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1. INTRODUCTION

Aluminum alloys such as AA2024-T3 in the Al 2000 series are favored for the
fabrication of automobile and aircraft components owing to their light weight and
superior mechanical properties [1-5]. In terms of corrosion resistance, phase
structure, and elemental composition, the aforementioned alloy is comparable to
AA2219-T851, which has been utilized in the space industry to fabricate struc-
tural components for remotely operated vehicles, satellites, and the International
Space Station [6, 7]. In these applications, the use of lightweight materials
minimizes fuel consumption as well as energy stored in batteries, which directly
increases the vehicle's operating time, reduces greenhouse gas emissions, and
minimizes the carbon footprint from the use of fossil-based fuels. The reduction
of greenhouse gas emissions is particularly important because it applies to both
hydrogen and fossil fuels, both of which contribute to global warming in various
ways. Carbon dioxide and water vapor are both potent greenhouse gases produced
by the combustion of hydrogen and fossil fuels [8]. Note that the production of
hydrogen through electrolysis of seawater using excess energy from other power
sources is problematic owing to the deterioration of electrode performance and
that the most cost-effective method is currently the steam methane reforming
process, which generates significant carbon dioxide emissions [8]. In addition,
methane is a potent greenhouse gas that escapes into the atmosphere during the
production, processing, and transportation of natural gas [8]. Moreover, the use
of aluminum alloys has additional advantages in the space industry. For instance,
the low density of aluminum alloys reduces the cost of transporting satellites and
other functional components into the orbit [9]. Aluminum alloys are also useful
for radiation shielding because their interaction with cosmic radiation results in
less harmful secondary electromagnetic radiation compared to materials with a
high atomic number [10]. Finally, the superior conductivity of aluminum alloys
enables them to be used for thermal regulation and mitigating the surface charging
caused by cosmic radiation [11].

Aluminum alloys have a number of advantages over other materials; however,
their application environments present numerous challenges [ 1-5]. For instance,
stainless steels such as AISI 316 [5] have good corrosion resistance but a higher
density, which limits their use in the construction of vehicles, where low weight
is preferred to reduce fuel consumption. In contrast, carbon fiber-reinforced poly-
mers [5] are lightweight but difficult to process, which limits their applications
and increases manufacturing costs. Conversely, aluminum alloys are lightweight
and easy to process, but are also vulnerable to galvanic corrosion in environments
containing humidity, chloride ions, and oxygen [3]. This type of galvanic cor-
rosion is promoted by other passive metals in electrical contact with the primary
aluminum alloy component, as well as by various intermetallic particles close to
the surface [12—15]. In space, however, the absence of oxygen prevents the for-
mation of an oxide layer on newly exposed aluminum surfaces. This can cause
parts that rarely move, such as scanning mechanisms, to become stuck owing to
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cold welding, which can be exacerbated by fretting caused by vibrations due to
the movement of antennas or during satellite launch [16]. However, at low Earth
orbit, the direct flux of atomic oxygen can still cause significant damage to certain
materials owing to its high reactivity and impact velocity [17, 18].

The aforementioned disadvantages of aluminum alloys can be overcome by
applying functional coatings that are selected based on the component’s dimen-
sional tolerance, shape, and application. Currently, the best methods for coating
substrates with a sophisticated three-dimensional shape include chemical con-
version coatings [7], anodizing [19, 20], plasma electrolytic oxidation (PEO)
[16, 21], and atomic layer deposition (ALD) [22-24]. Conversion coatings are
the easiest to apply because the substrate only needs to be dipped in the necessary
chemical, which converts the alloy’s surface into a protective coating [7].
Obviously, the industrial process requires a more intricate line to ensure proper
pre-treatment of substrates prior to the process and thorough cleaning of chemi-
cals afterward. In anodizing, the conversion of the metal surface into a porous
anodic aluminum oxide (AAOQ) is performed electrochemically, which allows for
greater control over the coating’s properties [21, 22]. Notably, the best chemical
conversion processes and type 1 anodizing rely on solutions containing hexava-
lent chromium, which is toxic and carcinogenic, thereby restricting its industrial
use in certain regions [25]. Therefore, there is an immediate need for processes
that do not require hexavalent chromium compounds (such as MIL-DTL-5541
Type 2) [26]. In contrast to anodizing, the PEO process [16, 21] is carried out in
alkaline solutions at higher potentials. During PEO, discharges occur at the alloy—
electrolyte interface, briefly generating a high-temperature and localized plasma
that causes the formed oxide layer to be partially crystalline and, consequently,
harder than the AAO obtained by anodizing. ALD can produce the thinnest
protective coatings, which typically have a thickness of up to 100 nm. Previous
studies have demonstrated that ALD can be used to enhance the corrosion resis-
tance of AA2024-T3 [27, 28], aluminum [29, 30], steel [31-37], copper [38], and
silver [39]. Moreover, these studies also demonstrate the advantages of nano-
laminates over single-material films. In addition, a comprehensive evaluation of
the chemical resistance of various metal oxide films and nanolaminates [40] has
been conducted.

In this study, we investigate the performance of coatings grown by ALD on
AA2024-T3 as well as the possibility of using anodizing as a pre-treatment prior to
ALD to create a new type of nanostructured coatings for industrial applications.
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2. LITERATURE OVERVIEW

2.1. Aluminum alloys

Currently, aluminum alloys are the second most commonly used metals after steel
[1-5]. Their applications range from aircraft, drones, spacecraft, and automobile
components to electronic device casings. For precipitation hardening, the highly
soluble alloying elements Cu, Zn, Mg, and Si are added to Al. On the basis of
these alloying elements, aluminum alloys are classified into various series
[Table 1].

Table 1. Wrought aluminum alloy designations [5]

Designation | 1xxx | 2xxx 3xxx 4xxx 5xxx 6xxXX 7xxx
Major None Cu Si Si Mg Mg Zn
alloying 0.1-6.8/0.08-18|0.6-215(02-62{02-3.0|08-12
elements Mg Si
(mass%) 0.05-1.5 02-1.8
Cu
0.03-0.9

The series 2000 aluminum alloy, formerly known as duralumin, contains copper
as its predominant constituent. Through the use of appropriate heat treatments, it
is possible to give the alloy a strength comparable to that of steel [1-5]. For
instance, AA2024-T3 and AISI 316 have ultimate tensile strengths of 448 and
550 MPa, respectively [5]. This allows the incorporation of microscopic inter-
metallic particles (IMP-s) into the metal during the AA2024-T3manufacturing
process, which is based on the solubility changes of solid materials at different
temperatures. To achieve this, the alloy is initially heated above the solvus tem-
perature and soaked there until a homogeneous solid solution is formed. Further,
the hot alloy is rapidly cooled to room temperature via quenching, resulting in a
supersaturated solid solution. Finally, the alloy is either cold-worked, naturally
aged at room temperature, or precipitation-hardened at elevated temperatures.
Intermetallic particles formed during this process significantly increase the
alloy’s hardness by making dislocation movement more difficult.

Table 2. AA2024-T3 composition in mass% [5]

Al Cu Mg Mn Fe Si Zn Cr
Balance | 3.8-4.9 | 1.2-1.8 | 0.3-09 | 0.5max | 0.5max | 0.25max |0.1 max

The composition of AA2024-T3, one of the most popular Al-Cu-Mg alloys used
in aircraft construction, is shown in Table 2. The AA2024-T3 components are
fabricated from a 493 °C solution, annealed at 413 °C, cooled to room tem-
perature, and then artificially aged at 180 °C [1, 5]. Earlier studies of AA2024-T3
have demonstrated that the alloy's microstructure is dominated by microscale

12



Al,CuMg and nanoscale Al,,Mn;Cu, particles, as well as a significant amount of
other types of IMP-s containing Al, Cu, Fe, and Mn (e.g. Al,Cu,Fe, Al;Fe, and
Al3Mn) [12]. However, the study of the alloy with high-resolution techniques by
Boag et al., also revealed that the intermetallic particles were frequently clustered
closely together or fused, rendering them indistinguishable when measured with
conventional EDX [12]. Moreover, phases such as Al,Cu, Al;o(Cu,Mg),
(Al,Cu)g3(Fe,Mn)s(Mg,Si),, Alyy(Cu,Fe,Mn)sSi(AlgFe,Si), Al;(Cu,Fe,Mn), and
Al,Cu,Fe were also identified in the study.

2.2. Corrosion of aluminum alloys

Corrosion is the process by which the useful properties of a material degrade over
time owing to environmental factors [1, 3]. Aluminum is chemically very active.
Accordingly, it should have low corrosion resistance. However, exposure to
oxygen results in the formation of a thin oxide layer on the metal, which renders
it chemically inert in air. In addition, the formed metal oxide film is dense and
adherent, preventing further aluminum oxidation by blocking oxygen from
reaching the underlying substrate. However, the stability and protective pro-
perties of the natural oxide layer depend on the environment's humidity, salinity,
and pH as well as the composition of the aluminum alloy. For instance, alloying
elements reduce the corrosion resistance of the natural oxide layer, and exposure
to water slowly converts the oxide layer into aluminum hydroxide, particularly at
high temperatures.

Galvanic coupling, which is caused by electrical contact with a more passive
metal or the presence of near-surface intermetallic particles (IMP-s) in an environ-
ment containing water, chloride, and dissolved oxygen [12-15], drastically
accelerates the corrosion of aluminum alloys. For example, if an aluminum alloy
frame is connected with steel bolts, the aluminum frame will experience accele-
rated corrosion at the interface between the two metals. However, in the case of
IMP-s, the corrosion process is more complex, affecting high-strength alloys such
as AA2024-T3. In the case of AA2024-T3, various IMP-s (e.g. Al;Cu,Fe, Al;Fe,
AlMn, and AlMn;Cu,) are more passive than the surrounding matrix of
aluminum, which is largely depleted of alloying elements [12]. The number of
alloying elements in the surrounding aluminum matrix is ultimately determined
by thermal treatment procedures such as quenching and artificial aging; however,
the matrix behaves similarly to pure aluminum in terms of localized galvanic
corrosion. In particular, the aforementioned IMP-s become cathodic and accele-
rate galvanic corrosion of the surrounding anodic aluminum (Fig. 1a). None-
theless, the most abundant micrometric Al,CuMg IMP-s in AA2024-T3 cause
pitting in a more complicated manner [13]. As a result of the localized galvanic
coupling of cathodic Cu with Mg and Al within the IMP, the IMP undergoes
drastic changes in the initial stage. This results in the rapid corrosion of Mg and
Al at the IMP (Fig. 1b), which enriches the latter in Cu (Fig. 1¢). Consequently,
the IMP becomes cathodic, causing galvanic corrosion of the surrounding Al
matrix.
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(a) (b) (c)

Depletion;f

Mg and Al

Fig. 1. Schematics of pitting corrosion of Al-Cu alloys caused by near-surface IMP-s.
Cathodic IMP-s cause the corrosion of the surrounding matrix (a). Al,CuMg IMP-s are
first depleted of Mg and Al (b), which leads to the enrichment of Cu (c). This causes the
site to become cathodic and cause corrosion of the surrounding Al-rich matrix.

2.3. Anodizing

Although aluminum alloys have been the primary structural material for commer-
cial and military aircraft for more than 70 years, the majority of the final product
consists of the surface finish [1, 3]. Anodizing is one of the most common techni-
ques used to improve the corrosion and wear resistance of alloys [19, 20]. In this
electrochemical process, the metal’s surface is converted into AAO at the expense
of the substrate material (Fig. 2). Fig. 3 depicts a typical anodizing setup, in which
the metal substrate serves as the anode and the stainless-steel bath as the cathode.
The bath is filled with an appropriate electrolyte (e.g. sulfuric acid), and an
optional surrounding bath can be used to maintain the desired temperature. Both
electrodes are connected to a direct current power supply, which is used to apply
the desired electrical parameters for the anodizing process (e.g., voltage limitation
and/or current density). The properties of the resulting AAO layer depend on the
electrical parameters, temperature, time, and electrolyte used in the anodizing
process. For instance, growing a thicker oxide layer requires increased process
time, voltages, and current densities. Utilizing lower electrolyte temperatures
during the anodization process permits the production of a denser AAO.

Fig. 2. Schematics of a metal substrate’s surface before (a) and after anodizing (b). Finally,
the pores in the anodic oxide layer are sealed (c) using paint or other methods to enhance
the metal’s corrosion resistance and/or aesthetic appearance.

Throughout the last century, numerous electrolytes were tested for anodizing;

however, only a handful are widely used today, and three of them define distinct
anodizing types [20]. Type I anodizing with chromic acid electrolyte has been
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utilized for a long time because the obtained anodic oxide layer provides excellent
corrosion resistance relative to coating thickness. However, the carcinogenic and
toxic nature of chromium (VI) compounds has led to their ban in EU and other
industrialized nations [25]. Consequently, alternative anodizing electrolytes, such
as sulfuric acid and its mixture with boric acid, have gained popularity. Sulfuric
acid is utilized in types II and III anodizing processes, with the primary distinc-
tions between the two types being the anodizing temperature and electrical para-
meters. Type II anodizing is mostly used for obtaining thinner and porous
decorative or protective coatings while type III anodizing is performed at lower
temperatures (< 10 °C) and higher current densities, resulting in denser and harder
oxide layers as a result of the decreased mean pore diameter. Therefore, these
hard coatings are useful in engineering applications such as the automotive and
aerospace industries. Given that the obtained AAO is naturally porous, it is
primarily necessary to seal the pores to achieve the desired properties in the final
product. Various paints and lacquers, for instance, are used to seal the pores in
the AAO obtained by type II anodizing, resulting in an aesthetically pleasing
appearance and enhanced resistance to wear and corrosion. However, the AAO
obtained by anodizing type III can be successfully sealed for certain applications
using a hydrothermal treatment in which aluminum oxide is partially converted
into aluminum hydroxide [19]. The latter occupies more space than aluminum
oxide and therefore seals the nano-scaled pores in the AAO.

INSULATION

1
< DIPPING _)
MECHANISM

ANODE
WIRE e

ALUMINUM
CONNECTION

CATHODE

WIRE ——] SUBSTRATE

(ANODE)

ELECTROLYTE

ANODIZING BATH
(CATHODE)

T £ 17

POWER SUPPLY NON-CONDUCTIVE AND
CHEMICALLY RESISTANT BASE

Fig. 3. Schematic of a typical 2-electrode system used for anodizing.
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2.4. Atomic layer deposition

Atomic layer deposition (ALD) is a technique for growing thin films of a variety
of materials (precursors) in the gas phase [22—24]. Notably, some precursors are
initially in a solid or liquid phase and require additional heating to become gaseous
for ALD. Traditionally, the ALD process is carried out in a specially designed
ALD reactor and requires at least two distinct precursors, which typically enter
the reaction chamber one at a time, along with an inert carrier gas (e.g. N,). In
each complete ALD cycle, these precursors react on the substrate surface via self-
limiting surface reactions owing to the molecules’ adsorption limitation, and form
a thin and up-to-the-monomolecular layer of the desired material on the surface.
This enables the application of uniformly thick thin films of materials even on
substrates with complex three-dimensional shapes, giving ALD a competitive
advantage over alternative coating preparation techniques. The thickness of the
grown material is determined by the number of ALD cycles, while its crystallinity
is determined by the temperature of the substrate. Using lower temperatures
results in amorphous films while higher temperatures can be used to achieve dif-
ferent crystal phase structures. For example, TiO, produced by ALD can be
amorphous, anatase, or rutile, depending on the deposition temperatures [23, 24].
Fig. 4 depicts a typical ALD cycle for the deposition of TiO,, in which two liquid
precursors (TiCly and H,0O) and four sub-cycles are utilized:

1. TiCly vapors enter the chamber and react with the OH™ groups adsorbing on
the substrate’s surface prior to their entry.

2. The chamber is purged with a carrier gas (N;) to remove excess TiCly and HCI
byproducts of the gas phase reaction.

3. H,O vapors enter the chamber and react with the previously TiCl4-modified
substrate surface. Consequently, a thin layer of solid TiO, and the gas phase
reaction by-product HCl is produced.

4. A carrier gas is used to purge the chamber of excess H,O and HCI.

3.4%.,

(XXXXX)
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®Tic, &HO

@ HCl é -OH

Fig. 4. Schematics of the atomic layer deposition of TiO; from TiCly (precursor 1) and
H,O (precursor 2).
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The ability to use ALD for the preparation of thin chemically inert films on even
arbitrarily shaped objects makes the technique appropriate for the fabrication of
ultrathin corrosion protection coatings on precision components [27-40]. Matero
et al., [31] studied the behavior of Al,O;, TiO,, Al,O3/TiO, nanolaminate, and
Ta,0s films in 1999, when they first investigated the concept of utilizing ALD to
create corrosion-resistant coatings. The slow dissolution of the Al,O; films in an
aqueous NaCl solution could account for the initial high resistivity of the Al,O;
films during immersion corrosion testing, which decreased over the course of a
few weeks. Conversely, TiO, films were found to be chemically resistant, as it
took 80% H,SO,4 at 110 °C and a 2 nm/h etching rate to remove the films from a
glass substrate. However, it was also discovered that TiO, films cannot provide
adequate corrosion protection owing to the low quality of films grown at low
temperatures (e.g., 150 °C) or the crystallinity of films made at 200 °C or higher,
which introduces grain boundaries that act as weak sites in the coating. The
Al,O3/Ti0O, nanolaminate examined in this study combined the diffusion barrier
effectiveness of Al,O; with the chemical resistance of TiO,. This resulted in a
coating that performed well in corrosion tests, as 12 weeks of immersion in an
aqueous NaCl solution revealed no signs of corrosion. In addition, the number of
nanolaminate layers did not significantly affect the Bode plot of electrochemical
impedance spectroscopy (EIS) studies. The use of ALD for preparing protective
coatings on AA2024-T3 was later investigated [27, 28]. Potts et al., [28] demon-
strated with 10-50 nm Al,O; films grown by ALD that thicker coatings and the
use of plasma ALD rather than thermal ALD can provide superior corrosion
protection. Moreover, Marin et al., [27] discussed the behavior of nanolaminates
on AA2024-T3, demonstrating that the use of nanolaminates can reduce the
current densities measured during a polarization scan in a linear sweep voltam-
metry (LSV) test by multiple orders of magnitude. At potentials slightly more
anodic than the corrosion potential, however, the current density increased drasti-
cally. This demonstrates that the best nanolaminates on their own can signifi-
cantly improve the corrosion resistance of Al alloys, but cannot provide complete
protection. Marin et al., also demonstrated a novel method for preparing ALD-
based coatings by combining it with other techniques in the same study [27]. In
particular, the combination of sol-gel coatings with a top layer of Al,O; applied
by ALD produced a hybrid coating that is significantly more corrosion-resistant
than either of these coatings individually. Marin et al., also studied a hybrid
coating in which the first layer was created by physical vapor deposition (PVD)
and the top layer by atomic layer deposition (ALD) [33, 41]. In this case, the
function of ALD is to fill nanometric defects in the first hard layer produced by
PVD, which significantly improves the corrosion resistance of the coatings.
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2.5. Methods of corrosion testing

The objective of corrosion testing is to predict the real-world performance of
materials and protective coatings. Product development frequently necessitates
corrosion testing to determine the most cost-effective means of mitigating corro-
sion over a specified period of time. Overall, the corrosion tests can be cate-
gorized as a) laboratory tests, b) piloting or prototyping tests, and c) field tests
[42]. In the development of novel coatings and materials, laboratory tests are of
utmost importance because they enable rapid evaluation of the performance of
tested substrates and adjustment of the preparation parameters (Fig. 5). These
laboratory tests are frequently conducted under conditions that are harsher than
the actual application environment in terms of temperature, humidity, salinity,
and other properties. This allows the corrosion process to be accelerated, thereby
reducing the overall testing duration and cost. The greatest risk associated with
laboratory tests is that accelerating the corrosion process can produce results that
are too different from the actual application. This can be mitigated by conducting
a series of corrosion tests that allow for the investigation of various aspects of
corrosion. The immersion (Fig. 5a), neutral salt spray (NSS) (Fig. 5b), various
electrochemical (Fig. 5¢), and atomic oxygen (ATOX) tests are among the most
important laboratory tests (Fig. 5d). Before and after the test, the tested substrates
are also characterized by weighing, photographing, and using cutting-edge physi-
cal characterization techniques such as scanning electron microscopy.

(a)

Fig. 5. [llustration of setups used for various corrosion tests: immersion (a), salt spray (b),
electrochemical (c), and ATOX (d) tests.

Immersion tests (Fig. 5a) are conducted by completely or partially immersing
the tested substrate (Fig. 5a, I) in a solution (Fig. 5a, II) that simulates some of
the conditions of the actual application environment. Additionally, the substrate
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can be immersed and dried multiple times to achieve more realistic results. In
these tests, room-temperature liquids ranging from distilled water, synthetic
saliva, and seawater to harsh chemicals that can be alkaline, acidic, or oxidizing
in nature are typically used. Immersion tests are widely used owing to their
simplicity, low cost, and the ability to obtain reliable results in a matter of months.

Salt spray tests (Fig. 5b) are conducted in a special cabinet with a protective
coating for inner walls, filled with a saltwater fog, and maintained at a high
temperature (Fig. 5b, III). In this test, the tested substrates (Fig. Sb, ) are placed
on specially designed racks (Fig. 5b, [V). The conventional neutral salt spray test
(EVS-EN ISO 9227), for instance, is conducted with a 5% NaCl solution at 35 °C
and pH of 6.5-7.2 for 8-3000 h. Salt spray testing is favored by industries for
product or material specifications, as well as for research and development or
quality control, due to the ability to precisely control the testing conditions. In
comparison to immersion tests, salt spray tests are more expensive due to the need
for a stationary system that requires significant laboratory space, electricity, and
a prepared salt solution for long-term operation. Frequently, salt spray tests are
also performed with other solutions that are more corrosive (e.g., by lowering the
pH to 3.1-3.3 by adding acetic acid), which allows for reduction of the test time
and evaluation of the performance of materials and coatings that are normally
resistant to corrosion under ambient conditions.

Atomic oxygen tests are used to simulate the conditions of low Earth orbit by
exposing the tested substrate to a flux of atomic oxygen in a specially designed
facility [43]. These tests utilize a higher flux of atomic oxygen than in space,
which allows for a significant acceleration of the corrosion testing process and
the simulation of years of exposure to the actual application environment at a
reasonable cost and timeframe. In order to produce atomic oxygen, the testing
chamber (Fig. 5d) employs an oxygen source (Fig. 5d, IX) that is irradiated with
a CO, laser beam (Fig. 5d, X). Using mirrors (Fig. 5d, XI) and internal chamber
design features, the flux of atomic oxygen can be directed towards the samples
(Fig. 5d, I), which are held in a specially designed holder (Fig. 5d, XII). The testing
system also includes a vacuum pump and a residual gas analyzer (Fig. 5d, XIII),
allowing for the monitoring of the timing of atomic oxygen pulses and the
composition of extracted gases. When atomic oxygen reacts with the tested
substrates, the latter can be utilized to obtain additional information regarding the
gas phase corrosion products that may be produced.

Electrochemical tests are the quickest way to determine the corrosion behavior
of materials and coatings, making them ideal for screening a large number of
candidates for a specific application. The electrochemical corrosion tests are con-
ducted in a cell filled with a corrosive electrolyte and constructed specifically for
the purpose (Fig. 5c). This cell consists of a chemically inert casing, reference
[e.g. saturated calomel electrode (SCE)], counter (graphite rod or Pt wire), and
working electrodes, which is the substrate being studied. The electrochemical
experiments are controlled by a potentiostat, which is connected to the three elec-
trodes. To achieve reproducible and comparable results, the working electrode’s
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surface area must be constant. In some setups, this is accomplished with electro-
chemical masks (e.g., dielectric adhesive tape with a 1 cm? opening), which are
most suitable for flat and smooth substrates.

Potential measurement, polarization scans such as linear sweep voltammetry
(Fig. 6a), and electrochemical impedance spectroscopy are some of the most
common electrochemical tests (Fig. 6b, c). The measurement of potential against
the reference electrode is particularly useful for comparing different conductive
materials to determine if their combination could result in galvanic corrosion. In
synthetic seawater, for instance, a potential difference greater than 0.2 V is con-
sidered hazardous. Linear sweep voltammetry can provide additional information
about the corrosion behavior of materials and protective coatings. In this method,
an electrical potential (Eg,.) was applied to the investigated substrate and sub-
sequently changed over time at a predetermined rate until a limiting value is
reached (E..q, end potential). During the potential scan, the current density is
measured to characterize the processes occurring at the electrode-electrolyte
interface. Higher measured current densities at anodic potentials indicate the
presence of corrosion processes in corrosion studies, which focus on the reactions
that occur on the metal substrate. In the case of coated substrates, a drastic in-
crease in measured current densities can be caused by the formation of a pinhole
where the coating has failed and the electrolyte is in contact with the metal
substrate. If such a potential can be identified, it can be referred to as the pitting
potential (E,;) and used to compare the performance of different coatings; better
coatings should have no pitting potential or the pitting potential should be shifted
toward high values in the anodic direction. In EIS, a small AC sinusoidal pertur-
bation, such as 10 mV (RMS) in amplitude, is applied to an electrochemical cell
and the response AC current signal is measured. In corrosion studies, measure-
ments can be taken over a wide frequency range, which can be utilized to generate
a Bode plot (Fig. 6b).
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Fig. 6. Illustration of a polarization curve obtained by LSV (a), Bode plots obtained by
EIS (b), and an ECM used for modeling dielectric coatings (c).
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In the Bode plot, a linear impedance behavior over the entire frequency range and
a phase angle close to —90° indicates that the coating is defect-free and no corro-
sion is occurring. In contrast, a deviation from linear behavior at higher fre-
quencies may indicate the failure of a protective coating. The data obtained from
EIS measurements can be interpreted utilizing equivalent circuit models (ECM)
such as the one depicted in Fig. 6¢. For example, the latter ECM describes the
electrolyte resistance (Ry,) as well as the coating resistance (R.) and constant
phase element (CPE). The CPE considers the coating capacitance and an exponent
n, which is employed in the calculation. This exponent represents the deviation
of a capacitor’s insulator from ideal dielectric behavior, with n = 1 for an ideal
capacitor and n = 0 for an ideal resistor [44].

Testing in the application environment provides with the most accurate infor-
mation on the behavior of materials, protective coatings, and the efficacy of other
corrosion mitigation techniques. These tests may be conducted in a number of
ways, including atmospheric tests, prototypes, and field tests. In atmospheric tests,
samples are placed on specially designed racks or holders and exposed to the
environment for the duration of time specified. In terrestrial applications, such
tests are frequently conducted near the ocean, where the air contains more
chlorides and humidity. Alternately, similar tests have also frequently been con-
ducted on space stations, where samples are placed in a specially designed holder
and exposed to corrosive atomic oxygen. The subsequent step is to conduct tests
with a physical prototype in which the tested materials are integrated into a highly
complex system that operates in the application environment. This makes it
possible to study the corrosion of materials under more realistic conditions, where
multiple factors can influence the behavior of the tested substrate's deterioration.
The field test is a scaled-up version of the prototype testing, in which the tested
components are integrated into multiple systems in their actual application. This
permits the investigation of the behavior of materials under a broader range of
application conditions and the identification of potential issues that were not
detectable in previous tests.

2.6. Physical characterization techniques

The corrosion behavior of materials and the protective performance of coatings
are determined by characterizing the tested substrates prior to and after corrosion
tests using various techniques, such as cutting-edge physical characterization
methods [45, 46]. First, the substrates are characterized using nondestructive
testing techniques and sample preparation procedures. Such techniques typically
include weighing, photography, optical microscopy, and infrared spectroscopy.
These studies can then be followed by destructive or sample-specific techniques.
The techniques described below include scanning electron microscopy (SEM),
energy dispersive X-ray microanalysis (EDX), cross-sectioning, and transmission
electron microscopy (TEM).

21



Scanning electron microscopy (SEM) uses a beam of accelerated electrons
to study the substrate and obtain information on its surface morphology,
elemental composition, and elemental distribution. In the microscope, an electron
gun is used to emit electrons, which are then accelerated to the appropriate energy
(e.g. 1-30 kV) by applying the required voltage, causing the negatively charged
electrons to move toward the anode. The operator sets the accelerating voltage
based on the purpose of the experiment (e.g. elemental analysis or imaging). The
accelerated electrons pass through a system of lenses and scanning mechanisms
that manipulate the electron beam using electric and magnetic fields. The electron
beam is then directed toward the substrate under study, where the interaction of
electrons produces signals such as secondary electrons, backscattered electrons,
and characteristic X-rays. The first two signals are used to analyze the surface
morphology and compositional variations of the substrate's near-surface region.
In contrast, characteristic X-rays are used for elemental analysis. The electron
beam itself does not damage metals or protective coatings in terms of destructive-
ness. For SEM studies, however, the substrates must be clean, dry, and of the
proper size, which inevitably introduces a destructive factor into the characteriza-
tion process. In corrosion studies, the SEM is particularly useful for observing
changes in surface morphology owing to its interaction with the environment,
which aids in identifying the type of corrosion and employing the most effective
corrosion mitigation techniques. The damage caused to materials by atomic
oxygen in low Earth orbit, for instance, is initially observable only at high magni-
fications [ 18]. In the corrosion studies of AA2024-T3, Boag et al., [13] examined
the progression of corrosion using SEM at IMP-s as an example.

X-ray microanalysis in SEM utilizes the characteristic X-rays produced by
the interaction of accelerated electrons with the studied substrate to examine the
elemental composition of the sample in a number of ways. By irradiating a single
point with an electron beam, it is possible to measure the elemental composition
of a material locally, with the accuracy dependent on the material’s thickness and
heterogeneity (in the case of thin films, lamellas, or nanostructured materials),
the atomic number of the material components, and the energy of the exciting
primary electrons. With a conventional energy dispersive X-ray spectrometer, it
is also simple to collect the produced characteristic X-rays as the instrument scans
across the surface. Using this method, the average elemental composition of a
studied material can be determined if it is sufficiently homogeneous. Alternately,
the method may be utilized to map the distribution of elements on an imaged area.
Some scanning electron microscopes permit the use of this function in real time
while examining a sample. To improve the signal-to-noise ratio and contrast of
the resulting image, the measurement is performed over a longer time period for
publication purposes. In corrosion studies, X-ray microanalysis techniques can
be used to detect the presence of corrosion products (such as oxidized metal) and
map their distribution on a studied surface, providing additional information on
the complex corrosion mechanisms.

Cross-sectioning a material mechanically or with a focused ion beam (FIB)
permits the examination of its interior. Both of these methods are destructive by
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definition. For mechanical cross-sectioning, the sample is frequently submerged
in epoxy, which provides extra support during the cutting and polishing process.
Cross-sectioning with a focused ion beam requires the integration of an ion gun
into an advanced scanning electron microscope. Prior to FIB milling, a mask is
frequently applied to the surface of the substrate to protect the delicate surface
features during the cross-sectioning and polishing processes; this is yet another
irreversible sample modification procedure. Such a mask can be a thin layer of
metal or carbon, which is applied via magnetron sputtering or evaporation prior
to the SEM-FIB process or by the localized deposition within the microscope if
it has the required subsystems and software. For the deposition of Pt in a SEM
system, vapors of a compound (such as a metal-organic compound of Pt) are
injected close to the surface of the substrate via a thin syringe needle. Simul-
taneously, an electron beam followed by an ion beam is used to irradiate the
vapors at the site of interest, resulting in the decomposition of the compound and
the deposition of a metal (e.g., Pt) on the treated area. This permits the creation
of microscopic layers of masks within the SEM-FIB system on the substrate.
Cross-sectioning can be utilized in corrosion research to examine the progression
of corrosion within a material as well as the alteration of the thickness and internal
structure of functional coatings.

Transmission electron microscopy (TEM) uses accelerated electrons to
study a thin layer of material to gain information on its internal microscopic
structure and elemental composition [46]. Comparable to SEM, the top of a TEM
contains an electron gun, an anode, lenses, and a scanning mechanism. This is
followed by a substrate holder and a set of additional lenses for focusing the
image on the screen. It is possible to achieve atomic resolution in both imaging
and analysis with the best analytical transmission electron microscopes. A
lamella is created using a dual-beam SEM-FIB system before a nanocoating can
be examined with TEM. Modern lamella preparation entails a) selecting a site
with SEM, b) depositing protective masks (e.g. Pt), ¢) cutting out the lamella with
FIB, d) extracting the lamella with a high-precision probe, ¢) attaching the lamella
to a TEM holder, and f) polishing the lamella to reduce its thickness and ensure
a high-quality region for TEM studies. Classical lamella preparation, which in-
volves a) physically cutting out a slice of the material, b) milling it mechanically
as thin as possible, and c) utilizing a final treatment of chemical etching or ion
milling to render the lamella transparent to electrons, is still widely used. For the
study of thin protective coatings, FIB is preferred because it permits the pro-
duction of high-quality lamellas with an intact coating substrate interface. The
preparation of lamellas with FIB is also relatively quick, and a negligible amount
of the substrate is lost in the process. Inside a material, variations in density or
the presence of cavities can be visualized using both bright-field and dark-field
imaging. In bright field imaging, only electrons that pass directly through the
investigated substrate are detected. In contrast, dark field imaging detects only
electrons that scatter at a greater angle after passing through the substrate.
Analytical TEM systems can also be used in a scanning mode in conjunction with
EDX, in which a finely focused electron beam is used to scan across the area of
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the studied sample. Owing to the nanometric thickness of the lamella, it is possible
to perform elemental analysis with high precision. This is because the interaction
volume between electrons and the substrate is very small. Consequently, the
distribution of elements in a studied area can be mapped with nearly atomic reso-
lution, which is especially useful for distinguishing fine interfaces and transitions
in materials and coatings. Some scanning transmission electron microscopes are
also outfitted with an annual dark field detector, which enables a more efficient
collection of scattered electrons, as well as the acquisition of bright field scanning
transmission electron microscope (STEM) images and elemental analysis via
EDX. Ifthe microscope is equipped with a transmitted electron energy loss spectro-
meter, it is also possible to analyze low atomic number elements as well as their
chemical state with sub-nanometric localization [46].

Nanoindentation enables the study of the mechanical properties of a material
by poking it with a probe with a sharp and shaped tip [47]. In nanoindentation
studies, the probe is pressed into the substrate with a defined force, causing the
substrate to deform and the probe to penetrate the material to a particular depth.
The shape of the damage caused by indentation and the probe’s penetration depth
at specific loads can then be used to determine the mechanical properties of a
material. The continuous stiffness measurement (CSM) technique can be used to
investigate the hardness and Young’s modulus of a material [48]. In this method,
a sinusoidal component is added to the load, with the oscillating component being
approximately one order of magnitude smaller than the maximum load applied.
The roughness of a material, which has an effect on the probe-surface interface
area and consequently influences the calculated hardness and Young’s modulus
values, is typically the most significant obstacle when using nanoindentation to
study real substrates. This issue can be mitigated in part by collecting more data
points through measurements [49].
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3. RESEARCH OBJECTIVES AND STATEMENTS

This study’s primary objective was to investigate the feasibility of enhancing the
corrosion resistance of aluminum alloys with thin ceramic coatings that have
minimal effect on the total weight and dimensions of the coated substrate. More-
over, it is desired that these coatings can be applied to substrates with complex
three-dimensional shapes, such as pores and cavities with internal surface features.
Atomic layer deposition (ALD), which has been used in the past to apply thin
(10—400 nm) chemically resistant films to substrates to improve their corrosion
resistance, may be used to create such coatings. However, the performance of
ALD-based coatings is limited, primarily owing to residual porosity, poor
adhesion, or limited mechanical durability. In contrast, anodizing can be used to
transform the top layer of an aluminum alloy into aluminum oxide, which is then
sealed to increase its corrosion and wear resistance. This method is suitable for
preparing coatings ranging in thickness from tens of micrometers to a few milli-
meters; however, its application to aluminum alloys with a high copper content
is problematic.

To achieve the research objective, the behavior of thin ceramic coatings pro-
duced by ALD on AA2024-T3 aluminum alloy was extensively studied, which is
particularly susceptible to corrosion owing to intermetallic particles near the sur-
face. Additionally, the feasibility of using ALD to seal anodized substrates with
a novel micrometric nanostructured coating that could be used in industrial
applications was investigated.

The following statements are presented for the defense:

1. ALD coatings can increase the corrosion resistance of AA 2024-T3; however,
the protective performance of the coatings is dependent on the coating’s com-
position, thickness, and surface condition of the substrate. In the latter instance,
near-surface micrometric copper-rich intermetallic particles (such as Al,CuMg)
are critical as these sites are susceptible to localized galvanic corrosion.

2. Potentiodynamic electrochemical pre-treatment of AA 2024-T3 can be utilized
to remove near-surface copper-rich intermetallic particles and tune the thick-
ness of the created AAO layer, thereby enhancing the overall performance of
coatings grown by ALD. By using low potentials for electrochemical treat-
ment, which primarily removes near-surface intermetallic particles without
forming a thick AAO layer, the thinnest coating is possible with this method.
Using higher potentials in the potentiodynamic pre-treatment process gene-
rates a sub-micrometric or micrometric AAQO layer that can be sealed and coated
by ALD to produce a new type of nanostructured coating with superior corro-
sion resistance.

25



3. A simple potentiostatic electrochemical pre-treatment can be used before ALD
to create a nanostructured coating for industrial applications. In the ALD
process, the corrosion resistance, electrical conductivity, and hardness of the
nanostructured coating can be modified by depositing suitable materials into
the pores of the AAO and on its surface.

4. Al,05/TiO; nanolaminate can be used to protect materials from energetic
atomic oxygen-induced corrosion.
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4. MATERIALS AND METHODS

4.1. Coating preparation

4.1.1. Standard pre-treatment

The studies were conducted using aluminum alloy AA2024-T3 alclad plates
(GoodFellow) with dimensions 20 x 20 mm? (small) and 40 x 110 mm? (large).
Using machine milling, the Al cladding was mechanically removed from the
original 3 mm sheet, resulting in a final thickness of 2.6 = 0.2 mm. The standard
composition of the alloy [5] is listed in Table 2. Prior to experiments, the plates
were polished with abrasive paper to achieve a surface finish that was repeatable
(P240, Al,O; grains, Mirka). To study the scalability of the technology for the
preparation of nanostructured coatings for industrial applications on arbitrarily
shaped high-precision components, Al alloy substrates were prepared for satel-
lites ESTCube-2 and WISA Woodsat. On the former satellite, an Al-Mg alloy
plate containing 2.9% Mg was machine-milled into a cover panel. The compo-
nents for WISA Woodsat were 3D printed utilizing an industrial metal 3D printer
(M290, EOS GmbH) and EOS Aluminum AISi10Mg (EOS GmbH)). Prior to
coating, all loose particles and organic contamination were removed using a
standard pre-treatment, which consisted of first rinsing with deionized water and
then applying three solvents in an ultrasonic bath: 3 min in toluene (purity 99.5%,
Reahim), 3 min in acetone (purity 99.5%, Sigma-Aldrich), and 3 min in iso-
propanol (purity 99.5%, Sigma-Aldrich). To remove impurities and near-surface
metal oxides, the 3D-printed substrates underwent an additional chemical treat-
ment involving a) immersion in 10% NaOH solution (purity 98%—100%, Sigma-
Aldrich) for 1 min, b) rinsing with deionized water, ¢) immersion in concentrated
HNO; (purity 65%, Sigma-Aldrich) for 1 min, and d) rinsing with deionized water.
The latter treatment was required because mechanical polishing was inapplicable
to these high-precision components.

4.1.2. Electrochemical treatments

The potentiodynamic electrochemical treatment of small substrates was performed
in accordance with our patent [ 50] using a three-electrode potentiostat Reference
600 (Gamry). The effect of the potentiodynamic electrochemical treatments on
the Al alloy and on the performance of coatings made by ALD is discussed in
more detail in studies [ [51] and II [52]. The substrates were anodized using a PS
8360-10 DT 1 kW (Elektro-Automatik GmbH) DC power supply in a two-elec-
trode setup. The electrolytes used for anodizing at room temperature (22 + 2 °C)
were 15% (w/v) H,SO4 (Honeywell, Fluka 95-97%), denoted as SA, and a
mixture of 5% (w/v) H,SO, and 1% (w/v) H3BO;3 (Honeywell, Fluka 99.5%),
denoted as BSA. The total surface area, including both sides and all edges of the
substrate as well as the section of the Al alloy contact wire that was in contact
with the electrolyte during the anodizing process, was approximately 10 and
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100 cm? for the small and large substrates, respectively. Using a three-electrode
system for the electrochemical treatment of the small substrates enabled us to
gain additional insight into the process, including the elimination of IMP-s and
the formation of the AAO layer.

The low potential electrochemical treatment (LET) process described in
study II [52] was carried out by cycling the potential 15 times between 0 and
0.5 V at a scan rate of 1 mV/s. The substrates were then ultrasonically treated for
15 min in a fresh 15% H,SO, solution. The substrates were then rinsed with
deionized water and sonicated in deionized water for an additional 15 min.
Finally, the samples were then dried using airflow.

In study I [51], the potentiodynamic anodizing procedure was performed in
two steps by cycling the potential between 0 and 2 V five times at a scan rate of
10 mV/s. The potential was then cycled 50 times between 0 and 10 V vs. SCE at
a scan rate of 300 mV/s. Unless otherwise specified, all potential values in this
study are provided relative to the SCE potential. Large substrates were anodized
in a two-electrode setup under conditions comparable to those used for small sub-
strates.

For potentiostatic anodizing of smaller and larger substrates in study III [53],
a two-electrode setup with a stainless-steel bath as the cathode and alloy sub-
strates as the anode that were connected to a power supply PS 8360-10 DT 1kw
was utilized (Elektro-Automatik GmbH). SA was the anodizing electrolyte,
which was maintained at 1 + 0.5 °C by surrounding the anodizing bath in stainless
steel with an external ice bath. Additionally, potentiostatic anodizing at a limiting
current density of 12.5 mA/cm? was performed at 10 or 20 V for 30 min to pro-
duce oxide films of varying thicknesses.

4.1.3. Atomic layer deposition

ALOs, TiO,, Al,0;-TiO, mixture, and Al,O3;/TiO, nanolaminate coatings were
deposited at 125 °C in a low-pressure flow-type reactor [54] and an industrial
ALD reactor R200 (Picosun Oy) [55] on small and large Al alloy substrates with
different pre-treatments. Si substrates were added to each ALD process in order
to conduct comparative research. For the deposition of the oxides, water was used
as the oxygen source, in addition to Al(CH3); (TMA; purity 98%, Strem Chemi-
cals) and TiCly (purity 99.9%, Aldrich) as the metal precursors. The target
thicknesses of the deposited materials for systematic studies were predominantly
50 nm. For nanolaminate coatings, a series of thicknesses of 50, 100, 110, 250,
and 500 nm were prepared. The bottom layer of the nanolaminate consisted of
20 nm Al,Os, followed by 10 nm TiO, and 10 nm Al,O; layers until the desired
thickness was achieved. The TiO,-Al,O5; mixture with a thickness of 50 nm was
grown using 250 ALD supercycles. Each succeeding supercycle included one
complete ALD cycle for the deposition of an Al,O; sublayer and two complete
ALD cycles for the deposition of a TiO, sublayer. This was done to compensate
for titania’s slower growth rate per full growth cycle compared to the growth rate
of alumina [56].
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4.2. Corrosion testing

The corrosion behavior of coated and uncoated Al alloy substrates was studied
using immersion, neutral salt spray testing, linear sweep voltammetry, electro-
chemical impedance spectroscopy, and exposure to atomic oxygen.

4.2.1. Immersion test

During systematic studies, immersion tests were conducted in a 0.5 M NaCl
(prepared from NaCl, Sigma Aldrich; purity 99.5%) aqueous solution for the
majority of smaller substrates and one larger substrate. These experiments were
conducted in laboratory glass bottles with airtight seals. The duration of immersion
tests in systematic studies with small substrates was 1000 h. The immersion test
for the large substrate with nanostructured coating lasted 7152 h (298 days). The
substrates were photographed before, during, and after the experiments.

4.2.2. Salt spray test

Neutral salt spray tests were performed up to 1000 h at 35 °C according to EVS-
EN IS0 9227:2012 at 35+ 2 °C using a 5 g/l NaCl (SaliCORR® Sodium Chloride)
solution having pH of 6.5-7.2 in a commercial testing chamber ClimaCORR CC
400-FL AKES (VLM). The substrates were photographed before and after the
experiments. After the tests, the substrates were also rinsed with deionized water
prior to photographing to remove salt from the surface of the samples.

4.2.3. Electrochemical tests

LSV and EIS corrosion testing was conducted in a naturally aerated 0.5 M NaCl
solution (prepared from NaCl, Sigma Aldrich; purity 99.5%), using a potentiostat
Reference 600 (Gamry). In the 3-electrode setup, a PTC1™ Paint Test Cell
(Gamry), a saturated calomel reference electrode (Gamry), and a Pt wire were
utilized. The sample served as the working electrode in these tests. The re-
producible sample surface area of 1 cm?, exposed to the electrolyte, was achieved
with 1 c¢cm? (PortHoles™) Electrochemical Sample Masks (Gamry). Prior to
electrochemical testing, the samples were stabilized in the electrolyte for 30 min.
In LSV tests, the potential sweep began at non-destructive cathodic potentials of
—1 V vs. SCE, where neither corrosion nor water electrolysis occurred, and moved
at a scan rate of 1 mV/s towards anodic potentials. In systematic studies, 1 or2 V
was used as the final potential. The end potential was set to 10 V, and the scan
rate was set to 300 mV/s for testing some of the best-performing coatings. The
EIS measurements were performed twice during 24 h immersion in 0.5 M NaCl
at open circuit potential (OCP). The first measurement was taken at the beginning
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of immersion after the sample had stabilized for 30 min (designated as “Oh”) and
the second measurement was taken after 24 h (designated as “24h”) of immersion.
The measurements were done in the frequency range of 102 — 10° Hz with an AC
perturbation amplitude of 10 mV (RMS). Using the equivalent circuit models
depicted in Fig. 6¢, the Echem Analyst™ (Gamry) software was used to interpret
the EIS data.

4.2.4. ATOX test

To evaluate the performance of the nanostructured coating in space, the coated
substrate was exposed to a flux of atomic oxygen at a facility in low Earth orbit
(LEOX) [43], using a setup similar to that depicted in Fig. 5d. In the experiment,
the atomic oxygen flux was 2.7 x 10?! atoms/cm?, which is equivalent to 1 year
of exposure to a direct flux of atomic oxygen in low Earth orbit at an altitude of
400 km, the same as for the International Space Station.

4.3. Physical characterization

Initial surface characterization was accomplished by taking photographs at varying
magnifications with a smartphone (S8+, Samsung) and an optical microscope
Eclipse LV150 (Nikon). Utilizing a dual beam scanning electron microscope
Helios Nanolab™ 600 (FEI) for high resolution imaging and energy dispersive
X-ray microanalysis, additional surface characterization was performed. The FIB
on that microscope was used for making cross-sections and for the preparation of
lamellas for transmission electron microscopy/scanning transmission electron
microscopy (TEM/STEM) studies. The X-ray microanalysis was performed with
EDX analyzer INCA Energy 350 (Oxford Instruments), which was installed onto
the aforementioned scanning electron microscope. HR-SEM surface and cross-
sectional analyses were performed at a 10 kV accelerating voltage for the primary
electrons. For the SEM-EDX studies, an accelerating voltage of 5-30 kV was
used. TEM/STEM studies of prepared coatings were conducted with a probe-
corrected analytical transmission electron microscope Titan 200 (FEI) that was
equipped with a ChemiSTEM 4 SuperX SDD EDX system (FEI/Bruker). This
STEM-EDX system enabled the generation of high-resolution high-angle annular
dark-field (HAADF) images and element maps by employing primary electrons
with energies up to 200 keV. The quality of the Al alloy AA2024-T3 used in this
study was determined by wavelength dispersive X-ray fluorescence spectroscopy
(WD-XRF), using an AZX 400 WDXRF spectrometer (Rigaku) and X-ray dif-
fraction analysis (XRD), using an X-ray diffractometer SmartLab™ (Rigaku) in
symmetrical 620 Bragg-Brentano geometry. The diffractometer uses Cu K,
radiation from a rotating anode generator working at 45 kV and 180 mA. The
same diffractometer was also used to measure X-ray reflection (XRR) in order to
determine the density and thickness of the atomic layer deposited films on Si
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substrates. The thickness and density of films were refined by the program
GlobalFit (Rigaku™). The hardness (H) and Young’s modulus (E) were studied
by nanoindentation. The coated and bare Si substrates were investigated utilizing
a Hysitron TI 980 nanoindenter (Bruker) in a continuous stiffness measurement
mode. A maximum load of 1 mN was applied with a Berkovich tip and the aver-
age hardness and Young’s modulus values were obtained as the mean of 15 indi-
vidual measurements made in different locations on the sample surface and cal-
culated for the indentation depth of 20 nm, which is the reference depth. The bare
and coated Al alloy substrates were studied at the Institute of Solid-State Physics,
University of Latvia, with a Nano Indenter G200 (Agilent Technologies) in the
continuous stiffness measurement mode. The plots were generated by averaging
the results of 20 nanoindentation tests conducted on each sample. Hardness and
Young’s modulus values were determined at their maximum values in the corre-
sponding plots.
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5. RESULTS AND DISCUSSION

The development of a thin ceramic coating for the corrosion protection of alu-
minum alloys was the subject of systematic research. These studies were initially
conducted in studies I [51] and II [52] using AA 2024-T3 substrates that were
only cleaned and polished prior to ALD coating with various coating types. To
enhance the performance of the coatings, potentidynamic pre-treatment at higher
and lower potentials was investigated in studies I [51] and II [52], respectively.
Finally, a potentiostatic pre-treatment was investigated in study III [53] to
facilitate industrial applications of the process.

5.1. Ultra-Thin Ceramic Coatings

The performance of ALD coatings is dependent on the a) properties of the grown
films, b) coating material, c) coating thickness, and d) substrate surface condition
prior to coating, as shown in studies I [51] and II [52]. The findings of these
studies are discussed in detail below.

5.1.1. Properties of films grown by ALD

Table 3 summarizes the XRD, WD-XRF, and XRR data obtained in paper II [52]
for TiO,, AL,Os, Al,03-TiO, mixture, and Al,O3/TiO, nanolaminate films grown
by ALD on Si substrates. According to XRD studies, all of the previously men-
tioned films grown on Si substrates were amorphous. This was anticipated, given
that the coatings were grown at 125 °C. WD-XRF analyses of the grown films
revealed that both TiO, and the Al,0;-TiO, mixture contained Cl, with the highest
concentration (3.7 + 0.2 mass%) found in the mixture film. Notably, the Cl content
of the mixture film was also greater than that of TiO, (2.8 + 0.2 mass%). The CI
originated from the precursor TiCl, used in the low-temperature ALD process to
produce TiO, [57, 58]. The measured thickness of the films, d, was close to the
desired thickness of 50 nm. Accordingly, the density values, p, measured by XRR
were 3.0 g/cm?® for Al,Os, 3.7 g/cm?® for TiO,, and 3.2 g/cm’ for the Al,O;-TiO,
mixture. Additionally, the layer density of Al,O; and TiO, in the nanolaminate
was comparable to that of single-layer films.
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Table 3. Data obtained by XRD, XRR, nanoindentation, and WD-XRF for TiO», Al,O3,
Al,O3-Ti0; mixture, and Al,O3/TiO; nanolaminate films grown by ALD on Si substrates
[52].

Elemental
composition* ~ = ~
. . in mass%, (+0.1 s | 3| &
Film prepared by | Crystalline | . o/ ¢ Al Tiand | = Si z s
ALD structure | o 102 mass% forCl) | & | B | © | @
El = | | ¢
Al | Ti | O | Cl | = < = &
AlLO3 Amorphous | 52.8 | 0.0 [47.1] 0.0 | 49 | 3.0 | 9.2 | 148
TiOs Amorphous | 0.0 {63.333.9| 28 | 56 | 3.7 | 7.7 | 136
Al,03-TiO; mixture | Amorphous | 20.3 | 38.9 {37.1 | 3.7 | 52 | 32 | 84 | 140
Layer 1 — ALLO; 22 | 29
Layer 2 — TiO, 12 | 3.7
Layer 3 — ALOs 11 | 2.9
Layer 4 (top) — TiO> 12 | 3.6
ALO3/TiO;
laminate in sum | Amorphous | 25.3 | 33.340.0 | 1.4 | 57 - 9.6 | 151

* Measured by XRF using the thin film program and known composition, density and structure of
the films as well as the substrate;

** Hardness of the Si substrate is 12.8 GPa;

*** Young’s modulus of the Si substrate is 146 GPa.

The results of nanoindentation studies are depicted in Fig. 7 and Table 3, where the
hardness and Young’s modulus of the coatings are calculated as the mean values
of 15 individual measurements at 20 nm displacement positions in different
locations of the samples. The coatings with the highest hardness and Young’s
modulus values were Al,O; and nanolaminate, which behaved similarly. In
contrast, the TiO, film had the lowest values for hardness and Young’s modulus.
Finally, the nanolaminate exhibited significantly higher hardness and Young’s
modulus values than the Al,O3-TiO, mixture film, which was unexpected given
that both films contained the same elements. This demonstrates that the mechani-
cal properties of multi-component nanometric films also depend significantly on
their internal structure. In nanoindentation studies, coatings were applied to Si
substrates, which have a higher hardness (12.8 GPa) than every ALD-grown film
studied. This is significant because the studied films had a target thickness of
~50 nm, and the values were obtained at a displacement position of 20 nm, which
is significantly higher than the recommended indentation depth of 10% of the
coating. Therefore, the Si substrate had an effect on the measured hardness and
Young’s modulus values. However, the results can still be used to describe the
tendencies of the mechanical characteristics of the coating series.
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Fig. 7. Nanoindentation curves of hardness (a—d) and Young’s modulus (e—h) versus the
tip displacement in TiO: (a,e), Al,O3 (b,f), Al,O3-TiO, mixture (c,g) and AlLO3/TiO,
nanolaminate (d,h) coatings deposited onto Si substrates [52].

5.1.2. Dependence of Corrosion Resistance on Coating Material

Table 4 is a summary of the data obtained in study II [52] from LSV and EIS
experiments conducted on substrates mechanically polished and coated by ALD
with various types of ceramic materials. The LSV experiments were utilized to
calculate a pitting potential and measure the current density at the beginning and
end of the polarization scan. This was also used to calculate the short-period
coating efficiency, CE, using the following equation (Eq. 1):

CE =1- GIV/jmax): (1)

Because all of the coatings were unstable, EIS was only used to determine the
impedance at 10 mHz after 30 min and 24 h immersion in saltwater.

Table 4. Data obtained via LSV and EIS experiments for the substrates mechanically
polished following coating with ALD by TiO», Al,O3, the Al;O3-TiO, mixture, and the
Al,O3/Ti02 nanolaminate [52].

Pittin Current | Current | Impedance |Impedance| Coating
oten ﬁ‘i || density | density | at10 mHz | at10 mHz | effi-
Coating P at—1V | at1V |after 30 min | after 24 h | ciency
Epis J-1v Jiv |Z1] |Z2] CE
V) (A/em?) | (A/em?) (L) (L) (Eq. 1)
no coating -0.59 [1.0x10°| 0.196 - - -
TiO, -0.57 [3.5x10°°| 0.142 9.1 x10° 8.7 x 10* 0.28
ALO; —0.55 1.2x10%| 0.150 1.0 x 108 8.4 x10° 0.23
ALO-TIO 1 56 |17x107| 0154 | 68x10° | 23x105 | 021
mixture
ALOSTIOr | 51 133,107| 0128 | 72x107 | 25x10° | 0.35
nanolaminate
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In polarization scans and immersion tests, the corrosion resistance of AA2024-
T3 was only marginally enhanced by an ALD-applied TiO; coating. For example,
in polarization scans, the measured current values for samples coated with TiO,
(Fig. 8, curve 2) are lower compared to the uncoated substrate (Fig. 8, curve 1).
This indicates that the coating inhibits corrosion processes occurring on the sur-
face of the substrate. However, at anodic potentials greater than the corrosion
potential, the current increased rapidly, indicating coating deterioration and in-
creasing metal exposure. In EIS experiments, the TiO, coating exhibited the
lowest impedance, which increased slightly during the 24h saltwater immersion
(Table 4). The lowest impedance can be explained by the semi-conductive nature
of amorphous TiO,. The increase in impedance during immersion may be owing
to corrosion occurring in the saltwater, which covers the surface of the substrate
with a thin layer of dielectric corrosion products.

0.20
b 1) Al alloy
(a) 1.0E-01 = ( ) 2) Al alloy + ALD TiO, 1
- F — 0.15 3) Al alloy + ALD ALO, 4,2
1.0E-03 4) Al alloy + ALD mixed
/.’ 1) Al alloy NE 0.10 5) Al alloy + ALD laminate
O 1.0E-05 / 2) Al alloy + ALD TiO, Qi e
= ) 3) Al alloy + ALD ALO, S
s 1.0E-07 4) Al alloy + ALD mixed s_ 0.05
1.0E-09 - T T T " 0.00 -+ T T T ]
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
E (V) vs. SCE E (V) vs. SCE

Fig. 8. Linear sweep voltammetry corrosion tests for Al alloy substrates that were
polished (1) and coated by ALD with TiOz (2), Al2O3 (3), A,O3/TiO2 mixture (4) and

. The current value is presented in logarithmic (a) and non-
logarithmic (b) scale [52].

At the highest anodic potential of 1 V vs. SCE, however, the measured current
value was still significantly less than that of the uncoated substrate (Table 4),
indicating that the TiO, coating still protected the metal substrate to some degree.
The fact that the corrosion potential and pitting potential were in the same region
suggests that the coating had weak spots or pathways that allowed corrosive
species in the electrolyte to reach the metal substrate.

This claim was also supported by the immersion tests, which revealed that a
substantial portion of the coating remained intact after a 1000 h test; however, it
contained numerous localized corrosion sites (Fig. 9, b). Furthermore, the results
are in good agreement with previous studies, in which it was shown that a TiO,
coating produced by ALD is chemically resistant but not an effective diffusion
barrier [31].

The ALD-applied AlLO; coating on the alloy performed poorly in the
immersion test, where the coating was completely destroyed within 1000 h
(Fig. 9, ). This is likely due to at least a portion of aluminum oxide being con-
verted into aluminum hydroxide [31]. Similar coating deterioration was observed
in the EIS study, where the dielectric coating’s impedance decreased after 24 h
of immersion in saltwater (Table 4). However, in relatively fast polarization
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scans, Al,O; exhibited better diffusion barrier properties than TiO, as current
values did not increase as rapidly at anodic potentials greater than the corrosion
potential (Fig. 8, curves 2, 3). The lack of a well-defined region between corro-
sion potential and pitting potential indicates the presence of few and/or small
pathways in the coating that allow chloride ions to reach the metal. This gradually
delaminates the coating at anodic potentials greater than the corrosion potential,
resulting in the rapid degradation of the whole coating.

Fig. 9. Photographs taken after 1000 h immersion in saltwater of the aluminum alloy
substrates that were prior to testing polished (a) and coated by ALD with TiO» (b),
AlOs (c), Al03-TiO; mixture (d), and a laminate of Al,O3/TiO; (e). The sites where
mixture (d) and nanolaminate (e) coatings failed are marked with red circles and shown
at greater magnification on optical microscopy images f and g, respectively [52].

Ti0;-AlL O3 mixture and TiO,/Al,O3 nanolaminate provided the Al-alloy with
the best corrosion resistance of all the coatings tested, with the nanolaminate
slightly outperforming the mixture. This is in agreement with previous studies
[31, 36, 39] that demonstrate that combining the diffusion barrier properties of
dielectric Al,O; with the chemical resistance of TiO, results in coatings with
superior performance. In any case, it appeared that both laminate and mixture
coatings could withstand a 1000 h immersion in saltwater without the Al,O; in
the coating converting into aluminum hydroxide. Conversely, the difference in
their performance could be attributed to individual defects. During the 24-h
immersion, the impedance at 10 mHz decreased slightly with both coatings,
indicating that corrosion is progressing (Table 4). In immersion tests, the mixture
coating based on the photographs (Fig. 9, d, e) appeared to be superior; however,
a more detailed microscopy study revealed a large number of microscopic sites
where the mixture coating began to degrade (Fig. 9, f). In contrast, the laminate
had only a few larger flaws where the coating delaminated gradually (Fig. 9, g).
This was in good agreement with the polarization scans depicted in Fig. 8, curve 4,
where pitting potential and corrosion potential overlapped in the case of the
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mixture coating. This indicated the existence of multiple chloride ion pathways
to the metal substrate. However, in the case of the laminate coating, the current did
not increase as rapidly at anodic potentials greater than the corrosion potential,
indicating that the laminate (Fig. 8, curve 5) had only a few small chloride ion
pathways, exhibiting similar behavior to the single layer Al,O; coating (Fig. 8,
curve 3).

5.1.3. Dependence of Corrosion Resistance on Coating Thickness

The findings of study I [51] indicate that the thickness of the laminate coating
affected its protective properties. As observed from the polarization scans depicted
in fig. 10, thicker coatings exhibited lower current values at anodic potentials,
similar to the findings published by Diaz, et al., and Marin et al., [35, 36]. The
coating with the best performance was the 500 nm laminate (Fig. 10, curve 500),
which was distinct from the other coatings.

1.0 -05 0.0 0.5 1.0 1.5 2.0

E vs. SCE (V)

Fig. 10. Corrosion testing by linear sweep voltammetry of AA2024-T3 substrates that
were polished (1), coated by 50 nm (50), (100), 250 nm (250), and 500 nm (500)
Al,O3/TiO; laminates. Note that these are deposition target thicknesses based on the
estimated growth speed values of Al,O3 and TiO, deposited onto Si substrates, and the
real thickness of the alloy may differ by up to 30% (in a higher direction) [51].

However, pitting occurred on all coatings between —0.5 and —0.4 V, indicating
that even the thickest coatings had initial defects or pathways connecting to the
metal substrate, where the laminate began degrading at anodic potentials. This is
in contrast to the findings of Marin et al., [36], who found that the use of thicker
coatings could significantly shift the pitting potential in the anodic direction. In
our case, coating degradation was slowest for 250-500 nm coatings, which can
be explained by fewer initial defects/paths and a mechanically more durable
layer, which does not peel off as easily as a 50 nm coating when the underlying
metal substrate has corroded (Fig. 11). In any case, 250 to 500 nm laminates are
too thick to apply by ALD for industrial applications, and the presence of initial
defects suggests that merely increasing the thickness of the coating provides
AA2024-T3 substrates with only a modest improvement in corrosion resistance.
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Fig. 11. Photos of polished AA2024-T3 plates (20 x 20 mm?) coated by ALD laminate
with the thickness of 50 (a), 100 (b), 250 (c¢), and 500 nm (d), and following tested by
linear sweep voltammetry up to +2 V vs. SCE (see Fig. 5b). The circular tested area in
the middle of the samples was 1 ¢cm?. Approximately 20% of the coating failed in the
testing area on samples with 50 and 100 nm laminates, while on samples with 250 and
500 nm laminates less than 5% of the coating was destroyed [51].

5.1.4. Condition of Al-alloy Surface and the Performance of Coatings

The surface condition of metal substrates influences the performance of ALD-
applied coatings in multiple ways. In our early research, we discovered that even
a thin layer of contamination can result in localized corrosion. To demonstrate
this, we applied a thin layer of graphite with a pencil on the aluminum alloy sub-
strate prior to coating it with TiO, by ALD (Fig. 12). After an LSV test in salt-
water, optical microscopy studies revealed the most severe corrosion at contami-
nated sites (Fig. 12 b, c).

To maximize the performance of coatings, it is crucial that metal substrates be
thoroughly cleaned of various contaminants. To achieve this, the substrates were
first polished to reduce the number of difficult-to-clean protrusions and cavities.
Al,O; sandpaper was used to polish the surface to minimize the risk of implanting
new materials that a) are not suitable for ALD coating or b) could introduce a
galvanic couple with the surrounding surface. Potential Al,O; particles from the
sandpaper satisfy both criteria because they are dielectric, thereby preventing
galvanic coupling. During the ALD process, Al,Os particles should behave simi-
larly to the natural aluminum oxide on the metal. After polishing, any potential
semi-loose particles were removed by polishing slowly by hand with a heavy-
duty plastic mesh scouring pad. Initially, we also attempted to use a rotating
plastic brush (~600 rpm) for final polishing; however, this resulted in brush wear
and the introduction of additional surface contaminants. The final cleaning was
performed with the standard cleaning procedure using deionized water, toluene,
acetone, and isopropanol to remove salts and various organic compounds that
could have been introduced during the manufacturing or surface treatment process.
In any case, the immersion test results depicted in Fig. 9 confirmed that the sur-
face had been properly cleaned; however, the cause of coating failure at specific
locations remained unknown.
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Fig. 12. Photo (a) and optical microscopy images (b, ¢) of a 20 x 20 mm Al alloy substrate
that has been contaminated with a graphite pencil prior to coating with TiO, by ALD (a).
The photo and microscopy studies were done after a corrosion test by LSV in saltwater,
where the potential scan ended at 0.5V.

We hypothesized that the failure of the coating could also be due to the inhomo-
geneous nature of the Al-alloy, which consists of an Al-rich matrix and inter-
metallic particles (IMP-s) of varying size, shape, and composition [12]. Specifi-
cally, some of these IMP-s would be exposed at the metal’s surface, putting ALD-
deposited coatings in direct contact with the Al-rich matrix and IMP-s of various
compositions. To investigate the effect of IMP-s on the corrosion behavior of
coated substrates, an immersion test was conducted with a 110 x 40 mm? Al-alloy
substrate coated by ALD with an Al,O;/TiO, laminate (Fig. 13). First sites of
corrosion appeared already after 24 h of immersion in 0.5 M NaCl (Fig. 13a). To
monitor the progression of corrosion, these locations were subsequently mapped
by EDX and photographed by SEM over the subsequent days. The substrates
were removed from the immersion solution, rinsed with deionized water, and
dried prior to SEM analysis. Subsequently, the substrates were reintroduced to the
corrosive medium after SEM analysis. In these studies, we found that the coating
failed at an abnormally large cluster of IMP-s, where the damage increased
gradually over time. EDX mapping of elements revealed the presence of a larger
Cu-Fe-Mn IMP in the center of the coating failure region. In addition, the site
appeared to contain less Mg, which is typically present in the largest Al,CuMg
intermetallic particles. We believe that Mg might have been depleted in that site
due to rapid localized galvanic corrosion [13—15] when the coating failed.
Accordingly, the corrosion products could have dissipated in the solution or been
removed by rinsing. Mg(OH), is slightly soluble in water, and its quantity would
have been negligible because it is produced only at the individual near-surface
IMP-s where the coating fails. Moreover, the size of the Cu-rich IMP-s in the
agglomeration (Fig. 13, center) is comparable to that of the conventional
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Al,CuMg IMP-s (Fig 13, bottom right corner). Although we have learned that the
failure of an ALD-produced laminate coating is in some way related to IMP-s,
we have not yet determined the precise cause of the initial defect that exposed the
metal substrate to the corrosive medium.

Fig. 13. SEM image (a—c) of the evolution of a pit during 24-129 h immersion on a
polished Al alloy sample with a 100 nm nanolaminate coating. EDX mappings of the
same region after 87 h immersion show the distribution of (d) Cu, (e) Fe, (f) Mn, (g) Al,
(h) Mg, and (i) O. Possible near-surface AlLCuMg IMP-s are marked with circles in the
SEM image (a) [51].
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To gain a better understanding of the failure of the laminate at IMP-s, we decided
to thoroughly examine the coating | metal interface using SEM-FIB and EDX on
substrates that had been freshly polished prior to ALD coating and on substrates
that had been cleaned and polished in the open air for a couple of weeks prior to
ALD coating. As shown in Fig. 14, the Al-alloy is coated by ALD shortly after
polishing and cleaning, resulting in a uniform laminate. Surface and cross-
sectional analyses confirm that the coating is defect-free and adheres well to the
IMP and surrounding matrix.
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Fig. 14. Secondary electron image of the surface (a) and FIB-made cross-section (b) of a
region on AA2024-T3 that has an Al,CuMg IMP which is uniformly coated with the
laminate by ALD [52].

In contrast, HR-SEM-FIB and EDX studies revealed that Al-alloy plates stored
for a month in open air prior to ALD coating were far more interesting. As shown
in Fig. 15, the IMP-s are surrounded by circular features, and the top portion of
the IMP has been altered. EDX analyses (Table 5) of the cross-section revealed
that the features surrounding the IMP (Fig. 15, site III) are likely to be corrosion
products owing to their higher oxygen and chloride content. Moreover, the top
part of the IMP (Fig. 15, site [V) also had a higher content of oxygen and chloride
in comparison to the bottom part of the IMP (Fig. 15, site II). Furthermore, Cu
content was comparable in the upper and lower portions.
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Fig. 15. HR-SEM-FIB and SEM-EDX studies of near-surface IMP-s: top view (a), FIB-
made cross-section of an entire IMP (b), FIB-made cross-section of a corrosion product
area (c), FIB-made cross-section of the interface of the IMP’s inner part (II) and oxidized
part (IV) (d). The element maps of Al (e), O (f), Cu (g), and Mg (h) as well as a local
analysis at sites I, II, III, and IV were taken from the area of image b [52].
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Table 5. Local elemental analysis results for the sites of interest shown in Fig. 15b [52].

Sites of Elements, mass% (+0.1 mass% for Al, and Cu, and £0.2 mass%
interest for other elements)
Al Cu Mg o Cl Fe Mn C Ti
I 92.2 4.8 0.9 1.5 0.0 0.0 0.5 0.0 0
11 37.0 | 50.0 | 10.0 | 23 0.0 0.0 0.0 0.3 0.2
11 66.3 6.8 1.1 16.7 0.3 0.0 0.3 3.9 2.6
1v 28.7 | 52.4 3.8 9.4 0.7 0.5 0.0 2.8 0.7

Evidently, the cross-sectional studies indicate that the metal-coating interface can
vary across the metal substrate. On an Al-rich matrix, for instance, the first layer
of the laminate (Al,05) is in direct contact with the natural aluminum oxide layer,
ensuring exceptional adhesion. On Cu IMP-s, however, there is a thin layer of
oxidized IMP content that is softer than the surrounding natural aluminum oxide
layer, which can weaken the adhesion of the coating locally. In addition, the pre-
sence of contaminants in the form of semi-loose particles or a thin film would
also weaken the coating’s adhesion locally. Semi-loose particles may even disperse
and take with them a portion of the protective coating. In the case of slightly
corroded surfaces, as depicted in Fig. 15, a similar problem with poor adhesion
is probably present. In the latter instance, there is a layer of fluffy corrosion pro-
ducts on top of and surrounding the IMP, resulting in poor adhesion of the coating
over a large area. We suspect that ALD coatings fail owing to the presence of
abnormally large clusters of IMP-s, which would result in poor adhesion over a
large area. Such areas would be significantly more susceptible to mechanical
damage owing to the thin ceramic coating’s brittleness under mechanical stress,
which would allow corrosive species to reach the metal substrates. In our experi-
ments, the samples were handled with extreme care, and any mechanical damage
to the surface was prevented. In practical applications, it would be difficult to
avoid mechanical interactions with the coated area, which could easily damage
the coating in areas where it is not properly adhered to the substrate.

5.2. Electrochemical surface engineering

The studies presented in 5.1 suggest that possible contaminants, corrosion pro-
ducts, and near-surface intermetallic particles may weaken the performance of
ALD coatings applied to AA2024-T3. Accordingly, in studies I [51] and II [52],
investigations concerning potentiodynamic electrochemical pre-treatment of metal
substrates are reported to selectively “pluck out” near-surface intermetallic par-
ticles from the Al alloy and create an ideal surface for ALD coating. Particularly,
two processes were investigated to achieve greater control over coating thickness.
In study II [52], a low-potential electrochemical treatment process was used to
selectively remove near-surface intermetallic particles without forming an AAO
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layer to produce the thinnest coatings. In study I [51], higher anodic potentials
were used to create thicker coatings, which resulted in an AAO layer that could
then be sealed by ALD with a ceramic material.

5.2.1. Effect of the LET process on the surface of AA2024-T3

The polarization curves measured during the LET process (Fig. 16) reveal notable
reactions in the ~50 mV vs. SCE potential region, which are likely due to the
removal of Cu-rich IMP-s close to the surface [59].
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Fig. 16. Polarization curves indicating the low-potential electrochemical treatment of
AA2024-T3 in sulfuric acid in a three-electrode setup [52].

The efficiency of the LET process for removing near-surface IMP-s was initially
evaluated by mapping the distribution of elements using SEM-EDX prior to
(Fig. 17a—c) and subsequent to (Fig. 17d-f) the treatment. These studies demon-
strated that the initial surface had numerous characteristic sites with a size of
1-10 microns that contained both Cu (Fig. 17b) and Mg (Fig. 17¢c). Accordingly,
these sites contain the greatest number of micrometric Al,CuMg IMP-s [12].
However, after the LET process, no more Cu (Fig. 17¢) and Mg (Fig. 17f) were
detected on the surface. Furthermore, after the LET treatment, craters appeared
on the surface of the alloy (Fig. 17d, f, red circles), which were likely left behind
after the successful removal of large Al,CuMg IMP-s.
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Fig. 17. Distribution of Al, Cu, and Mg mapped by SEM-EDX on polished (a—c) and
LET-processed (d—f) Al-alloy substrates [52].

The effect of the LET process on the surface of the Al alloy was further studied
using HR-SEM (Fig. 18). The surface contains numerous craters that originated
from the successful removal of near-surface IMP-s, as depicted by the secondary
electron image in Fig. 18a, which is in good agreement with previously measured
elemental maps in Fig. 17. Furthermore, the surface also appears very clean and
still contains surface features from polishing, which confirms that the LET process
only affects the very top layer of the material and does not significantly affect the
dimensions of a substrate. A detailed examination of the craters at higher magni-
fications reveals that their depth, shape, and size varied. There were both wide
and shallow craters and craters that penetrated deeper into the substrate. Occasio-
nally, some deeper craters contained remnants of the original IMP (Fig. 18b). A
high magnification image of the surface (Fig. 18c) reveals a nano-scaled pattern,
with pores/holes having a diameter between 2 and 200 nm. This intricate pattern
was investigated further by FIB sectioning and HR-SEM analysis (Fig. 18d). This
indicates that the LET process did not produce a significant AAO layer on the Al
alloy.
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Fig. 18. HR-SEM-FIB studies of the LET processed Al alloy, depicting the surface
condition after the electrochemical treatment (a), a partially removed intermetallic
particle (b), the nanostructure of the surface and the nanoparticles on it (¢) and the thin
supposed oxide layer (d, red dashed line), separating the alloy and the Pt protection layer
used for making the FIB cross-section [52].

To gain a deeper understanding of the fine structure depicted in Fig. 18c, a lamella
was created using SEM-FIB for further HR-STEM research. As shown in Fig. 19,
the thickness of the oxide layer on the metal substrate ranges from approximately
5 to 10 nm. In addition, the HR-STEM study was conducted at a location that
likely corresponds to one of the brighter walls depicted in Fig. 18c. These walls
appear to be composed primarily of aluminum that has been oxidized and is at
least twice as thick as the surrounding metal oxide layer. Surprisingly, the area
beneath the wall contained more Cu and less Al than the surrounding alloy. This
Cu appeared to be a component of the alloy and was not added during or after the
LET process.
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Fig. 19. Cross-section lamella STEM images of LET processed Al alloy surface area
depicting one of the bright walls seen in Fig. 18c: STEM bright field image (a), STEM-
HAADF image (b), and STEM-HAADF image with O (blue), Al (green) and Cu (red)
maps’ overlay obtained by STEM-EDX in the same region [52].

Consequently, the nanostructure observed in Fig. 18c may have resulted from
uneven etching during the LET process. In particular, AA2024-T3 has a complex
microstructure, where the uneven distribution of elements results in an uneven
etching on a nanometric scale, which is seen in STEM studies (Figs. 19, 20).
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Fig. 20. Overview STEM-HAADF image of the LET processed surface of the Al-alloy.

5.2.2. Performance of coatings on substrates pre-treated by LET

The studies of substrates following the LET process suggest that the treatment
successfully eliminated the potential issues (near-surface IMP-s and possible
surface contaminations) that were hypothesized to hinder the performance of
ALD coatings. Therefore, substrates treated with LET were coated with ALD and
evaluated in 0.5M NaCl by immersion, LSV, and EIS (Table 6, Figs. 21, 22).
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Table 6. Data of the LSV and EIS experiments for only the LET substrate and the LET
plus TiO,, Al,O3, the Al,O3-TiO, mixture, and Al,O3/TiO, nanolaminate-coated samples
[52].
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LSV studies (Fig. 21) of ALD-coated substrates reveal that the use of LET pre-
treatment in addition to the standard pre-treatment results in lower measured
current densities in the scanned potential range compared to substrates that
received only the standard pre-treatment (Fig. 21, curves 2-5). We also measured
lower current densities for the bare substrate with LET- pre-treatment (Fig. 21,
curve 1). However, among the coated substrates, only a negligible improvement
was observed for TiO, (Fig. 21, curve 2) and Al20;-TiO, mixture (Fig. 21, curve 4)
coatings when LET was added to the standard pre-treatment. In the case of the
latter two coatings, the polarization scan measured slightly lower current densities
for LET-treated substrates. In contrast to the aforementioned coatings, Al,Os
(Fig. 21, curve 3) and Al,O;/TiO, nanolaminate (Fig. 21, curve 5) coatings indi-
cated a much greater improvement using the LET process, as the measured current
densities in the LSV test were significantly lower compared to substrates that only
had a standard pre-treatment and the same coating (Fig. 8, curves 3, 5). None-
theless, the LSV studies demonstrated that the substrate with LET pre-treatment
and nanolaminate coating (Fig. 21, curve 5) does not display a significant passive
region at anodic potentials. Nonetheless, the latter substrate demonstrates the best
performance and has the highest CE value of 0.8 (Table 6), which is the closest
to a perfect coating where CE equals 1.

Fig. 22 depicts photographs of uncoated and coated substrates with LET pre-
treatment following a 1000 h immersion test. These tests demonstrated that the
LET procedure had no effect on the corrosion resistance of the alloy (Fig. 22a).
A similar behavior was observed for ALD-grown TiO, (Fig. 22b) and Al,O;
(Fig. 22c) coatings on substrates. In contrast, the LET process marginally
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improved the performance of the Al,O3-TiO, mixture coating (Fig. 22d), which
after the 1000h immersion test had only a few barely visible corrosion sites in the
substrate’s center. Nevertheless, the LET process significantly improved the per-
formance of the nanolaminate coating (Fig. 22¢), which was also the best in the
immersion test, as it exhibited no corrosion sites after 1000 h of immersion. After
1800 h of immersion in 0.5M NacCl, the latter substrate exhibited the first signs
of corrosion (Fig. 22f).
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(a) - = (b) 1) Al alloy 1
= 2) Al alloy +LET + ALD TiO.
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Fig. 21. Polarization curves (a, b) for differently pretreated/coated sample surfaces: just
polished, curve 1, LET plus ALD with TiO,, curve 2, Al,Os, curve 3, the Al,03-TiO,
mixture, curve 4, the Al,03/TiO, nanolaminate, curve 5, and just LET curve 6 [52].

1000h LET + mixedll1000h  LET + laminate 1 1800n” LET + laminate

Fig. 22. Photographs of the 20 x 20 mm? samples after a 1000 h immersion test that had
just LET (a) and LET plus ALD with TiO> (b), AlxO3 (c), the Al,O3-TiO> mixture (d),
and the Al,O3/TiO, nanolaminate (), and the latter after an additional 800 h immersion
test (f) [52].
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5.2.3. Effect of potentiodynamic anodizing
on the surface of AA2024-T3

The potentiodynamic anodizing of the Al alloy was investigated in study I [49],
and was performed using a potentiostat in BSA (Fig. 23a, b) and SA (Fig. 23c, d)
electrolytes. As seen in Figs. 23a, c, the first notable process occurs at ~50 mV,
which is similar to the LET process (Fig. 16) and can be attributed to the removal
of Cu-rich IMP-s [59]. The greatest change to the surface occurs during the first
cycle (Figs. 23a, ¢, curve 1), when most of the Cu near the surface is possibly
removed. In subsequent cycles, the measured current densities also decrease
gradually, suggesting gradual oxidation of the metal surface and successful
elimination of IMP-s (Figs. 23a, c, curve 2—4). Notably, SA (Fig. 23c) appears to
be more effective than BSA at removing IMP-s (Fig. 23a). In the second stage
(Figs. 23b, d), cycling was performed up to 10V vs. SCE, which caused the greatest
change during the initial cycle (Figs. 16b, d, curve 1). Owing to the formation of
the AAO layer, the measured current densities gradually decreased over the sub-
sequent cycles (Fig. 16b, d, curve 2-50).
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Fig. 23. Polarization curves indicating the alloy anodizing with (a, b) BSA and (c, d) SA
in the (a, c) first and (b, d) second steps [51].

The SEM analyses of the anodized substrates in BSA (Fig. 24a—) and SA (Fig.
24df) reveals the effect of the electrochemical treatment on the surface of the
alloy. Both electrolytes created micrometric craters on the surface, which can be
attributed to the removal of the most abundant Al,CuMg IMP-s, as revealed by a
low-magnification image of the surface. This is consistent with the polarization
curves measured during the anodizing process (Fig. 23) and the LET process
studies (Figs. 16—18). The HR-SEM studies of the surface at greater magnifica-
tions revealed a nano-scaled structure with < 20 nm holes or pores (Fig. 24b, ¢).
The latter SEM images also depict cylindrical holes that were likely left behind
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after the successful removal of Al,y)Mn;Cu, IMP-s [12]. Additional research was
conducted by creating a cross-section with FIB and analyzing it with HR-SEM
(Fig. 24c, 1). Prior to preparing the FIB cross-sections, the pores in the AAO were
filled with TiO2 using ALD to achieve a higher contrast for better visualization.
The TiO, deposited within the pores appears darker than the AAO that surrounds
it (Fig. 24c, 1). Studies of cross-sections revealed that the thickness of the obtained
AAO layer was < 0.5 um and < 2 um for BSA (Fig. 24c) and SA (Fig. 24f),
respectively. Furthermore, the AAO obtained with BSA (Fig. 24¢) appears to be
denser than the AAO produced with SA (Fig. 24f). A similar behavior was pre-
viously observed by Du et al. [60]. Furthermore, the difference in thickness may
be attributable to the presence of sulfuric acid in the anodizing electrolytes [61].

Fig. 24. SEM images of the surfaces of the samples anodized with (a—c) BSA and (d—f) SA,
showing the removal of (a, d) micrometric and (b, €) nano-scale surface inclusions; (c, f)
FIB cross-sections of the corresponding samples after sealing the AAO pores with TiO,

[51].

5.2.4. Sealing and coating of AAO with nanolaminate by ALD

Nanolaminate Al,O3/TiO, was grown by ALD on Al alloy substrates anodized in
BSA and SA. This resulted in a novel coating in which the AAO was coated with
another ceramic material and then sealed (Fig. 25). Specifically, the bottom
portion of the new coating is composed of the AAO matrix that has been sealed
with Al,O5 via ALD. The pores in the AAO had a diameter of < 20 nm, and the
first layer of the nanolaminate, Al,O;, had a thickness of ~18 nm, making this
possible. In an ideal situation, a 20 nm pore can be sealed by ALD by growing
only 10 nm of a material, as the deposition of the material occurs simultaneously
on all of the pore walls, causing the pore diameter to decrease by 2 nm for every
1 nm of material grown by ALD.
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Fig. 25. Cross-sectional images of the novel nanostructured coatings: (a, b) HR-SEM
secondary electron images of the coatings prepared with anodizing in BSA and SA,
respectively, (¢, d) STEM-BF images of the same, (¢) STEM-HAADF image with Cl map
overlay of the coating prepared with anodizing in BSA, and (f) STEM-EDX map of Ti of
the lower part of the AAO sealed with titania by the help of ALD, similar to that shown
in Fig. 24c [51].
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Note that the pores of the AAO are not visible in the STEM images shown in
Fig. 25a—d because the AAO and Al,O; grown by ALD have the same com-
position and density. Because the first layer of Al;05/TiO, nanolaminate grown by
ALD is sufficient to seal the AAO, subsequent layers only serve to coat the surface
of the substrate (Fig. 25a—d). Consequently, no Cl from the TiCly precursor enters
the AAO during the process of sealing (Fig. 25¢). When preparing such coatings,
it is necessary to demonstrate that ALD effectively seals the pores’ bottoms. To
map the distribution of Ti at the bottom of the pores of the AAO layer, an
additional HR-STEM study was performed on an anodized substrate that was
sealed with TiO, (Fig. 25f). This study demonstrates a higher concentration of Ti
until the alloy | AAO interface, indicating that TiO, was indeed deposited into the
bottom of the pores and that the pores did not become clogged early in the ALD
process, which would have prevented further deposition of TiO, into the pores.

The coating obtained by combining potentiodynamic anodizing and nano-
laminate grown by ALD greatly improved the corrosion resistance of AA2024-T3
(Fig. 26). Particularly, the measured polarization curves for coated substrates are
several orders of magnitude lower than those for bare substrates (Fig. 26a,
curves 2, 3). In addition, when the coated substrates were exposed to an anodic
potential of 10 V, no pitting was observed (Fig. 26, curves 2, 3). Comparing the
polarization curves of coated substrates in Fig. 26b reveals that the coating
obtained by anodizing in BSA has a slightly higher current density at 10 V than
the substrate anodized in SA prior to ALD coating. Regardless, both coated sub-
strates exposed to 10 V in the LSV experiment indicated no visible damage. By
applying Eq. 1, the calculated short-term coating efficiency for both coatings is 1,
the same as for a dielectric and defect-free ideal coating.

The long-term corrosion resistance of the coating made by anodizing in BSA
and coating with the nanolaminate by ALD was tested by 7152 h (~298 days)
immersion in 0.5 M NaCl aqueous solution. As seen in photographs taken prior
to (Fig. 26¢) and following (Fig. 26d) the corrosion test, the coated substrate
remained essentially undamaged. In contrast, a bare substrate experienced severe
corrosion after a 1000 h immersion test (Fig. 9a). Note that the coated substrate
suffered some corrosion damage at the holes and edges as a result of the substrates
being handled during the coating preparation process. In particular, the holes
were used during the anodizing process to suspend the substrate in the anodizing
solution using an aluminum wire that also served as an electrical connection.
Consequently, the formation of AAO would have been inhibited at the wire-
substrate interface. In addition, the edges of the plate may have been damaged or
contaminated during the preparation of substrates for ALD coating in the in-
dustrial reactor.
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Fig. 26. Corrosion tests using LSV: (a, b) a polished sample (curve 1), a sample anodized
in SA and coated with the nanolaminate (curve 2), and a sample anodized in BSA and
coated with the nanolaminate (curve 3) (a) in a narrower potential range near the corrosion
potential region and (b) in a broader potential range; (c, d) photographs of a large sample
anodized in BSA and coated with the nanolaminate (c) before and (d) after the 7152 h
(298 days) immersion in 0.5 M NaCl solution [51].

The EIS analysis was conducted on coated substrates anodized in BSA and SA
electrolytes and then coated with the nanolaminate using ALD (Fig. 27). EIS was
designed to evaluate the stability of these coatings during a 24-h immersion in
aqueous 0.5M NacCl solution. Therefore, EIS measurements were conducted at
the beginning (denoted as “Oh”) and at the end of 24 h immersion (denoted as
“24h”) in 0.5 M NaCl at room temperature.
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Fig. 27. Bode plots for Al alloy substrates anodized in BSA (a), SA (b), and then coated
by ALD with 100 nm nanolaminate. The ECM (c) was utilized to model the previously
mentioned plots [51].
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As shown in Figs. 27a, b, the measured impedance (|Z]) and phase angle (6) curves
did not change during the 24 h immersion test, indicating that the coatings
remained stable and undamaged. In addition, the nearly linear behavior of the
impedance curves throughout the entire frequency range of 2-102-10° Hz also
confirmed the high quality of the coating. In addition, the phase angle curve had
a broad frequency range close to 90°. Finally, the ECM depicted in Fig. 27¢ was
used to model the second coating’s behavior of the second coating. The modeled
values of R., C,, and n for the coated substrates did not change during the 24 h
immersion test, which confirms that the coatings are defect-free and do not
degrade during that time in an aqueous 0.5 M NaCl environment (Table 7).

Table 7. ECM variables (Fig. 27¢c) calculated for coated Al alloy substrates before and
after the immersion test [51].

Coatings

EMC variables BSA anodized + 100 nm ALD | SA anodized + 100 nm ALD

nanolaminate nanolaminate
Immersion time, h 0 24 0 24
Rsomn, Q-cm’? 10.0 10.0 10.0 10.0
R, 7.5 x 108 7.4 x 103 1.2 x10° 1.3 x10°
C., F-em2s™! 1.8 x 1078 1.9x10°¢ 7.2 x107° 7.2 %107
n 0.97 0.97 0.97 0.97

5.3. Nanostructured Coatings

The studies on using potentiodynamic anodizing in study I [51] and the LET
process in study II [52] for pre-treatment of AA2024-T3 indicated a notable in-
crease in the performance of coatings grown by ALD. Furthermore, the sealing
of the AAO in study I [49] with a nanolaminate by ALD produced a new type of
ceramic coating that exhibited excellent corrosion resistance under anodic poten-
tials and during prolonged immersion in saltwater. However, the potentio-
dynamic anodizing procedure was only applicable to small substrates, required a
complex setup, and had temperature control issues. In study III [53], the next step
was to examine the use of a simple two-electrode setup with an external ice bath
for potentiostatic anodizing, to produce an AAQO suitable for sealing by ALD. In
study III [53], various materials were grown into the AAQO obtained by potentio-
static anodizing to produce nanostructured coatings. These coatings were then
characterized by various methods and optimized for aerospace industry appli-
cations.
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5.3.1. Effect of potentiostatic anodizing on AA2024-T3

Fig. 28 depicts the SEM-FIB studies of substrates that received potentiostatic
anodizing pre-treatments in paper III [53]. Low-magnification surface studies of
the anodized substrate reveal the presence of numerous shallow craters (Fig. 28a),
similar to those obtained during the LET process (Fig. 18a), indicating the
successful removal of IMP-s including Al,CuMg. The HR-SEM-FIB studies of
the cross-section reveal nanoscale pores in the AAO (Fig. 28b). Prior to cross-
section studies, ALD was used to deposit TiO, into the pores of the AAO to
enhance the visibility of nano-scaled pores on the second image. The AAO layer
obtained with potentiostatic anodizing (Fig. 28b) at 20 V, 1 °C is less porous than
the AAO obtained with potentiodynamic anodizing up to 10 V at RT (Fig. 24f).
The diameter of the pores in the AAO are < 10 nm for the former AAO (Fig. 28b)
and < 20 nm for the latter AAO (Fig. 24f). A detailed SEM examination of the
anodized surface also revealed rare, deeper craters surrounded by cracks
(Fig. 28c). These craters are likely the result of IMP-s that were partially exposed
to the surface prior to anodization. Such craters were not previously observed on
substrates that had been pre-treated with potentiodynamic anodizing (Fig. 24).
The SEM-FIB analyses of the latter craters reveal their intricate internal structure
(Fig. 28d—f), which is essential when preparing nanostructured coatings by
sealing the AAO with ALD-grown materials. Specifically, the arrows in Figs. 28e
and f indicate that cracks penetrate the AAO and reach the metal substrate. In
addition, the metal alloy (Figs. 28e, f, site 1) is gradually transformed into AAO
during the anodizing procedure (Figs. 28e, f, site II). During this process, new
IMP-s from deeper layers (Figs. 28e, f, site III) are exposed and then removed,
which may leave cavities in the AAO layer (Figs. 28e, f, site [V). Regardless, the
cross-sectional image in Fig. 28f demonstrates that ALD can effectively seal both
nano-scaled pores and the bottoms of larger cracks, thereby enabling the creation
of a variety of nanostructured coatings.
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Fig. 28. SEM images of the AAO layer obtained by potentiostatic anodizing at 20 V, 1 °C
depicting the most abundant shallow craters from the removal of micrometric IMP-s (a),
FIB-made cross-section of the AAO layer sealed with TiO; for better imaging of the 3D
structure of the nanopores (b), top view of a cracked crater (c), FIB-made cross-section
of a cracked crater (d), cross-section of another cracked crater sealed with TiO, via ALD
for the demonstration of the sealing efficiency (e); image (f) shows the right part of the
image (e) with greater magnification. In (e) and (f) the regions of the metal substrate,
nanoporous AAQO layer and a partly removed IMP are marked as sites I, II, and III
respectively. The arrows point to the cracks and site IV shows a gap left by the IMP
during the anodizing process and sealed afterward with ALD [53].
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5.3.2. Impregnation of AAO with different materials grown by ALD

In study II1 [53], a systematic investigation was conducted to determine the optimal
material for sealing the AAO layer produced by potentiostatic anodizing at 10 V,
1 °C, and 20 V, 1 °C to produce an effective nanostructured coating. For this stage
in the development of efficient coatings, we have selected potentiostatic anodizing,
which is scalable for industrial applications and can be conducted with a relatively
inexpensive setup, requiring only ALD post-treatment. Using appropriately chosen
ALD pulse times, Al,Os, TiO,, Al,O3-TiO, mixture, and Al,O3/TiO, nanolaminate
films were grown on anodized substrates using ALD in these systematic studies.
The chosen target thickness for ALD-grown films was 50 nm, which was believed
to be sufficient to seal the nano-sized pores in the AAO layer previously observed
in Fig. 28b.

-
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Fig. 29. SEM images of the FIB made cross-sections of Al-alloy substrates anodized at
10V, 1 °C (a—d) and 20 V, 1 °C (e-h), having the AAO layer sealed by ALD with 50 nm
TiO: (a,e), Al,O3 (b,f), Al,03-TiO, mixture (c,g) or Al,O3/Ti0; nanolaminate (d,h) [53].

The investigation of obtained nanostructured coatings by SEM-FIB revealed that
it is possible to seal the nano-scaled pores in the AAO obtained with potentiostatic
anodizing at 10 V, 1 °C (Fig. 29a—d) and 20 V, 1 °C (Fig. 29¢e-h) by ALD with
various ceramic materials including TiO, (Fig. 29a, ), Al,O; (Fig. 29b, f), Al,Os-
TiO, mixture (Fig. 29¢, g), and Al,03/TiO, nanolaminate (Fig. 29d, h). The cross-
section studies also revealed the thickness of the AAO, which was 1 ym at 10 V,
1 °C and over 2 um when anodized at 20 V, 1 °C. Additionally, note that the first
layer of the nanolaminate consisted of 20 nm of Al,Os. This was done to ensure
that only Al,O; and not TiO, would seal the nanoscale pores in the AAO layer.
Thus, TiO, would have deposited only in larger pores or cavities that were not
completely sealed by the initial 20 nm Al,Oj3 layer.
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5.3.3. Linear sweep voltammetry study of nanostructured coatings

Fig. 30 depicts the polarization curves obtained by LSV in study I1I [53] for nano-
structured coatings; Fig. 31 depicts photographs of tested substrates, and Table 8
provides a summary of the data. The LSV data was also used to calculate the
short-period coating efficiency, CE by applying Eq. 1. These results indicate that
the performance of coatings is dependent on both the anodizing potential and the
material used to seal the AAO layer by ALD. In this systematic study, anodizing
was conducted at 10 V, 1 °C, and 20 V, 1 °C, and the desired ALD-grown material
thickness was 50 nm. As a rule, applying anodizing as a pretreatment sub-
stantially improved the performance of the coatings.
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Fig. 30. Linear sweep voltammetry corrosion tests for Al-alloy substrates coated with 50 M
TiO; (a), AlLOs (b), Al,O3-TiO, mixture (c), or Al,O3/TiO; nanolaminate (d), demon-
strating the polarization curves for the: polished sample (1), polished samples coated by
ALD (2), samples that were anodized at 10 V, 1 °C, and coated by ALD (3), samples that
were anodized at 20 V, 1 °C, and coated by ALD () [53].

TiO; nanostructured coatings, where AAO was sealed with TiO, by ALD, exhibit
the best performance when anodized at 20 V, 1 °C (Fig. 30a, curve 4). In the case
of this coating, neither pitting nor visible defects were detected during the
polarization scan nor on the sample surface after the test (Fig. 311). Notably, this
nanostructured coating exhibited the highest current density values at anodic
potentials relative to other nanostructured coatings that did not exhibit pitting
during LSV studies. This is due to the higher conductivity of amorphous TiO,
compared to the other ALD-grown films in this study. Using 10 V, 1 °C anodizing
for pre-treatment and TiO, sealing resulted in a nanostructured coating with
excellent performance, as no visible defects were observed in the LSV test
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(Fig. 31e). Curve 3 of the polarization curve in Fig. 30a indicates the presence of
pitting corrosion on the substrate that was anodized at 10 V and 1 °C as a pre-
treatment.

In the LSV experiment, Al,O3-based nanostructured coatings where AAO was
sealed by ALD with AL,O; typically exhibit low current densities (Fig. 30b,
curves 3, 4). Using 10 V and 1 °C as opposed to 20 V and 1 °C for pre-treatment
resulted in a slightly improved performance, as no pitting was observed during
the polarization scan. The low current densities measured during the LSV experi-
ment can be generally attributed to the dielectric properties of Al,Os. Photographs
taken after LSV testing on substrates anodized at 10 V, 1 °C or 20 V, 1 °C prior
to Al,O; ALD sealing did not reveal any damage (Fig. 31f, j).

Fig. 31. Photos taken after linear sweep voltammetry test depicting 20 x 20 mm? Al-alloy
substrates that were polished (a—d), anodized at 10 V, 1 °C (e-h), anodized at 20 V, 1 °C
(i-1) and then coated by ALD with TiO; (a, e, i), ALLOs (b, f, j), Al203-TiO, mixture
(d, g, k), and AL,O3/TiO, laminate (d, h, 1). The tests were performed with circular masks,
exposing 1 cm? of the substrate to the electrolyte [53].

60



In LSV studies, A, O3-TiO; mixture-based nanostructured coatings, where AAO
was sealed by ALD with Al,O5-TiO, mixture, exhibit the poorest performance
(Fig. 30c, curves 3, 4). Specifically, the measured current densities increase
drastically near the corrosion potential region, indicating pitting corrosion. The
photographs taken after the LSV tests reveal numerous corrosion sites on both
samples with nanostructured Al,O;-TiO, coatings (Fig. 31g, k). However, the
protection provided by the nanostructured Al,O;-TiO, coating outperformed all
of the polished substrates with 50 nm ALD-grown ceramic coatings.

Al O3/TiO; nanolaminate-based nanostructured coatings, where AAO was
sealed by ALD with Al,O;/TiO, nanolaminate, exhibit generally good perfor-
mance in the LSV studies, as the measured current densities at anodic potentials
are among the lowest when compared to other nanostructured coatings (Fig. 30d,
curves 3, 4). Particularly, anodizing at 20 V and 1 °C results in a nanostructured
coating that exhibits no pitting throughout the entire potential scan range (Fig. 30d,
curve 4). The photographs taken following the LSV test also demonstrate that the
nanostructured coatings were unharmed (Fig. 31h, 1).

5.3.4. Hardness of nanostructured coatings

Fig. 32 depicts the nanoindentation studies of coated and uncoated substrates of
study III [53]. In the case of nanostructured coatings, nanoindentation studies
were conducted on samples anodized at 10 V and 1 °C and 20 V and 1 °C prior to
sealing and coating by ALD by depositing films with a desired thickness of 50 nm.

(a) - (b)

H (GPa)
H (GPa)

0 500 1000 1500 2000 0 500 1000 1500 2000

(h) nm (h) nm

Fig. 32. Surface hardness (H) vs indentation depth (h) curves of anodized at 10 V, 1 °C (a)
and 20 V, 1 °C (b) samples with added curves 1 belonging to the just-polished substrate.
The curves 2 belongs to anodized samples; other curves to anodized and ALD sealed and
coated samples, using 50 nm of , ALO3 (curve 4), Al203-TiO2 mixture
(curve 5) or Al2O3/TiO2 nanolaminate (curve 6) [53].

61



At 100 nm surface depth, Al alloy demonstrates the highest hardness value of 3
GPa (Fig. 32, curve 1). At greater displacement values, the hardness decreases
gradually and approaches 2.3 GPa. The effect of cold working on the surface [ 1],
which was milled and then polished with sandpaper, may account for the higher
hardness of the near-surface region.

AAO layer obtained by anodizing at 10 V, 1 °C exhibited comparable hard-
ness to the uncoated Al alloy, with a slight variation (Fig. 32a, curve 2). Particu-
larly, the surface of the AAO layer in the 0—100 nm indentation depth range exhi-
bited lower hardness values than the bare Al alloy. However, the AAO obtained
by anodizing at 20 V and 1 °C has even lower hardness values than other sub-
strates up to 500 nm displacement depth (Fig. 32b, curve 2). At larger displace-
ment values, the hardness increases to 2.3 GPa, which was also measured for the
uncoated aluminum alloy (Fig. 32, curve 1). As the AAO is porous by nature, the
low hardness values measured at the top of the AAO layer were expected and
have been observed in previous SEM-FIB studies (Fig. 28).

TiO;-based nanostructured coatings, where AAO was sealed with TiO, by
ALD, have a significantly higher maximum hardness in the near-surface region
(Fig. 32, curve 3) than the unsealed anodized substrate (Fig. 32, curve 2). The
dramatic increase in hardness can be attributed to the replacement of empty pores
in the AAO with a ceramic material. Notably, anodizing at 10 V, 1 °C produced a
nanostructured coating with a higher maximum hardness than anodizing at 20 V,
1 °C. However, the latter exhibited increased hardness across a wide range of
displacement depth.

In comparison to other substrates, AlOs-based nanostructured coatings where
AAO was sealed by ALD with Al,O; exhibit some of the highest hardness values
(Fig. 32, curve 4). The substrate obtained by anodizing at 10 V and 1 °C had a
maximum hardness of 7.2 GPa, which was measured to be higher than the
previous value (Fig. 32a, curve 4).

ALO3-TiO; mixture-based nanostructured coatings, where AAO was sealed
by ALD with Al,O;-TiO, mixture, have the highest hardness value of 5.2 GPa
when anodizing is performed at 10 V, 1 °C (Fig. 32a, curve 5). In contrast, when
20 V and 1 °C were used for anodizing, the hardness curve for the Al,O3-TiO,
nanostructured coating (Fig. 32b, curve 5) behaved similarly to that of the un-
coated substrate (Fig. 32, curve 1).

ALO3/TiO; nanolaminate-based nanostructured coatings, in which AAO
was sealed by ALD with Al,O;/TiO, nanolaminate, exhibit the same maximum
hardness value and hardness curves (Fig. 32, curve 6) as the Al,O3 based nano-
structured coatings (Fig. 32, curve 4). The similar behavior of these two nano-
structured coatings can be explained by the fact that in both instances the nano-
scale pores in the AAO were sealed with the same material as the first layer of
nanolaminate, which is 20 nm Al,Os.
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Table 8. Data obtained via LSV and nanoindentation studies on bare and coated sub-
strates with different pre-treatments and 50 nm ceramic films grown by ALD [53].

Substrate ALD Pitting Current Coating Himax, Y max,
pre- coating potential | density jiv, | efficiency, | GPa GPa
treatment Epit, V Alem? CE (Eq. 1)

Standard |- -0.59 0.196 - 30£1.2 100+ 13
Standard | TiO» -0.53 0.157 0.20 33£09 | 96+23
Standard | Al,O;3 —0.48 6.17 x 1072 0.68 41+13]93.+£23
Standard | Mixture* -0.57 0.156 0.20 33+£1.4|98+34
Standard |Laminate** -0.54 6.35x 107 0.68 35+£0.8 | 96+ 10
10 V anod. |- —-0.56 0.131 0.33 30£1.3 | 88x£22
10 V anod. | TiO; -0.45 1.45x 107 1.00 55+£1.8[102+18
10 V anod. | AL,O3 N/A 1.83 x 107! 1.00 72+£1.8[121+26
10 V anod. | Mixture* —0.46 3.49 x 103 0.98 52+£2.2 (100 +37
10 V anod. | Laminate** 0.35 1.73 x 1075 1.00 6.5+1.3|111£17
20 V anod. |- -0.52 0.136 0.30 23+£05 ] 75+11
20 V anod. | TiO; N/A 1.33 x 1077 1.00 45+£1.2195+£20
20 V anod. | Al,O3 0.75 6.58 x 107 1.00 52+£1.6|95+25
20 V anod. | Mixture* -0.27 1.56 x 1073 0.99 30£09| 70+38
20 V anod. | Laminate** N/A 6.49 x 10710 1.00 55+1.3]99+19

* Al203-TiO2 mixture
** ALO3/TiO2 nanolaminate

5.3.5. EIS study of nanostructured coating

The LSV (Figs. 30, 31) and nanoindentation (Fig. 32) analyses of the nano-
structured coatings allowed for a reduction in the number of substrates requiring
additional characterization and development. Only three recipes produced
coatings that did not exhibit pitting corrosion in the LSV tests (Figs. 30, 31). In
addition, the nanostructured coatings produced by anodizing at 20 V and 1 °C
exhibited superior performance in general. Among the most effective corrosion-
resistant coatings, the substrate anodized at 20 V and 1 °C and sealed by ALD
with 50 nm nanolaminate exhibited the highest hardness (Fig. 33, curve 6). On
the basis of these results presented in study III [53], EIS studies were conducted
on the best-performing coating with two variations to determine its saltwater
stability (Fig. 33). The nanostructured coatings were prepared by anodizing the
Al alloy at 20 V and 1 °C, and then sealing the AAO layer on one sample with
50 nm nanolaminate (Fig. 33a) and on the other sample with 110 nm nanolami-
nate for the EIS studies (Fig. 33b). To evaluate the stability of these two coatings,
EIS measurements were performed at the beginning (denoted as “0Oh”) and at the
end of 24 h immersion (denoted as “24h”) in 0.5 M NaCl at room temperature.

63



a 1.0E+10 - 90 b 1.0E+10 -90
Oh % 24h L 80 T~ 1 oh 2ah 50 g~
1.0E+08 L 70 =~ 1.0E+08 & L 70 ~
()]
—_ E> % T _ -60 %JD
g 1.0E4+06 e s o g 1.0E+06 / s X
© oh H
N LOE+04 26h ) N 10E+04 24h r -0 P
—_ - F-30 @ —_— <L F-30 @
©
1.0E402 <': - 20 & 1.0E402 \ ;20 2
- oo
1.0E+00 0 1.0E+00 0
1.06-02 1.0E+00 1.0E+02 10E+04  1.0E+06 1.06-02 1.0E+00 1.0E402 1.0E+04 1.0E+06
f (Hz) f (Hz)

() >+ .

Rsoln Cc

Fig. 33. EIS study results: Bode plots for the substrates with nanostructured coatings
prepared by anodizing at 20 V, 1 °C and sealed by ALD with 50 nm (a) and 110 nm nano-
laminate (b). In the Bode plots, the markers indicate experimental and modeled values.
The ECM (c) was used for modeling the plot curves in b [53].

The thickness of the nanolaminate grown by ALD to seal the AAO layer has an
effect on the stability of the prepared nanostructured coating, according to EIS
studies (Fig. 33). Particularly, the nanostructured coating with 50 nm nano-
laminate was unstable during 24 h of immersion in 0.5 M NaCl, as measured by
EIS (Fig. 33a). After 24 h of immersion, the impedance (|Z]) of the aforementio-
ned coating had decreased at lower frequencies and no longer exhibited a linear
behavior. In addition, the phase angle (¢) curves changed form and were only
close to 90° for a small frequency range. The second nanostructured coating, which
had been sealed with a 110 nm nanolaminate, remained stable in EIS mea-
surements performed at the beginning and end of a 24 h saltwater immersion
(Fig. 33b, Table 9). Specifically, neither the measured impedance (|Z]) nor the
phase angle () curves changed during the 24 h immersion experiment (Fig. 33b).

Table 9. Calculated ECM (Fig. 33c) variables for Al alloy substrates with nanostructured
coating, which was prepared by anodizing at 20 V and 1 °C and sealing with 110 nm nano-
laminate (Fig. 33b) [53].

. Coating
EMC variables ; 3
Anodized at 20 V, 1 °C and coated by 110 nm nanolaminate
Immersion time, h 0 24
Fixed Rsom, Q-cm? 10.0 10.0
R 2.6 x 10° 2.4 x10°
Ce, F-em 25" 3.7x 107 3.7x107
n; 0.96 0.96
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The impedance curve exhibits nearly linear behavior in the frequency range of
2-10%-10° Hz. The measured phase angle curve was also close to 90° across a
wide frequency range. The ECM depicted in Fig. 33c was used to model the
behavior of the second coating. The modeled values of R, C., and n, for the
second coating did not change during the 24 h immersion test, which suggests
that the coating is defect-free and does not degrade during that time in an aqueous
chloride ion-containing medium (Table 9).

5.3.6. Salt spray testing of nanostructured coatings

The 1000 h ISO 9227 salt spray tests were conducted on uncoated and coated Al
alloy substrates in study III [53], with the substrates being photographed before
and after the experiment (Fig. 34).

Fig. 34. Photos of 40 x 110 mm? AA2024-T3 samples after 1000 h ISO 9227 salt spray
test at 35 °C depicting a just-polished sample (a), sample just-anodized at 20 V and 1 °C
(b), sample with deposits onto the polished substrate of 50 nm nanolaminate (¢) and 110
nm nanolaminate (d), sample anodized at 20 V and 1 °C and sealed with 50 nm
nanolaminate (e¢) and 110 nm nanolaminate (f), sample anodized at 20 V and 1 °C
following hydrothermal sealing (g), sample anodized at 20 V and 23 °C and sealed with
Rust Stop paint (h) [53].
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During the 1000 h test, the bare substrate suffered extensive damage and was
completely covered with corrosion products (Fig. 34a). The distribution of corro-
sion products and the presence of darker circular spots indicate that the corrosion
of the alloy was more localized, as described by Boag et al. [13—15].

After the salt spray test, the anodized substrate (20 V and 1 °C) was also
severely corroded (Fig. 34b). However, the extent of damage was smaller in com-
parison with the uncoated substrate (Fig. 34a) as the AAO layer hindered the
corrosion process. As anticipated, the AAO layer did not provide complete corro-
sion protection because its pores were not sealed. This enabled corrosive species
to migrate through the pores and interact with the metal substrate, accelerating
the coating's deterioration.

The nanolaminate-coated polished substrates performed relatively well
during the test, with at least 95% of the coating remaining undamaged (Fig. 34c, d).
However, the coating contained numerous small corrosion sites similar in size
and shape to those found on the substrate following an immersion test (Fig. 9e¢).
After the salt spray tests, a comparison of the two substrates with 50 nm (Fig. 34c¢)
and 110 nm (Fig. 34d) nanolaminate coatings reveals that the thicker coating
exhibits slightly superior performance.

The substrates with nanostructured coatings obtained by anodizing at 20
V and 1 °C and sealing by ALD with 50 nm (Fig. 34e) and 110 nm (Fig. 34f)
nanolaminate performed admirably in the salt spray test. In particular, the former
substrate exhibited only 2 corrosion sites, whereas the latter coating was flawless.
This is consistent with LSV (Fig. 30) and EIS (Fig. 33, Table 9) findings, which
also indicate that the coating is defect-free and stable in a saltwater environment.

The anodized substrate with hydrothermal sealing showed moderate
corrosion damage after the test (Fig. 34g), which is preferable to the anodized
substrate without sealing (Fig. 34b). The relatively poor performance of the
former substrate can be attributed to the high content of Cu in the alloy, which
causes larger cavities in the AAO layer that cannot be effectively sealed by hydro-
thermal treatment. The distribution and number of major defects in the anodized
substrate that has been hydrothermally sealed (Fig. 34g) are also comparable to
those of the polished substrates with nanolaminate coatings (Fig. 34c, d).

The anodized substrate sealed with Rust Stop paint [62] was unaffected by
the salt spray test (Fig. 34h), which is comparable to the best-performing nano-
structured coating, which was made by anodizing at 20 V and 1 °C and sealing
by ALD with 110 nm nanolaminate (Fig. 34f). However, the former coating has
a thickness of 28 to 33 um, whereas the thickness of the nanostructured coating,
including the AAO layer, is only 2 to 4 m.

5.3.7. STEM study of nanostructured coating

The STEM studies were conducted on a nanostructured coating produced by
anodizing the alloy at 20 V and 1 °C, and sealing by ALD with a 110 nm nano-
laminate (Fig. 35) [paper III; 53]. FIB was used to create a lamella from the
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coating for this purpose. The bright field STEM image reveals the fine structure
of the coating, where the pores in the AAO layer have been sealed and its surface
has been covered with nanolaminate (Fig. 35a). The high-angle annular dark field
image of the same region also reveals an internal nanoscale structure within the
sealed AAO layer.

T ———— (1)

LAMINATE

AAO SEALED BY ALD AAO SEALED BY ALD

100 nm [/ \0lz

LAMINATE

AAO SEALED BY ALD

LAMINATE

AAQ SEALED BY ALD AAO SEALED BY ALD AAO SEALED BY ALD

Fig. 35. STEM study of nanostructured coating, depicting bright field (a) and high-angle
annular dark field (b) images made of a lamella prepared from the coating by FIB. STEM-
EDX analysis of the same lamella indicates the distribution of Al (c¢), Ti (d), O (e), Cu
(f), Mn (g), and S (h) in the top part of the nanostructured coating [53].

Additional studies of the lamella were conducted using STEM-EDX, which
enabled mapping of the elemental distribution at the site of interest (Fig. 35¢c—h).
Mapping the distribution of Al reveals how the AAO layer has been encapsulated
by ALD with Al,O; and, on the coating’s surface, how some of the nanolaminate’s

67



individual layers have been formed (Fig. 35¢). On the Al map, the 20 nm Al,O4
first layer of the nanolaminate cannot be distinguished from the AAO. The distri-
bution of Ti is depicted in Fig. 35d, which also demonstrates that TiO, has been
mostly deposited on top of the AAO layer as part of the nanolaminate as intended.
The absence of a significant Ti signal in the AAO portion of the coating confirms
that the first 20 nm of Al,O; in the nanolaminate seals the majority of nano-scaled
pores and prevents the entry of other species. The uniform distribution of O in
the sealed AAO and nanolaminate region indicates that the nanostructured coating
is devoid of significant internal cavities (Fig. 35¢). The mapping of elements also
provided a greater understanding of the anodization procedure (Fig. 35f-h). In
particular, no Cu was detected in the AAO coating’s sealed portion, indicating
that Cu was successfully removed during anodization (Fig. 35f). In contrast, the
higher Mn signal in certain areas of the sealed AAO layer suggests that this
element is more difficult to remove via anodization (Fig. 35¢g). Finally, comparing
the distribution of S in the nanolaminate and the sealed AAO portion of the
coating demonstrates that S is introduced into the AAO layer during anodization.

5.3.8. ATOX testing of nanostructured coating

At the LEOX facility, the best performing nanostructured coating, which was
obtained by anodizing at 20 V and 1 °C, and sealing by ALD with a 110 nm nano-
laminate, was examined with energetic atomic oxygen. Visual inspection and
photographs taken prior to (Fig. 36a) and subsequent to (Fig. 36b) the test did not
reveal any significant changes to the nanostructured coating. Different lighting
conditions were used to photograph the sample, which resulted in color variation.
The only significant modification to the sample was the removal of the blue
market stripe, which is essentially a thin film of organic material [63] and thus
more susceptible to atomic oxygen than a ceramic coating.

In contrast to visual observation, HR-SEM studies proved to be more infor-
mative as the comparison of high-resolution secondary images of the untested
(Fig. 36¢) and tested (Fig. 36d) surface reveals damage caused by atomic oxygen
that was invisible to the naked eye. The HR-SEM studies depicted in Fig. 36d
reveal the formation of 5-10 nm microcavities on the surface of the sample during
the ATOX test. In addition, note that the surface of the nanostructured coating is
sufficiently conductive for HR-SEM studies owing to the presence of amorphous
TiO, produced by ALD. During the HR-SEM studies, we also observed that it
was much simpler to obtain a high-resolution image of the tested surface than of
the untested surface. This could be explained by the increased surface con-
ductivity observed during the ATOX examination. Because the sole conductive
component of the nanostructured coating was TiO,, which was also the top layer
of the nanolaminate, it was necessary to examine its evolution in greater detail.
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Fig. 36. Photos, SEM, and STEM images of an as-prepared and ATOX-tested nano-
structured coating, made by anodizing at 20 V following enhancement by ALD by adding
a 110 nm thick nanolaminate: a) photo of the substrate before ATOX test and b) after
ATOX test, c) HR-SEM image of the nanostructured coating before ATOX test and
d) after ATOX test, ¢) STEM high-angle annular dark field image of the lamella of the
nanostructured coating after ATOX test and f) with an overlay of the Ti distribution map
measured by EDX. A local Pt mask was used for surface protection during the preparation
of the lamella by FIB [53].
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Therefore, SEM-FIB was utilized to prepare a lamella of the examined nano-
structured coating for HR-TEM research (Fig. 36e, f). These studies demonstrated
that the changes caused by high-energy atomic oxygen were restricted to the very
top layer of the nanolaminate on the nanostructured coating comprising TiO,. How-
ever, the precise cause of the change in the surface morphology of the tested sample
is not clear. One possible explanation is the partial crystallization of the top TiO,
layer due to exposure to energetic atomic oxygen. However, no nanocrystallites
were detected in the surface layer using TEM. It is also possible that the mechani-
cal properties of the TiO, top layer of the nanolaminate grown by ALD are not
uniform. On a nanometric scale, this would result in softer regions being sputtered
away faster than nearby regions that are harder. In any case, it is difficult to
examine either of these possibilities in the TEM image because the upper portion
of the top layer was obscured by platinum particles during lamella preparation.

Based on the evidence that atomic oxygen has a negligible effect on the coating
and that the coating retains its conductivity, it is likely that the developed nano-
structured coating can be considered for use in low Earth orbit.

5.3.9. Radiation behavior of the nanostructured coating

By irradiating the surface with 30 keV primary electrons and measuring the re-
sulting spectrum, the radiation behavior of bare and coated substrates was studied
(Fig. 37). These studies demonstrate that the application of a nanostructured
coating to an Al alloy reduces the intensity of secondary electromagnetic radia-
tion, particularly the bremsstrahlung portion. As the nanostructured coating has a
lower average atomic number than the Al alloy, these results are in good
accordance with Kramer's law (A1, Cu®, Mg'?). As the micrometric AAO layer
is sealed with ALL,O; by ALD, the nanostructured coating is predominantly
composed of Al,O; (Al'3, O%) (Fig. 29d). In contrast, the Al alloy is composed of
elements with atomic numbers greater than oxygen (Table 2).
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Fig. 37. EDX spectra of the bare substrate and the one with nanostructured coating;
primary electron energy was 30 keV [53].
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Owing to its low concentration, the Ti content in the nanostructured coating has
a negligible effect on the spectrum. Ti is only found in the nanolaminate on the
top portion of the coating, which contains approximately 50 nm of TiO,. On the
basis of these findings, the use of nanostructured coatings on Al alloys may
improve their radiation damage mitigation performance. This is especially useful
for satellites whose missions take them through the Van Allen belts. In the actual
application environment, the energies of the charged particles of cosmic radiation
(protons, alpha particles, electrons, and ions) are several orders of magnitude
higher than the energy of electrons (30 keV) used in SEM studies; however,
Kramer's law still holds true.

5.3.10. Practical implementation of nano-coatings

Thin functional coatings, such as nanolaminates and nanostructured coatings, can
be used to improve the properties of aluminum alloys, as demonstrated in these
studies. In particular, the use of electrochemical pre-treatments and ALD enables
the application of thin coatings to substrates with complex three-dimensional
shapes without significantly increasing their weight or size. The selection of the
precise coating depends on the application, examples of which are depicted in
Fig. 38 and discussed below.

Nanolaminates can be applied to high-precision aluminum alloy components
to significantly improve their corrosion resistance with only a mechanical surface
finish and organic solvent cleaning as pretreatment (Figs. 811, 34). In these
studies, a 50-250 nm thick nanolaminate could be grown using ALD in an
industrial reactor within an 8 h workday, making it suitable for commercial appli-
cations. The nanolaminate is chemically stable in moist chloride-containing
environments and suffers minimal changes when exposed to a direct flux of
atomic oxygen (Fig. 36) at low Earth orbit, making it suitable for use in space and
terrestrial applications requiring the preservation of high component precision. In
Fig. 38a, we demonstrate how the nanolaminate was applied to a substratum of
millimeter-scale precision and high precision. This component will be in direct
contact with other metal parts in its actual application, which may increase the
risk of galvanic corrosion. Owing to the small size of these substrates, a com-
mercial ALD reactor can coat hundreds or even thousands of them simul-
taneously. This allows the performance of these high-precision parts to be
improved with a negligible increase in unit cost. For example, if coating a de-
position service costs 2000 € and 1000 components can be coated simultaneously,
the price of each component would increase by only 2 €.

Nanostructured coatings can be used in high-performance applications
where nanolaminates perform inadequately. The use of potentiostatic anodizing
in the first step of preparing nanostructured coatings adds additional cost and
effort to the overall coating process; however, it enables a much higher coating
efficiency without significantly affecting the substrate dimensions. Specifically,
the nanostructured coatings have a thickness of only 2 to 4 um (Fig. 29). The
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potentiostatic anodizing process is also simple and inexpensive to implement in
a practical setting. Moreover, when anodizing small substrates, temperature
control can be easily achieved by utilizing an external ice bath surrounding the
anodizing bath to maintain the electrolyte at 1 °C. The choice of material for ALD
sealing permits the modification of the properties of the nanostructured coating.
By sealing AAO with Al,Os, for instance, insulating coatings can be created,
which is advantageous for creating a dielectric barrier or simply a hard surface.
Conversely, sealing the nanoscale pores of AAO with Al,O; and applying a nano-
laminate on top will produce a nanostructured coating that benefits from its
dielectric properties and hardness while also providing additional chemical
stability for use in moist environments and a semiconductive surface to reduce
charging in space. If it is necessary to create an overall more conductive coating,
then TiO, can be used to seal the nanoscale pores in the AAO instead of Al,Os.
The only potential disadvantage of using potentiostatic anodization at low
temperatures as a pre-treatment is the formation of cracks in the AAO layer and
the limited dissolution of IMP residues. In our study, we mitigated this potential
problem by coating the AAO with 20 nm of Al,O; and then 90 nm of nano-
laminate. This type of nanostructured coating was also used to cover the satellite
components shown in Fig. 38b—e for a variety of purposes.

Fig. 38. Use of nanolaminate and nanostructured coatings in space technology. Photos of
satellite components (a—e) with nanolaminate (a) and nanostructured coating (b—e) that
will be used on WISA Woodsat (a,c—e) and ESTCube-2 (b). Surface of the nanostructured
coating on 3D printed aluminum alloy sample is depicted in SEM image (f) [53].

On ESTCube-2, the nanostructured coating was applied to an aluminum 65 x 41 x
3 mm?® cover panel (Fig. 38b, I) of the materials testing module, which exposes
the tested materials to atomic oxygen in a low Earth orbit through holes (such as
sites I and III). In this module, the nanostructured coating on a 0.1 mm foil was
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evaluated at site Il and compared to the performance of an uncoated foil at site III.
Visual inspection of the coated cover panel revealed no flaws, and the sample in
the salt spray test resembled the AA2024-T3 sample with a nanostructured
coating (Fig. 34f).

On WISA Woodsat, a nanostructured coating was applied to over 50 3D-
printed aluminum parts. These components consist of panels (Fig. 38c), the main
frame structure of the cube satellite (Fig. 38d), and components of the mechanism
(Fig. 38¢) that extracts the camera from the satellite to capture images of its outer
surface while in orbit. A coating is used in the extraction mechanism to prevent
cold welding in space. Assembly of the coated components did not reduce mobility.
Additional SEM analysis of the surface revealed that the coating was free of
defects and matched the surface morphology of the 3D-printed substrate (Fig. 38f1).

5.3.11. Optimizing the ALD process for preparing coatings
on Al alloys

The possibilities of using ALD for preparing protective coatings on Al alloys is
quite limited owing to various reasons:

e The temperature at which the ALD process grows the coating must be com-
patible with the alloy being treated. This is especially important with high-
performance alloys such as AA2024-T3, for which the ALD process tem-
perature must be < 150 °C to prevent the degradation of the mechanical pro-
perties of the alloy [1-5]. In the case of certain other Al-alloys, slightly higher
temperatures may be permitted for ALD.

e [t is desired that the ALD-grown coating be amorphous. This is significant
because the grain boundaries in crystalline films provide a pathway for corro-
sive species, which reduces the coating's effectiveness [31]. Therefore, the
ALD temperature must be kept low to prevent the crystallization of the coating
materials, particularly TiO, (sub)layers.

o In terrestrial applications, an insulating coating is frequently preferred. This is
due to the fact that aluminum alloys are particularly susceptible to corrosion
in the presence of nobler substances [42]. An insulating coating would effec-
tively prevent galvanic coupling by preventing the flow of electrons between
the two alloys.

e When preparing nanostructured coatings, the precursor molecules must be as
small as possible in order to diffuse rapidly in and out of the pores of the AAO
layer during the ALD process, which occurs at a predetermined temperature
and pressure.

e The precursors used in the ALD process must also be sufficiently reactive
within the alloy-specified temperature range. At the start of the ALD process,
the precursors must not cause corrosion of the substrate material.
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e Only the thermal ALD process can be used to seal the narrow and long pores
of the AAO and to coat substrates with intricate three-dimensional geometries.
Therefore, it is not possible to boost surface reactions during ALD by
employing plasma or other physical excitation mechanisms.

e For the technology to be commercially viable, the cost of the precursors
utilized in the ALD process must be relatively low.

5.3.12. Benefits of nanostructured coating in the space industry

In the case of satellites ESTCube-2 and WISA Woodsat, the use of the novel
nanostructured coating was justified owing to several reasons:

v" The nanostructured coating has a low thickness of 2 to 4 m (Fig. 29) and con-
sequently has an insignificant effect on the dimensions of high-precision
components than a thick AAO layer obtained by conventional anodizing
alone.

v' The nanostructured coating preparation technology permits its application to
substrates with intricate three-dimensional shapes (Fig. 38d) and threaded
holes. This is not possible with the majority of other coating processes, and
conventional anodizing may damage the threads in the holes.

v" The top layer of the nanostructured coating contains amorphous TiO,, which
has a higher conductivity than Al,O; and helps to mitigate the space charging
problem. Additionally, the coating retains its conductivity even after pro-
longed exposure to atomic oxygen (Fig. 36d).

v The coating prevents corrosion when exposed to corrosive environments
(Fig. 34f) and even when anodic potentials are applied (Fig. 30d, curve 4).
This is significant because satellite components are typically assembled in the
open air and stored for several months before shipment to space. In addition,
satellites are comprised of numerous metals and components, which may
induce galvanic coupling and accelerate the corrosion of unprotected aluminum
components. This corrosion may cause spacecraft components to become im-
mobile and lose their function. Coatings can reduce the accumulation of corro-
sion products, which would otherwise contribute to undesirable outgassing in
space.

v' It is anticipated that the nanostructured coating will prevent the cold welding
of moving parts, allowing them to continue functioning in space. This is pos-
sible because the coatings have sufficient hardness and adhesion to the alu-
minum substrate to resist wear at the joints of moving components. To com-
pare the performance of nanostructured coatings with existing solutions, such
as coatings obtained by plasmaelectrolytic oxidation, additional tests are re-
quired in this field.
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v' By its very nature, the nanostructured coating is suitable for use in space
because it is non-toxic and does not contribute to outgassing. In particular, the
preparation of the coating required the removal of a thin layer of the alloy’s
surface along with any contaminants. Second, the ALD process was per-
formed in a vacuum, resulting in a high-quality ceramic external layer that
sealed all pores and other surface features that could potentially contribute to
outgassing in space’s vacuum.
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CONCLUSIONS

In this study, technologies were developed and evaluated for the preparation of
novel nanostructured coatings for the protection of Al-alloys (e.g. AA2024-T3)
against corrosion for various applications in which the alloy components must
operate in environments containing chloride ions or in space under intense atomic
oxygen bombardment. In the first step, the surface layer of the Al-alloy was
converted into nanoporous aluminum oxide or a nanometric dense aluminum
oxide base layer via anodizing or low potential electrochemical treatment, respec-
tively. In the second step, atomic layer deposition was used to seal and coat the
porous anodic aluminum oxide layer; the LET-processed aluminum oxide layer
was covered with an ALD top layer because the base layer does not require
sealing. Systematically, the coatings were examined via immersion, salt spray
tests (ISO 9227), diverse electrochemical techniques, and a stream of energetic
atomic oxygen. On the basis of studies and tests, industrial technologies were
developed to produce high-performance coatings for a variety of applications,
including the automobile, aerospace, and space industries of the next generation.

To develop a corrosion-resistant coating for Al-alloys such as AA2024-T3, it
was necessary to first evaluate the performance of various ALD coatings on
polished metal substrates and determine their failure mechanism.

» The corrosion resistance of Al-alloy could be improved by applying a
protective top layer of Al,Os, TiO,, Al,O3-TiO, mixture, or Al,O;/TiO, nano-
laminate via atomic layer deposition (ALD). After undergoing corrosion tests,
the nanolaminate had the lowest number of individual corrosion sites among
these materials.

» Increasing the thickness of the nanolaminate coating on polished Al-alloy
substrates could improve its performance. However, 250—500 nm laminate
coatings are impractical for industrial applications, and even 500 nm coatings
cannot provide complete protection.

» The failure of ALD coatings on polished Al-alloy substrates is dependent on
the condition of the initial metal surface, which is affected by contaminants as
well as the naturally occurring intermetallic particles (IMP-s) in the alloy,
which can cause localized galvanic corrosion in the open air when partially
exposed. To the best of our knowledge, this was demonstrated for the first time.

» The local failure of coatings at IMP-s is likely due to the IMP | coating inter-
face, which differs from the surrounding area, has a high Al content and is
therefore covered by natural aluminum oxide, and adheres well to the first
layer of the laminate (Al,O;). The vicinity of IMP-s may also contain corro-
sion products that reduce the adhesion of the substrate to the ALD-applied
coatings.

Further, the impact of electrochemical pre-treatments on the Al-alloy surface and
the performance of protective coatings was investigated. Al-alloy substrates were
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electrochemically and potentiodynamically treated in sulfuric acid and a boric/
sulfuric acid mixture for this purpose, and the current was measured during the
cycling of the potential.

» The plots obtained from the electrochemical pre-treatment of the Al-alloy
demonstrated that IMP-s were already eliminated at low potentials.

» In the potentiodynamic pretreatment, the AAO layer’s thickness could be
adjusted. A low potential treatment prevented the formation of a thick AAO
layer while removing IMP-s from the surface. The aluminum oxide layer
obtained through the LET process had a thickness of < 10 nm. When using
higher potentials for potentiodynamic pre-treatment, the obtained AAO layer
thickness was dependent on the electrolyte and was < 0.5 um and < 2 um for
BSA and SA, respectively.

» Corrosion tests using linear sweep voltammetry and immersion demonstrated
that the electrochemical pre-treatment of the Al-alloy significantly improves
the performance of the final coating—the best coating withstood the immer-
sion test for 7152 h (298 days) with no significant degradation. The increase
in performance is attributable to the elimination of near-surface IMP-s, the
stripping of the surface layer along with potential contaminants, and the over-
all transformation of the inhomogeneous surface into a homogeneous AAO.

» Using a low potential electrochemical alloy surface pre-treatment, a nano-
metric dense aluminum oxide base layer was formed, which was then coated
by an ALD top layer, allowing for the preparation of the thinnest, submicron-
thick nanostructured protective coating. This coating provided limited corro-
sion protection; however, it can be used in limited corrosive environments
because it performed significantly better than ALD coatings alone.

For practical industrial applications, a study was conducted on how to create
micrometric nanostructured coatings using the developed method. To accomplish
this, the anodizing process was conducted using a potentiostatic process at lower
temperatures, which was accomplished by surrounding the anodizing bath with
an external ice bath. In addition, different materials were deposited onto the
anodized substrates by altering the precursor pulse times in the ALD process.

» Anodizing at low temperatures in sulfuric acid effectively eliminated near-
surface IMP-s and produced a less porous AAO than anodizing at room
temperature.

» The thickness of the AAO layer was approximately 1 m for substrates
anodized at 10 V and between 2 and 4 um for samples anodized at 20 V.

» Corrosion tests, Ag electrodeposition, and SEM-FIB studies demonstrated
that anodized substrates are most susceptible to corrosion at sites where larger
micrometric IMP-s were removed during the anodization process. Such loca-
tions contained extensive cracks that allowed corrosive species access to the
metal substrate.
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» By utilizing the proper precursor pulse times in the ALD process, it was
possible to completely seal the pores in the AAO layer and produce various
nanostructured coatings.

» The optimal coating was obtained by a) anodizing the Al-alloy substrate at
20 Vand 1 °C, b) sealing the pores in the AAO layer with 20 nm Al,O; at long
precursor pulse times, and c) applying an additional 90 nm laminate by ALD
with shorter precursor pulse times to cover the surface and seal major cracks.
The performance of this coating in a 1000 h ISO 9227 salt spray test was
comparable to that of one of the best corrosion-resistant paints commercially
available, as no corrosion occurred on the coated substrates during the test.

» The top layer of the nanostructured coating, the Al,O3/TiO, nanolaminate, is
nearly impervious to atomic oxygen, as demonstrated by additional ESA tests
and subsequent STEM research. Consequently, the nanostructured coating
may also be effective for applications in low Earth orbit.
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SUMMARY IN ESTONIAN

Nanostruktuursed pinnakatted auto-, lennu- ja kosmosetoéstusele

Kéesoleva doktorit6d raames tootati vélja meetodid nanostruktuursete katete
valmistamiseks, millega saab kaitsta alumiiniumsulameid (nt AA2024-T3) korro-
siooni eest niisketes kloori sisaldavates kasutuskeskkondades ning atomaarse
hapniku eest kosmoses. Tohusate katete valmistamine toimub kahes etapis, kus
esmalt tdodeldakse pinda elektrokeemiliselt, millele jérgneb katmine keraamilise
materjaliga aatomkihtsadestuse meetodil. Katete arendamisel viidi 14bi siiste-
maatilised uuringud erinevate korrosioonitestidega, milleks kasutati immersiooni
korrodeerivas keskkonnas, soolaudu kambrit (ISO 9227), elektrokeemilisi meeto-
deid ja energeetilist atomaarset hapniku. Uuringute raames arendati vélja katted
erinevate rakenduste jaoks auto-, lennu- ja kosmosetdostuses.

Kaitsekatete arendamiseks alumiiniumsulamitele nagu néditeks AA2024-T3
oli esmalt tarvis uurida erinevate aatomkihtsadestatud katete vastupidavust
mehaaniliselt tdddeldud ja seejérel puhastatud sulami pinnal ning saada aru katete
lagunemine mehhanismidest;

» Aatomkihtsadestatud Al,O;, TiO,, Al,0;-TiO, segu ja Al,O3/TiO, nano-
laminaat tdstsid oluliselt sulami vastupidavust korrosioonile. Parimaks osutus
nanolaminaat, mille korral ilmnesid korrosioonitestides vaid tiksikud defektid.

» Aatomkihtsadestatud nanolaminaadi kaitsevoime soltus tema paksusest. Nimelt
tagasid 250-500 nm paksused katted oluliselt parema kaitse sulamile korro-
siooni eest kui 50—100 nm paksused katted. Samas oli 250—500 nm paksuste
katete valmistamise aeg liiga pikk praktiliseks kasutuseks toostuses.

» Aatomkihtsadestatud katete vastupidavus soltus sulami pinna kvaliteedist,
mida mojutas nii lokaalne mustus kui ka sulamis esinevad suuremad mikros-
koopilised metallifaasid, mis paljastusid metalli pinnal. Selliste paljastunud
metallifaaside juures leiti ka lokaalse galvaanilise korrosiooni poolt tekitatud
korrosiooniprodukte.

» Aatomkihtsadestatud kaitsekatete lokaalne lagunemine metallifaaside piir-
konnas on ilmselt seotud metallifaasi ja katte vahelise piirpinnaga, mis erineb
oluliselt timbritsevast alast. Enamus sulami maatriksist on kaetud naturaalse
alumiiniumoksiidiga, millel on hea adhesioon nanolaminaadi esimese kihiga,
milleks on samuti Al,Os. Pinnale ulatuvate metallifaaside puhul on aga tegu
suurema vasesisaldusega alaga. Samuti voib metallifaaside pinnal ja timber
esineda korrosiooniprodukte ohu kies toimunud lokaalsest galvaanilisest
korrosioonist, mis ndorgendab katete adhesiooni.

Jargmisena uuriti elektrokeemilise to6tluse moju sulami pinnale ning aatom-
kihtsadestatud kaitsekatete vastupidavusele. Selleks toodeldi alumiiniumsulamit
potentsiodiinaamiliselt vadvelhappes ja véddvelhappe/boorhappe segus, mootes
potentsiaali muutmise véltel voolutugevust.
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» Moodetud voltamperogrammidelt selgus, et metallifaaside eemaldumine toi-
mus juba madalate potentsiaalide juures.

» Elektrokeemilise to6tluse tulemusena saadud alumiiniumoksiidi kihi paksust
saab reguleerida, kasutades sobivaid parameetreid ning lahuseid. Potentsio-
diinaamiline eeltoStlus madalatel potentsiaalidel oli tohus metallifaaside
eemaldamiseks kuid samas ei tekitanud paksu alumiiniumoksiidi kihti.
Sellisel tootlusel tekkinud oksiidikihi paksus oli <10 nm. Potentsiodiinaami-
line eeltootlus kdrgematel potentsiaalidel tekitas paksema oksiidikihi, mille
paksus soltus lahusest. Oksiidikihi paksus oli védvelhappe puhul <2 pum ja
véadvelhappe/boorhappe segu korral <0.5 um.

» Korrosioonitestid lineaarse voltamperomeetria meetodil ja immersioonil
soolalahuses néitasid, et korgematel potentsiaalidel lébiviidud potentsio-
diinaamilise eeltodtluse kasutamine enne nanolaminaadi aatomkihtsadesta-
mist tdstis oluliselt 16pliku katte vastupidavust korrosioonile. Parima kattega
katsekeha pidas hésti vastu 7152 h (298 pédeva) pikkuses immersioonitestis.
Kaitsekatte hea sooritus oli ilmselt tingitud pinnaléhedaste metallifaaside
eemaldamisest, reostatud pinnakihi eemaldamisest ning ebahomogeense
sulami pinna konverteerimisest homogeenseks anoodseks alumiiniumoksiidiks.

» Potentsiodiinaamiline eeltodtlus madalatel potentsiaalidel enne katmist nano-
laminaadiga aatomkihtsadestuse meetodil voimaldas saavutada oluliselt parema
vastupidavusega katteid kui lihtsalt mehaaniline eelt66tlus koos puhasta-
misega. Sellised katted sobivad rakenduste jaoks, kus ei ole tegu viga korro-
deeriva keskkonnaga.

Lopuks uuriti voimalusi mitme mikroni paksuste nanostruktuursete katete
valmistamiseks praktiliste to0stuslike rakenduste jaoks. Selleks viidi potentsio-
staatiline anodeerimise protsess ldbi madalal temperatuuril, mis saavutati ano-
deerimisvanni iimbritseva jadvanni abil. Anodeerimise teel saadud oksiidikihis
olevad poorid tdideti ja kaeti seejirel aatomkihtsadestuse meetodil erinevate
keraamiliste materjalidega, varieerides ldhteainete pulsiaegu.

» Anodeerimine madalal temperatuuril vddvelhappes eemaldas tShusalt pinna-
lahedased metallifaasid ning tekitas oksiidikihi, mis oli vihem poorne kui
toatemperatuuril anodeeritud katsekehal.

» Saadud oksiidikihi paksus oli anodeerimise potentsiaali 10 V kasutamisel
~ 1 pm ning 20 V korral 2—4 pm.

» Korrosioonitestid, elektrokeemiline hdbeda sadestamine ning fokuseeritud
ioonkiirega tekitatud ristldigete uuringud skaneeriva elektronmikroskoobiga
nditasid, et anodeeritud sulamid olid kdige tundlikumad korrosioonile kohta-
des, kust olid anodeerimise protsessis eemaldatud suuremad mikroskoopilised
metallifaasid. Sellistes kohtades esinesid ka mikroskoopilised morad, mis
ulatusid kuni metallini ja tagasid seeldbi vaba tee korrodeerivatele ainetele.
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Anodeeritud katsekehade oksiidikihis olevate pooride tdieliku tditmisega
ALD meetodil saavutati erinevad nanostruktuursed katted.

Parim nanostruktuurne kate saavutati alumiiniumsulamile selle a) anodeeri-
misel 20 V, 1 °C juures, millele jargnes b) oksiidikihi pooride tditmine aatom-
kihtsadestuse meetodil 20 nm alumiiniumoksiidiga ning seejérel c) tdiiendava
90 nm nanolaminaadi aatomkihtsadestamine. Saadud katte vastupidavus
1000 h kestnud ISO 9227 soolaudu testis oli virreldav iihe parima kommert-
siaalse korrosioonivastase varviga, mis oli samuti kantud anodeeritud pinnale.
Kumbki kaetud katsekeha ei korrodeerunud testis kuid uudne nanostruktuurne
kate oli kiimneid kordi dhem kui kommertsiaalse vérviga saavutatud kate.

Parimat nanostruktuurset katet testiti Euroopa Kosmoseagentuuris energeeti-
lise atomaarse hapniku vooga, kus simuleeriti 1 aastast kokkupuudet kosmose
keskkonnaga madalal orbiidil. Testi lédbinud katte ristldike uuringud 14bi-
valgustava elektronmikroskoobiga néitasid, et atomaarne hapnik ei kahjusta
Al,05/T10, nanolaminaati, mille tottu voib nanostruktuurne kate sobida hésti
ka rakenduste jaoks madalal orbiidil.
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