospace application, the effect of the anodizing process parameters, as well as the
importance of process steps taking place before and after anodizing. Moreover, the challenges of
chromic acid anodizing (CAA) substitution are discussed and tartaric-sulfuric acid anodizing (TSA)
is especially highlighted among the environmentally friendly alternatives.

Keywords: anodizing; aluminum alloy; AA2024; tartaric-sulfuric acid; corrosion protection

1. Introduction

Aluminum and aluminum alloys offer many advantages that make them a predominant
construction material in the aerospace industry. The main advantages of aluminum for this application
are its low density, but high specific mechanical properties, achievable by alloying and heat treatments.

Pure aluminum has relatively high corrosion resistance, except in high and low pH environments,
and needs less protection than most metals. However, alloying elements used to strengthen the
aluminum matrix by forming second phases in the microstructure often have significantly different
electrochemical potentials compared to the matrix. This can lead to micro-galvanic coupling,
meaning that they can serve as local anodes or local cathodes in the presence of an electrolyte [1].
The most commonly used alloys for aerospace applications are from the 2xxx series, with copper
as a main alloying element, and 7xxx series with zinc, magnesium, and copper as main alloying
elements [2]. These two series belong to the aluminum alloy families with best specific mechanical
properties, but also with the highest susceptibility to corrosion [3,4].

The service conditions in the aerospace industry are particularly demanding. The corrosion
protection system needs to demonstrate temperature resistance from −55 to 80 ◦C (and in some areas
close to the engines the temperatures may be even higher), as well as protection against chemical
media—such as water, fuel, de-icing liquid, hydraulic fluid, chlorides, and microbiological attack,
among others. In addition, it should provide a physical barrier between different materials to prevent
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galvanic coupling and corrosion. The protection system must be stable for a long period of time,
providing corrosion protection for the entire product lifetime of at least three decades. Corrosion
protection must be under consideration already during the design phase. Aspects such as the material
selection, ensuring drainage and avoiding crevices are important. Besides optimizing the design
to minimize corrosion, a corrosion protection system is needed to provide both passive and active
corrosion protection during service.

Although other schemes can be found, a typical aerospace corrosion protection system consists of
a multi-layered system formed by a porous anodic oxide, a corrosion inhibited organic primer and an
organic top coat, as depicted in Figure 1a. In some cases, cladded metal substrates are used to further
enhance the corrosion protection scheme, with the clad layer acting as a sacrificial anode. Alternatively,
chemical conversion coatings or plasma electrolytic oxidation (PEO) coatings can be used instead of the
anodic oxide film. Chemical conversion coatings (CCCs) are widely used for rework, repairs, and local
applications [5]. PEO-coatings, to this date, only have niche applications in the industry, mainly due
to the high energy consumption associated with the process [6]. However, ongoing research may
allow to reduce the energy consumption and to optimize PEO-coatings for aerospace applications [6,7].
Chemical conversion coatings and PEO-coatings are out of the scope of this review. The reader is
referred to the work on CCC by Hagans & Haas [8] and Becker [5], and to the work on PEO-coatings by
Simchen et al. [9]. Further on, the focus is on anodic oxide layers in the corrosion protection scheme.
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Passive corrosion protection is provided by the anodic film and the paint scheme (see Figure 1).
These layers serve as barriers for degradation of the metal surface and prevent the contact of aggressive
electrolytes with the underlying metal substrate [10]. In the case of the anodic layer, its porous structure
promotes the adhesion of the paint to the substrate, as depicted in Figure 1b, further improving
the barrier properties of the protection scheme. Yet, during manufacturing, as well as during the
service time, mechanical defects and damage to the coating and/or the anodic layer are very likely to
occur. This is the reason why active corrosion protection is also needed. Cathodic protection from
the cladding, inhibited organic coatings or post-treatments such as inhibitor-containing sealing are
commonly used for this purpose [11].
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The corrosion protection systems in the aerospace industry have traditionally relied on hexavalent
chromium (Cr-(VI)), which was used in the pre-treatment and anodizing processes, during sealing
post-treatments and as a leachable inhibitor in organic coatings. Hexavalent chromium is an outstanding
and versatile corrosion inhibitor. Yet it is a carcinogenic agent and due to environmental and
health concerns its use has been restricted and will be completely banned in the near future [12,13].
Its substitution is not an easy task due to its powerful inhibition, versatility and impact on a wide range
of applications (pre-treatment, anodizing, coatings, sealing, etc.). Therefore, most likely, there will not
be one substitution, but rather a combination of alternatives depending on the specific application.
Indeed many efforts have been made, and continue to be made, to substitute Cr-(VI) by environmentally
friendly alternatives in all components of the aerospace corrosion protection scheme and in particular
in the anodizing process [14–38].

The focus of this review is the anodizing process as a step within a more complex industrial
pre-treatment procedure. First, the anodizing working principle and the effect of the process parameters
are discussed. Then the specific requirements for anodic layers in aerospace applications and the
challenges of developing an alternative chromate-free anodizing process are introduced. Among the
chromate-free alternatives, tartaric sulfuric acid anodizing (TSA) is discussed in detail, as an
industry-relevant widely reported process. Finally, the importance and interdependence of the
processes taking place before and after anodizing are considered, positioning anodizing not as a
stand-alone procedure, but as a step in a complex system.

2. Anodizing

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.

2.1. 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 [39]. The involved mobile species in the anodizing of pure
aluminum in aqueous solutions are Al3+ cations, and O2− or OH− anions [40,41]. The oxidation of
aluminum at the aluminum/oxide interface generates the Al3+ cations, while O2− or OH− anions form
at the oxide/solution interface by the stripping of H+ from H2O molecules [40].

Ionic migration through the oxide under a high electric field (in the order of 108 to 109 V/m) enables
the growth of the anodic oxide film [40]. 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 [42].
O2− and OH− anions migrate through the film towards the oxide/metal interface. Once there, they react
with Al3+ cations resulting in oxide formation [41]. Some of the available Al3+ 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 Al3+ cations that have migrated from the
oxide/metal interface with available O2− anions [41,43,44]. Under certain conditions (that will be
discussed later on) the Al3+ cations are ejected into the electrolyte [42]. Ion migration and dissolution
during anodizing is schematically represented in Figure 2.
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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 [45–59]. 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 γ-Al2O3 formed in some cases [41,43,50,51]. In general, the lower the amount of species incorporated
from the electrolyte, the higher the oxide crystallinity [51]. Still, some authors report on completely
amorphous anodic oxides and attribute the γ-Al2O3 percentage to an artefact caused by the interaction
of the oxide layer with the electron beam during transmission electron microscopy [41,43,52]. An effect
on the anodic oxide crystallinity by the pre-treatment steps cannot be ruled out [53].

2.2. 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 [43]. In this conditions, no Al3+ cations are lost into the
electrolyte and barrier oxides can be grown at high current efficiencies close to 100% [42]. 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 [54].

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 [40]. The growth of the film continues until the resistance of the film prevents the current from
reaching the anode [53]. At this stage, the barrier-type anodic film suffers a dielectric breakdown [41].
This phenomenon gives rise to localized sparking and is reflected by voltage or current instabilities
during the anodizing process [40,41].
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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 [40,41,44]. Incorporated electrolyte species typically account
for about 1 at % [40]. Furthermore, barrier films are thin (typically up to hundreds of nanometers) and
dielectrically compact [43,50,53].

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 [41–43].
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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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 [43].
This layer is thin enough to allow a continuous ionic flow [41]. 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 [53]. 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 [53]. 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.



Coatings 2020, 10, 1106 6 of 30

When a porous anodic film is being formed, Al3+ 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 [40,41,55]. 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 [55,56]. 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 [53]. 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. [57].
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 [58]. 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 [58]. 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 [58].
This theory has been recently refuted by a research group from the University of Manchester [59–61].
Instead, their research suggests that it is plastic flow caused by stresses present in the growing anodic
oxide that is responsible for pore formation [59–61]. 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 [59–61]. Different origins for this stress are reported [40]: the high electric
field that is generated in the oxide, inducing a compressive electrostriction pressure [62], the difference
in volume between the oxide and the consumed metal [60,63], and the migration of a large number of
ionic species through the oxide [64–66].

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 [59–61].
However, Garcia-Vergara et al. [60] 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.

2.3. 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
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for the barrier layer at the base of porous anodic oxide have been reported [41,43,53]. These rates are
considered almost universal. Other anodizing parameters seem to have little to no effect on the barrier
layer thickness [41–43,53].

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 [53] 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 [53]. 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 [53]. On the contrary, if the voltage is slowly reduced the current will adjust to the new
condition much faster [53]. 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 [53,67]. 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 [67,68].
From a morphological perspective van Put et al. [69] and Curioni et al. [68] 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 [68]. 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 [69]. In this case, also a graded morphology is reported [68]. This is schematically
visualized in Figure 5.
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During processes of stepwise application of voltage, the thickness of the individual layers formed
during each step correlates with the voltage applied [70]. Curioni et al. [68] 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
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decreased [68]. The minimum potential needs to be sufficient to ensure the oxidation of second phase
particles [70]. 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 [68]. 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 [40,68,71]. 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 [72,73]. The nature of the electrolyte determines the maximum anodizing voltage that is
applicable before the onset of burning [68]. During burning a highly ordered pore arrangement
is observed. This highly-ordered pore arrangement already appears at voltages slightly below the
potential threshold [71]. This observation indicates that a very high electric field is the governing factor
for the growth of a highly-ordered porous film [71]. According to Aerts [40], 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 [68].

An interesting alternative process to obtain a funnel-like structure is discussed by Chung et al. [74].
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 [75]. 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 [53,75,76]. 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 [75]. 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 [75]. Consequently, part of the anodic
charge is lost to processes other than oxide formation, further reducing the anodizing efficiency [75].
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 [75].

For application in aerospace industry, a patent filled by Short Brothers [76] 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 µm.
Underneath this outer layer, a less porous oxide with a thickness of up to 8 µm 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
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protection provided by the less porous oxide in the inner part of the film. Besides the Short Brothers
patent [76], no other reference to such a duplex AC-DC oxide layer or process has been found.

2.4. 2-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. [77,78] 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 % H2SO4 and 4.5 wt % (COOH)2 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.
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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.

2.5. 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 [40]. Heat is produced during anodizing mainly by Joule heating due to ionic
current passing through the highly resistive oxide layer on the aluminum electrode [40]. Aerts [40]
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 [79]. 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 [79]. 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 [79].
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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 [40]. To assess the significance of the electrode temperature,
Aerts [40,79] 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 [43,57], while others report no significant changes [54,67,80].

3. Anodic Layer Requirements for Aerospace Applications

The porous anodic layer, as a part of the corrosion protection scheme in aerospace applications,
is used as a protective film against corrosion and also as a base for paints and organic coatings loaded
with corrosion inhibitors (see Figure 1). This dual function is provided on the one hand by the increased
thickness of the oxide compared to the native oxide that increases the corrosion resistance and on
the other hand by the thick porous oxide that improves the adhesion to organic coatings, hence also
improving the performance of the corrosion protection scheme. Another important aspect is the effect
that the anodic oxide layer has on the fatigue properties. Therefore, the three main performance
aspects to take into account when assessing anodic layers for aerospace applications are the corrosion
protection, the adhesion performance and the effect of the anodic layer on the fatigue properties.
These three facets often lead to contradictory anodic layer characteristics, as illustrated in Figure 8.
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3.1. Corrosion Protection

Anodizing is an electrolytic passivation process, meaning that the oxide layer formed is relatively
inert (except in high and low pH environments) and an electrical insulator. Consequently, no corrosion
reactions are sustained. As an example, commercially pure aluminum is heavily corroded after
3.5 years of outdoor exposure in a high salinity environment, with a weight loss of 12 g/m2

·year [82].
On the contrary sulfuric acid anodized panels, with a layer thickness of 28 µm and exposed to the
same environment, show no signs of corrosion [82]. While the anodic oxide layers formed on pure
aluminum substrates are very homogeneous and dense, alloying elements can alter the properties
of the layer, reducing the corrosion protection performance. For this reason, there is an interest in
understanding the effect of the main alloying elements present in aerospace aluminum alloys, typically
from the 2xxx family (Al–Cu) and from the 7xxx family (Al–Zn–Mg–Cu), both as bare alloys as well as
cladded with a variety of aluminum alloys.

The effect of alloying elements on the anodic oxide morphology is evident by comparing the
anodic layers on bare AA2024-T3 alloy and on AA2024-T3 alloy cladded with a commercially pure
aluminum grade (Figure 9). The bare alloy shows a sponge like anodic layer with irregular and lateral
porosity, while the cladded alloy exhibits an ordered structure with continuous pores perpendicular to
the substrate surface.
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In addition, anodic films formed on aluminum alloys are not composed only of pure alumina.
Not only because of the incorporation of anions from the electrolyte, but also because alloying elements
may incorporate into the anodic layer [46–48,83]. This can lead to defects in the oxide layer and to
micro-galvanic couplings, both of them detrimental for corrosion protection performance.

The effect of alloying elements on the anodizing behavior and on the anodic layer morphology
depends on their nature [45–48]. Alloying elements can be classified into three categories [41,45].
The first category includes alloying elements with a lower Gibbs’ free energy of oxide formation
compared to aluminum oxide (e.g., Mg, Li). The second group consists of alloying elements such as
Zn and Cu, which are nobler than aluminum and eventually oxidize during the anodizing process.
Finally, the third group is formed by those elements nobler than aluminum that do not undergo
an oxidation process (e.g., Au). The most commonly used alloys in the aerospace industry contain
magnesium, copper, and zinc as major alloying elements. Hence, special attention is given to the effect
of these elements.

Magnesium, being less noble than aluminum, will oxidize even during the initial potential or
current ramp, preferentially forming MgO [45]. Since the volume occupied by MgO is smaller than the
original volume occupied by elemental magnesium, the resulting oxide film is non-continuous and
loose [84]. This leads to void formation at the oxide/metal interface. Aluminum oxide on the contrary,
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occupies a higher volume compared to elemental aluminum and it is therefore able to fill up the voids
of the magnesium oxide, creating a continuous and well-adhering oxide film [45].

The effect of copper and coarse intermetallics on anodizing has been a subject of interest for
many researchers. Iglesias Rubianes et al. [70] showed that when copper is present in the aluminum
substrate, copper species are incorporated into barrier-type anodic films as units of CuO. In the first
step, aluminum is oxidized preferentially at the oxide/alloy interface. The copper present, both in
solid solution and in intermetallic phases such as the S-phase (Al2CuMg) and the theta phase (Al2Cu),
is not oxidized. Thus, it accumulates beneath the anodic film, leading to a copper-enrichment area.
When a certain copper content threshold is reached, copper is oxidized and Al2O3, MgO, and CuO are
simultaneously formed.

The effect of alloying elements on the formation of porous anodic oxide layers has been studied
using both model and commercially available alloys [47,48]. Model alloys enable studying the
contributions of the different phases present in technical alloys separately. They are representative
of the matrix and the second phases present in AA2024-T3 and AA7075-T6 alloys. Curioni et al. [48]
showed that the effect of copper in solid solution is dependent on the anodizing voltage. At potentials
above 6 V (referred to SCE), oxygen evolution occurs in the anodic film. In this process, the mobility
of ions in the anodic oxide plays a crucial role. Copper ions migrate outwards (from the substrate
alloy to the electrolyte) faster than aluminum ions [48,49,85]. This causes a reduction in the electrical
resistivity of the film immediately above the copper-rich areas and a subsequent local increase of
potential triggering oxygen evolution [48]. Current oscillations during the first stages of oxidation are
a hint of oxygen evolution taking place [48]. Once sufficient pressure is reached, the oxygen bubbles
burst and rupture the anodic oxide. The electrolyte can then reach the metal underneath the oxide film,
which is subsequently anodized. This leads to the filling of the voids by the formation of a new anodic
oxide, but with an altered local morphology [48]. Since the oxygen evolution reaction consumes part of
the current but does not contribute to the oxide film formation, the anodizing efficiency of copper-rich
aluminum alloys decreases [86]. The rapid migration of copper compared to Al3+ cations would
deplete the oxide film of copper compared with the alloy composition [70]. At anodizing potentials
between 6 and 3 V (taking the SCE electrode as a reference), the potential is not enough to trigger
oxygen evolution; however, copper migration still takes place, forming an enriched copper layer at
the oxide/alloy interface [48]. Finally, during anodizing below 3 V (SCE), the preferential oxidation
of the surrounding alloy matrix leaves copper-rich regions embedded in the oxide, especially at the
pore cell boundaries, as the potential is not enough to trigger the migration of copper ions [48,87].
In fact, anodic layers formed on AA2024 at low potentials have similar morphology to the anodic
films formed on commercially pure aluminum [48,87]. Figure 10 shows that, at anodizing voltages
below 4 V, the copper-rich second phases (the bright areas in the images) are not oxidized and remain
occluded in the oxide.

Similarly, Saenz de Miera et al. [47] studied the potentiodynamic polarization responses of the
commercial alloys AA2024-T3 and AA7075-T6 by comparing them to model alloys with similar
compositions as the phases present in them. Characteristic current peaks in the potentiodynamic
polarization responses of the commercial alloys are associated with Al2CuMg that starts to oxidize at
approximately 0 V SCE and Al2Cu and Al7Cu2Fe phases that start to oxidize at 5–6 V SCE. Using TEM
imaging they have shown that films on the commercial alloys have a duplex morphology: an external,
fine featured region, formed at low potentials, when only the aluminum matrix is oxidized and an
inner coarser textured region, formed when the potential is high enough to trigger the oxidation of
second phases. This is in line with the results reported by Curioni et al. [48].
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3.2. Adhesion

One of the key functions of the anodic layer is to improve the adhesion of the inhibited organic
coating to the metallic substrate. Therefore, it is important to understand how adhesion works,
how stable the bond is when exposed to moisture and aggressive media and what aspects of the anodic
layer are important for adhesion, in order to optimize for adhesion and improve the oxide/organic
coating interface stability.

Several theories have been proposed to explain adhesion mechanism: the adsorption,
the mechanical, the diffusion or the electrostatic theories. However, no single theory can fully
explain adhesion. Each of them seems to be more suitable for some specific applications and substrates
than for others [88]. Among them, the adsorption and the mechanical theories are generally recognized
to be the most suitable theories to explain adhesion between metal oxides and polymers [16,88].

The adsorption theory explains adhesion at a microscopic level. According to this theory, adhesion
occurs when a molecular or atomic interaction between the oxide and the polymer takes place. Thus,
for this molecular interaction to happen, there must be intimate contact between the polymer (in this
case the organic coating) and the oxide. However, intimate contact is not enough for adhesion to
take place and molecular interactions involving both physical and chemical bonding must occur [89].
Van der Waals forces—in particular London, Keesom, and Deebye interactions—are responsible for
physical bonding [89]. These interactions account for the forces between permanent and induced
dipoles. Even though these bonds are weak in comparison to chemical bonding, they take place between
any two molecules in contact and consequently contribute to all adhesive bonds [88]. Conversely,
the formation of a chemical bond depends on the ability to form a covalent or ionic bond between
the oxide and the polymer. Chemical bonds, in particular covalent bonds, are the strongest and most
stable bonds that can contribute to adhesive bonding. In fact, adhesion promotion by coupling agents
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such as organosilanes has been reported to be partially caused by the ability of these coupling agents
to form covalent bonds across the interface [90].

A third group of interactions taken into account in the adsorption theory are acid–base interactions.
This was first proposed by Fowkes [91] and are considered to play the main role in the adhesive bond
formation within the adsorption theory [92]. Acid–base interactions occur between an interfacial
donor and acceptor of an electron pair. Of particular interest among the acid–base interactions are the
so-called hydrogen bonds. They have been identified as the most important contribution to adhesion
between aluminum oxide and polymeric resins, in particular epoxy resins [83,92]. Hydrogen bonds
are thought to form between the hydroxyl groups of the epoxy resin and the available hydroxyl groups
on the aluminum oxide surface. Abrahami et al. [83,93,94] have shown that indeed the adhesive
bonding strength of feature-less oxides and epoxy resins correlates with the amount of hydroxyl groups
available at the oxide surface. An extract of their results can be seen in Figure 11.Coatings 2020, 10, x FOR PEER REVIEW 15 of 31 
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The mechanical adhesion theory advocates that mechanical interlocking at a macroscopic level
governs the adhesive bonding strength. The interface is herein seen as a composite material formed by
the adhesive penetrating cavities, pores or rough features of the substrate and the substrate surface [95].
While it is generally recognized that mechanical interlocking improves adhesion, there is debate within
the research community on whether it is indeed the governing factor. The fact that good adhesion
can also be achieved by featureless surfaces [83,93,94] indicates that chemical interaction must also be
taken into account. Some researchers even argue that the improved adhesion strength that has been
traditionally explained by mechanical interactions can instead be attributed to an increase in the contact
area between the oxide and the polymer, consequently leading to an increase in the interfacial atomic
or molecular interactions [96]. In the particular case of porous anodic layers, Abrahami et al. [97] found
that morphology (pore size and surface roughness) has an effect in both initial and wet peel strength of
anodic oxide layers formed on aluminum substrates with an epoxy resin.

For aerospace applications, it is vital to take into account not only the initial adhesive bond
strength but also the stability of the interface as good adhesion needs to be retained for long periods
and under aggressive environments. Maege et al. [98] consider that delamination takes place as a result
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of electrochemical reactions occurring at the oxide/coating interface. The ingress of water, oxygen,
or aggressive ions such as chlorides is governing delamination at a molecular level. Water ingress
at the interface can displace the adhesive or modify the adhesion properties leading to failure of the
bond. The stability of the film towards water ingress has been found to be highly dependent on
the surface chemistry of the oxide [93]. Corrosion is also to some extent related to the adhesion of
the organic coating to the anodic layer. When good adhesion between the organic coating and the
oxide occurs, water, and/or aggressive ions cannot easily ingress the interface and propagate along
it and, consequently, corrosion is restrained [93,97,99]. All in all, the stability of the chemical and
physical interfacial bonding, as well as the number of interactions at the interface, play a critical role in
environmental-assisted delamination process [89,98,100].

Considering the importance of the interface stability, an option to further improve adhesion
are pre- and post-treatments with adhesion promoters. Adhesion promoters are able to form stable
covalent bonds both with the metallic oxide substrate and the polymeric resin of the coating. Thus,
it improves the stability of the interface against chemical attack and moisture ingress. Post-treatments
by immersion in solutions containing silanes [90,101,102] and phosphonic acid [98,103–105] have been
shown to improve the adhesion and stability of a variety of coating chemistries to anodic oxides.
Recently, a pre-treatment with diazonium-salts bearing an amine group has been proposed [38].
The diazonium salts graft spontaneously to the bare metal in an acidic solution before anodizing,
and this layer is retained after the anodizing process [38]. While adhesion promoters are an interesting
option to enhance coating adhesion, it has to be taken into account that from an industrial perspective
they also increase the complexity of the process by adding additional steps. Moreover, the potential
negative impacts on storage and transport logistics prior to painting should be carefully analyzed.

The evidence found in literature confirms that surface properties of the oxide layer are extremely
important to ensure good adhesion of organic coatings. The surface chemical composition, its acid–base
character, the oxide morphology and the surface roughness have to be considered when aiming for
good and durable adhesion.

3.3. Fatigue

It has been broadly reported that anodic oxide layers are detrimental to the fatigue properties of the
underlying aluminum alloy [106–111]. The brittleness of the oxide film, typical of ceramic-like materials,
compared to the substrate, makes the oxide film prone to crack nucleation. The fatigue life is formed
by two stages: the crack initiation period and the crack propagation period. The effect of the higher
susceptibility to crack initiation by the presence of the anodic layer on fatigue properties can be understood
from the fact that the crack initiation period accounts for up to 90% of the total fatigue life [106].

The thicker the oxide film is, the highest is the loss of fatigue strength. A thicker oxide film
provides larger areas for crack growth and coalescence, as well as a higher probability of oxide
defects [108,112]. Thus, the anodic layer thickness is limited by the fatigue properties. For example,
Lonyuk et al. [109] report a 46% reduction in fatigue limit for 10 µm anodic films formed in a sulfuric
acid electrolyte on 7475-T6. For 60 µm thick films, the fatigue limit is reduced by 75%.

Besides the anodic oxide film thickness, the oxide morphology plays an important role in the
fatigue properties reduction. The oxide morphology varies depending on the pre-treatments, as well
as on the electrolyte and the parameters used in the anodizing process. The pre-treatment steps,
in particular alkaline etching and acidic pickling (introduced in Sections 5.1.2 and 5.1.3), already have
a detrimental effect on fatigue life. During these steps, the dissolution and oxidation of intermetallic
phases leads to the formation of pits that serve as crack nucleation areas [112,113]. In addition,
chromic acid anodizing (CAA) and tartaric sulfuric acid anodizing (TSA) have been shown to be
less deleterious for fatigue properties than sulfuric acid anodizing (SAA) [112]. This can be seen
in Figure 12.
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Anodic oxide films are not only prone to crack nucleation, but also an increase on the crack
propagation rate has been reported. Two concurring mechanisms are proposed by Cree and
Weidmann [106]: on the one hand the appearance of micro-cracks in the vicinity of the growing
fatigue crack tip, which alter the growth characteristics by providing a path of least resistance. On the
other hand, a lower plasticity of the oxide film compared to the underlying substrate, which reduces
the closure of the crack. The crack closure effect is further reduced by the residual tensile stress
generated during anodizing, which increases the effective tensile stress under tensile cyclic stress loads.
Shot-peening prior to anodizing improves the fatigue life, as it creates a compressive residual stress
field in the surface-near area, which is retained even after anodizing, which delays crack nucleation
and growth [108,114,115].

4. Substitution of the Chromic Acid Anodizing Process

For decades chromic acid has been used as anodizing electrolyte for aerospace applications.
The morphological and chemical properties of anodic oxide layers formed in chromic acid constitute a
very good balance between corrosion protection, adhesion, and fatigue properties.

The nano-rough porous and easily wettable oxide structure formed during chromic acid anodizing
(CAA) is beneficial for adhesion both of structural adhesives as well as inhibitor-loaded primers [116].
Additionally, the relatively thick (3–4 µm on relevant aerospace bare and clad alloys) and amorphous
oxide provides barrier corrosion protection and resistance to attack by moisture [116,117]. Although
the CAA oxides have been found to be almost anion free, with chromium content ranging from
0.1–0.3 wt % [83,117], the incorporation of chromates to the film contributes to a certain degree of active
corrosion inhibition both at anodic and cathodic corrosion sites [46]. In addition, the incorporated
chromate anions restrict chlorine adsorption by reducing the zeta potential of the oxide film,
further contributing to the resistance of the layer in aggressive environments [46]. As previously
discussed, the second phases present in aerospace alloys (especially those rich in copper or iron) cause
disruption in the formation process and morphology of the anodic layer. The ability of the electrolyte to
oxidize these second phases is important to ensure sufficient anti-corrosion properties, as second phase
oxidation reduces the number of potential cathodic sites within the anodic oxide or immediately below
it [47]. Chromic acid electrolyte is able to oxidize second phases and this capability should be maintained
by a potential health and environmentally friendly substitute electrolyte. Another important aspect is
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that the formed oxide is also found to be relatively ductile [117], being therefore less detrimental than
others (e.g., oxalic or sulfuric acid anodizing) for fatigue properties.

Taking into account all of the above-mentioned properties, alternative processes to replace CAA
must lead to the formation of an anodic layer with the right corrosion protection-adhesion-fatigue
balance (see Figure 8) [118]. Furthermore, in an industrial environment, a replacement anodizing
process is not a stand-alone process but rather a step within a more complex procedure. Hence,
CAA-replacements must be compatible with existing installations, the process parameters (process time,
voltage, temperature) must be in the same order of magnitude as for CAA, it must be compatible with
all the relevant aluminum alloys and the anodic oxide must be able to cope with logistics constraints,
as for example a short current-free period in the anodizing bath or being exposed to the atmosphere
for some days before painting operations.

The most popular candidate electrolytes that have been so far studied to substitute chromic acid
can be clustered in two classes: the processes using phosphoric acid based and alkaline electrolytes
that provide good adhesion properties but poor corrosion protection performance due to the open
porous morphology of the anodic oxide and the inhibition of aluminum hydroxide precipitation in a
subsequent sealing step because of phosphate incorporation [42,119]. The second class are processes
using sulfuric acid-based electrolytes that provide good corrosion protection but reduced adhesion due
to the dense porous morphology of the oxide [15,45,46,120–123]. While CAA was a suitable process
both for bonding and corrosion protection applications, two processes have been introduced for its
replacement: phosphoric acid anodizing (PAA) as well as phosphoric-sulfuric acid anodizing (PSA) for
structural bonding applications and sulfuric acid anodizing (SAA) or mixed sulfuric acid—organic acid
electrolytes (e.g., tartaric-sulfuric acid anodizing TSA) for corrosion protection applications. This review
will further on focus on mixed sulfuric acid-organic acid anodizing processes. The interested reader is
encouraged to read the review by Abrahami et al. [16] as well as the review by Critchlow et al. [116]
that focus on Cr(VI)-free anodizing for structural bonding applications.

Sulfuric-acid anodizing (SAA) generally leads to a thick and dense sulfate-containing oxide layer.
This process has long been used for aesthetic, wear resistance (hard anodizing) and corrosion protection
purposes. However, its low porosity [120], detrimental for adhesion, and its greater thickness [123],
detrimental for fatigue, make it unsuitable as a CAA alternative as a pre-treatment for aerospace
painting and bonding applications. However, these drawbacks can be overcome by the addition of
weak organic acids. The association of a weak organic acid with a strong mineral acid has received
the name of mixed-acid anodizing. While most organic acids form barrier anodic oxide layers when
used as sole anodizing electrolytes, porous anodic oxide layers are formed when they are combined
with sulfuric acid [34]. The addition of organic acids to sulfuric acid electrolytes has been studied for
different purposes [15,31–34,45,83,124–127]. In particular, Vignoli et al. [34] studied the influence that
adding different carboxylic acids to sulfuric acid has on the morphology, composition, and corrosion
behavior of anodic oxide films on AA2024 alloy and compared their performance to CAA oxide
films. They investigated the addition of oxalic, malic, malonic, tartaric, and citric acids to a sulfuric
acid electrolyte and found out that the addition of tartaric (TSA) and malic (MSA) acids delayed the
stable pit growth in comparison to using an electrolyte containing only sulfuric acid. The improved
corrosion protection behavior of the films formed in TSA and MSA electrolytes may be due to the
decreased dissolution of copper-rich precipitates, which translates into smaller and less numerous
voids and defects in the oxide film. Still, CAA outperformed all the tested alternatives. Among the
mixed sulfuric-acid based electrolytes, tartaric sulfuric acid anodizing has been widely reported in the
literature as an alternative to CAA for corrosion protection applications. Due to its relevancy, TSA is
thoroughly discussed in the following section.

4.1. Tartaric Sulfuric Acid Anodizing (TSA)

Tartaric acid is an organic acid found in wine and some fruits, but it can also be synthesized [128].
In the early 2000s, when TSA was industrially introduced [129], it was generally recognized that its
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addition to a sulfuric acid electrolyte contributed to the improvement of the corrosion resistance of
the anodic film on aluminum alloys. However, the precise mechanism was not clear. Consequently,
the function of tartaric acid has been the subject of numerous studies [15,26,32,34,46,70,130–136].
Iglesias-Rubianes et al. [70] report that the addition of tartaric acid reduces the steady-state current
during film growth at constant voltage by up to 20%. This was further supported by Curioni et al. [15].
They found out that the addition of tartaric acid leads to a general reduction of the current density
during anodizing of both pure aluminum and AA2024-T3 alloy. Ma et al. [137] also studied the
effect of adding different tartaric acid concentrations to a 0.46 M sulfuric acid solution on the anodic
oxide growth rate. They report that the film growth rate increased with increasing tartaric acid
concentration until it reached a maximum at 0.53 M tartaric acid addition. This coincides with a
minimum in steady-state current density [137]. A remarkable change in the current evolution during
anodizing in the presence of tartaric acid was the suppression of the initial current peak [15], related to
the dissolution of S-phase particles [46–48]. This indicates that tartaric acid suppresses preferential
dissolution of this phase at potentials close to the OCP [15]. However, at higher potentials, tartaric acid
seems to have no effect. This means that the oxygen evolution and, therefore, the film disruptions at
higher potentials are not altered [15].

The general steady-state current reduction during anodizing in TSA could be related to the
incorporation of tartaric acid into the film, since this would cause an increase in the resistance of the
oxide layer. To investigate this Curioni et al. [15] carried out a second anodizing step after TSA or SAA
anodizing. In this second anodizing step a barrier oxide layer is grown both at the alloy/oxide interface
and at the oxide/electrolyte interface. In this way the oxide film formed during the first anodizing step
is embedded between the newly formed barrier oxides. If there is indeed a difference between the
electrical properties of TSA- and SAA-oxide layers, a difference in the voltage response during the
second anodizing step is expected. However, no significant difference in the voltage response occurred.

Iglesias-Rubianes et al. [70] hinted that the addition of tartaric acid to sulfuric acid could influence
the field assisted dissolution. This aspect was also studied by Curioni et al. [15]. A barrier anodic
layer was immersed in the TSA electrolyte and the degradation of the anodic layer was monitored by
electrochemical impedance spectroscopy. Additionally, oxide dissolution was monitored. Both EIS
results and thickness reduction rates showed that the presence of tartaric acid in the electrolyte reduces
the rate of oxide dissolution.

In terms of performance, it has been observed that the addition of tartaric acid to sulfuric acid
leads to an enhanced corrosion protection of the anodic layers [15,34,45,131,132,137]. For example
Ma et al. [137] carried out neutral salt spray tests of Al–Li substrates anodized in sulfuric acid solutions
containing various tartaric acid concentrations. They found that the corrosion protection performance
of the films increased with increasing tartaric acid concentration. One possible explanation for the
enhanced corrosion protection may be the buffering capacity of tartaric acid and its derivate species.
It has been proven that they have buffering properties at concentrations as low as 100 ppm in a pH
range between 4.5 and 2.75 [15]. However, if this buffering abilities are responsible for the improvement
in corrosion protection, a significant amount of tartrate species should be incorporated, absorbed or
present as remnants in the porous oxide film [15]. It is to this day unclear whether this is indeed
the case.

One hypothesis is that during the anodizing process, tartaric acid reacts with aluminum cations
present inside the pores, close to the oxide/electrolyte interface, forming aluminum tartrate. Aluminum
tartrates are highly soluble in acidic environment; however, its solubility drastically reduces in water.
Hence, the sudden pH increase caused by subsequent rinsing in deionized water would favor the
precipitation of aluminum tartrate into the pores [15,132]. The pores would then act as aluminum
tartrate reservoirs. Aluminum tartrate could be re-dissolved at a later point in time, when in contact
with an aggressive environment, creating a buffer solution, hindering local alkalinization or acidification
and subsequently enhancing corrosion protection capabilities [15].
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The presence of tartrates can also affect the precipitation of aluminum hydroxide during sealing
processes. The precipitation of aluminum hydroxide is favored by the chemical conditions, especially
by the pH, that are generated when not only sulfate salts but also tartrates salts are hydrolyzed [131].
Arenas et al. [132] studied the corrosion properties of hydrothermally sealed anodized specimens in
TSA and SAA by means of EIS. The results show better corrosion resistance for sealed specimens
anodized in TSA than in SAA. They propose that tartaric acid traces within the pores favored sealing.
Similarly to the hypothesis of Curioni et al. [15], they propose that the higher pH value of the sealing
bath allows residual tartaric acid to dissociate forming tartrate ions. These tartrate ions could form
chelate complexes with cations available in the oxide film, specifically with Cu2+. The chelating
of copper would improve the corrosion resistance of the film by increasing its homogeneity and
by reducing the active corrosion sites within the film by preventing copper redeposition. To our
knowledge, no experimental proof of this mechanism has been reported.

To elucidate whether tartaric acid or its derivatives are in some form present in the anodic film,
Garcia Rubio [45] performed glow discharge optical emission spectroscopy (GDOES) measurements of
anodic films formed in tartaric sulfuric acid, showing a correlation between the carbon and the hydrogen
signal. The carbon, hydrogen, and sulfur signals peak at the same sputtering time. This suggests that
carbohydrates, most likely tartrates, migrate towards the oxide/metal interface at a rate similar to
the sulfates migration speed. As far as we know, no further investigation on the incorporation and
possible further precipitation of tartrates has been carried out.

While TSA has been successfully introduced as a CAA alternative at an industrial level and the
published research has elucidated many aspects of the role that tartaric acid plays both during and
after anodizing, some mechanistic questions remain open.

5. Anodizing as a Step in a Process

Anodizing is not a stand-alone process, but rather a step in a bigger and more complex process.
Other processes that take place before and after anodizing help to create the corrosion protection system.
The following sections discuss these pre- and post-treatments, highlighting their interdependence with
the anodizing step.

5.1. Pre-Treatment

Pre-treatment steps prepare the substrate surface for anodizing. Typically, a degreasing, an alkaline
etching, and an acidic pickling step are carried out. These steps are discussed in the following sections
and their effect on the substrate are schematically represented in Figure 13.Coatings 2020, 10, x FOR PEER REVIEW 20 of 31 
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5.1.1. Degreasing

Degreasing is the first pre-treatment step and its objective is to remove any contamination,
especially oils and lubricants, used during metallurgical processing [117]. Degreasing is performed to
allow full wetting, ensuring that the following processing steps will work evenly across the substrate
surface [42]. For this step, an alkaline cleaner is typically used in the aerospace industry. Aluminum
is readily dissolved in alkaline solutions, which means that alkaline cleaners for aluminum must
work at comparatively low alkalinity and must be inhibited to prevent attack of the metal during the
degreasing step [53]. Immediately after degreasing, the parts are rinsed in deionized water baths or
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under running deionized water. If the cleaner is not immediately rinsed and it dries on the metal
surface, it will be very difficult to remove at a later stage [45]. Agitation of the rinse is also useful to
ensure the complete removal of the alkaline cleaner.

5.1.2. Alkaline Etching

The surface of the aluminum substrate in its ‘as-received’ state has a higher susceptibility to
corrosion [138]. Compositional changes, grain refinement, precipitation of dispersoids and embedding
of the surface oxide and broken intermetallic in the matrix all take place during metallurgical
processing [138–141]. This modified layer constitutes the so called near-surface deformed layer
(NSDL) [140] or grain refined surface layer (GRSL) [138]. Near-surface deformed layers are formed
when the alloy surface and near-surface regions experience a high level of shear deformation. This results
in significant grain refinements, and therefore near-surface deformed layers have a microstructure that
is different from the underlying bulk alloy [138–141]. This different microstructure is even retained
after annealing processes [140]. Zhou et al. [140] describe two types of near-surface deformed layers,
shown in Figure 14: Type A layers are characterized by fine grains with oxide particles located at the
grain boundaries and Type B layers also consisting of fine grains but in this case no oxide particles are
present at the grain boundaries. Near-surface deformed layers are removed by the alkaline etching
step, which typically consists of immersion in an aqueous sodium hydroxide solution [53]. Although
the etching step is technically a simple process, many competing reactions can occur in practice and
the presence and level of bath additives, the bath temperature and the dissolved aluminum content
make this process very complicated [53]. The mechanistic explanation of how all these parameters
affect the alkaline etching process is out of the scope of this review. The interested reader can find
comprehensive information elsewhere [54,117,130,141,142].Coatings 2020, 10, x FOR PEER REVIEW 21 of 31 
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Besides the removal of the NSDL, alkaline etching has an effect on the chemical composition of
the substrate surface. To quantify this effect, Moffitt et al. [143] performed an XPS study on alkaline
etched 2024 and 7075 alloys. They found out that alkaline etching removes the Mg-enriched surface
layer from the as-received panel. In addition, an enrichment of alloying elements, such as copper,
takes place at the substrate surface. This leads to a condition in which the material immediately
beneath, and sometimes even penetrating through the oxide layer is prone to corrosion, as these copper
rich areas serve as cathodic sites [144,145]. Moreover, Moffit et al. [143] report that combinations of
different co-enrichments (e.g., Zn–Cu) may amplify the risk of corrosion beneath the protective oxide.

During alkaline etching of copper-rich aluminum alloys smut is deposited on the surface of the
part. The smut is formed by alloying elements insoluble in the alkaline media, in the case of typical
aerospace alloys mainly copper, iron, and silicon [45]. Since this smut is not soluble in the alkaline
media, it needs to be removed in a subsequent step.
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5.1.3. Acidic Pickling

Both pickling and etching modify the surface of the as received substrate by chemical dissolution.
The difference between pickling and etching is not well defined, although pickling is generally
considered as a slightly milder process [42]. The aim of the acidic pickling is to act as a desmutting
agent by removing the insoluble products generated during the previous alkaline etching process [141].

The acidic pickling process usually follows a two-step reaction mechanism, one being the alumina
formation reaction and the other one the alumina dissolution reaction. The alumina formation reaction
rate is typically faster than the rate of alumina dissolution. This results in the formation of a thin
oxide layer on the surface [42]. The morphology of this thin oxide depends on the composition of
the acidic pickling solution. It has been observed that acidic pickling solutions containing fluorides
lead to a flat and smooth surface, while those being fluoride free cause a thin porous oxide on
the surface [146]. Fluoride ions are often added to reduce the treatment time and/or the treatment
temperature. They promote the aluminum oxide dissolution reaction due to their strong affinity to
aluminum ions [147]. In the presence of fluoride, the aluminum oxide dissolution rate may offset the
alumina formation rate, leading to a flat, featureless surface.

Acidic pickling has traditionally been based on mixtures of chromic and sulfuric acid, sometimes
with addition of fluorides [148,149]. However, due to the toxicity of hexavalent chromium, and the
environmental concern related to the use of fluoride-containing products [13], new formulations have
been recently developed. Among those, the most promising ones consist of a mixture of sulfuric
acid, nitric acid, and ferric sulfate. Garcia Rubio [45] describes the action of each component of the
mixture: the sulfuric acid reacts with tin, zinc, and copper and it produces the corresponding salt,
water, and sulfur dioxide [45]. Nitric acid is generally reduced in the acidic environment. Typically in
this reduction reaction, a mixture of nitrogen oxides, nitrates and other alloying-element-dependent
reaction products are formed [44]. According to Moffitt et al. [143], nitric acid de-smutting may be a
practical solution to remove large deposits of copper compounds in contact with the bulk alloy surface
through the oxide and possibly on top of the oxide. It appears, however, that it does not eliminate
thin enrichments beneath an established oxide. Nitric acid acts as an oxidizer when reacting with
magnesium. In this case the corresponding magnesium salt is formed, and hydrogen evolution takes
place [45]. Finally, ferric sulfate also acts as an oxidizing agent [45].

An alternative to the classical acidic pickling is anodic pickling. While acidic pickling is a purely
chemical process, anodic pickling is an electrochemical process, in which the aluminum part is the
anode. During anodic pickling, oxygen evolves on the metal surface, which scrubs the surface and
cleans the surface from scale and smut [150]. Farrell and Horner [150] propose that anodic pickling in
a sulfuric acid solution could be used as a stand-alone pre-treatment step, since degreasing, pickling,
and de-smutting functions are all provided by the anodic pickling process. However, metal loss and
even pitting can occur during the anodic pickling process [150]. While metal loss can be reduced by
adjusting the sulfuric acid concentration, this adjustment can lead to smut formation [150], reducing the
advantages of anodic pickling as a stand-alone pre-treatment process. Patents concerning the anodic
pickling process were granted to Fokker in the late 1970s and early 1980s, as fully chromate free
processes. The first Fokker patent [151] describes a pickling method that gets rid of the native oxide
layers and serves as a preparation step prior to adhesive bonding or prior to anodizing. In the patented
process, the aluminum part is placed as an anode in a sulfuric acid bath, connected to a cathode
placed in the same bath and a constant voltage is imposed during the pickling process. Subsequent
patents from Fokker [152,153] consist of modifications of the process described in the first one [151].
The objective of the modifications is to get rid of the anodic control voltage. One of the patents [152]
connects the aluminum parts as anode by a short-circuit connection to a carbon cathode placed in
the same sulfuric acid bath. Sufficient electric current flows through the short-circuit connection to
initiate electrochemical dissolution at the surface of the aluminum anode. Finally, the third patent [153]
describes the immersion of aluminum parts into a sulfuric acid bath containing carbon particles in
suspension. The carbon particles will form small electric cells with aluminum parts at their places of
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contact and will initiate electrochemical dissolution at these regions. No further references to these
patented or other similar processes have been found in the literature.

The surface morphology and chemistry resulting from the acidic pickling step is of importance,
as it will be retained to some extent after anodizing. This highlights the importance of pre-treatments
in general and of the acidic pickling in particular, when studying and assessing anodizing processes
and the performance of the resulting anodic oxide layers.

5.2. Post-Treatments

In this context, post-treatment is a term used to refer to all subsequent steps that take place
after anodizing. These include sealing and/or painting. The next section focusses on the sealing
post-treatment. Primers, paints, and painting operations are out of the scope of this review.

5.2.1. Sealing

Some anodized parts are intended for use without being painted. To improve its corrosion
protection, the open porous oxide that was created during the anodizing process serves as a basis for
a sealing step used to fill up and/or close the pores. During a hydro-thermal sealing the anodized
part is immersed in boiling water with or without additives to further enhance corrosion protection.
Three steps take place during immersion: first the aluminum oxide dissolves into the hot water,
then a gel-like aluminum hydroxide is deposited on the surface and finally pseudoboehmite is formed
by condensation of the gel [31]. As previously mentioned, phosphates have the ability to suppress
the alumina hydration mechanism [53]. This makes anodic layers formed in phosphoric acid and
phosphoric-sulfuric acid electrolytes not sealable.

Hot water sealing improves the corrosion resistance of the anodic layer through an improvement
of the barrier effect by closing of the pores [147]. If instead of pure water, a sealing electrolyte
containing corrosion inhibiting species is used, the precipitated products act as reservoirs for corrosion
inhibitors, further improving the corrosion resistance [147]. Typically, hexavalent-chromium-based
sealing electrolytes have been used. Therefore, similarly to the anodizing step, there is a need for
substitution that comply with the new environmental and health regulations. Nickel-fluoride and
nickel-acetate sealing processes have been considered good alternatives in the past; however nickel,
as hexavalent chromium, is also subject to environmental regulations. In recent years, different
environmentally-friendly corrosion inhibitors for sealing have been the subject of study. Vanadium,
molybdate, and a combination of both have been successfully incorporated into sealed anodic layers [22].
Nitrogen-rich compounds such as azoles and tetrazines, which have the ability to bind to chloride-ions
as well as to bind and stabilize copper species, have also been studied as possible inhibitors to be
incorporated into sealed anodic layers [24]. However, the stability and irreversibility of the protection
provided by these nitrogen-rich inhibitors has recently been questioned [154]. The incorporation
of Ce(III) compounds as inhibitor has also been studied [147]. The development of a Cr(VI)-free
sealing process is ongoing. Several concepts, including the ones mentioned above but also others,
are being considered and up to now none of them has imposed itself as the new industrial standard.
The reader is referred to the recent systematic review published by Ofoegbu et al. [155] for further
detailed information.

6. Conclusions

High strength aluminum alloys are widely used in aerospace applications, mainly due to
their outstanding weight-specific mechanical properties. However, the alloying elements used for
strengthening the aluminum matrix make the resulting alloy susceptible to corrosion. Hence, a durable
and reliable corrosion protection system is needed. Anodic oxide layers play an essential role in these
a protection systems. They must provide sufficient corrosion protection to prevent contact between
electrolytes (such as moisture, hydraulic fluid, etc.) and the underlying metal, as well as improving
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the adhesion to organic coatings and paints, while at the same time not compromising the fatigue
properties of the metal component.

To achieve this goal, it is important to understand how anodizing works. Its complexity has been
reviewed, discussing the role of process parameters (e.g., voltage and temperature), the nature of
the electrolyte or the nature of the substrate, but also the process steps carried out before and after
anodizing. This highlights the importance of considering anodizing not as a stand-alone process, but as
a step in a larger and more complex process.

Taking into account the above-mentioned complexity, it is clear how challenging it is to substitute
the well-established chromic acid anodizing (CAA) process. In the past, CAA was used both for
aerospace structural bonding and corrosion protection applications, due to a good balance between
corrosion protection, adhesion, and fatigue properties of the resulting oxide layer. Many efforts have
been done in the past decades to search for alternatives to hexavalent chromium in the different
processes where it is used. So far, one type of process is not able to substitute for the entire range
of applications. For anodizing applications, phosphoric acid-based processes (PSA; PAA) have been
established for structural bonding applications, whereas tartaric-sulfuric acid anodizing (TSA) has
been introduced as an alternative Cr-(IV)-free process for corrosion protection applications. While TSA
has been widely studied, questions about the role of tartaric acid and its derivatives during anodizing
and in service remain open.
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