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Abstract: Aluminium alloys are a material that is increas-
ingly used in industry. This is due to very good strength
properties with low specific weight and low production
costs. The disadvantage of kinematic system aluminium ele-
ments is their surface’s susceptibility to adhesive wear. One
method of eliminating the adverse impact of adhesive tacks
on the surfaces of cooperating aluminium components of
machinery is the application of the method based on the
anodic oxidation of alloys surface. The layers obtained by
this method are widely used in sliding connections of kine-
matic machine parts. The modification of anodic oxide
layers with admixtures has been an uninterrupted area of
interest since the 1990s. This article is a review of selected
methods of modifying the structure and properties of alu-
minium oxide layers on aluminium alloys.

Keywords: Al2O3, aluminium alloys, anodic aluminium
oxide, oxide layers, structure properties

1 Introduction

Anodic aluminium oxide (AAO) has played an important
role in surface engineering for many decades. Initially, it
was mainly used as a protective layer against corrosion or
a decorative layer [1−3]. Over the years, AAO has become
increasingly important in the use of technical components,
often in extreme operating conditions requiring coatings
with high resistance to corrosion and wear [4−7], and
recently also in nanotechnology [8−17].

Thanks to its ability to form a natural aluminium oxide
layer, called the passive layer (5−100 nm), aluminium is a
corrosion-resistant metal. Aluminium alloys, enriched with

elements of copper, silicon, zinc, magnesium, manganese,
nickel, chromium, or titanium, significantly expand alumi-
nium’s areas of application, primarily increasing its mechan-
ical properties compared to pure Al. However, aluminium
alloys with Si, Cu, Mn, and Mg have lower corrosion resis-
tance than pure Al. Aluminium alloys used in technology are
divided into casting and forming alloys [18−25]. A modern
method of modifying the surface layers of aluminium alloys
is surface heat treatment using concentrated heat sources,
such as a laser beam or a plasma stream [26−31]. To protect
the surface of aluminium alloys from adverse environmental
influences and to improve the properties of the surface layer,
aluminium and its alloys are subjected to technological treat-
ments such as plating or anodizing. The technological thin
oxide layers or oxide coatings formed in this way take on a
protective, decorative, or functional character [32−34].

This review article looks at the latest advances in the
technology of obtaining and applying anodic oxide layers
on aluminium alloys; in particular, attention is paid to the
modification of the structure and properties of oxide layers
and their possible applications in tribology. This overview
is divided into three sections. Section 1 explains the rea-
sons for undertaking this study and carries out a review of
the literature on the main techniques of obtaining alumi-
nium oxide along with the areas of its application. Section
2, which is the most important part of the review, contains
a discussion and commentary on modifications of oxide
layers on aluminium alloys as well as selected properties
of layers for tribological applications. The final section is
devoted to potential future research directions in the pre-
sented topic, and is followed by a summary.

1.1 Reasons for undertaking this study

According to Holmberg and Erdemir [35], a total of ∼23%
(119 EJ) of the world energy consumption comes from tri-
bological contacts. Of this, 20% (103 EJ) is used to overcome
friction and 3% (16 EJ) is used to regenerate worn parts and
spare equipment due to wear and wear-related failures. By
using new surfaces, materials, and lubrication technologies
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to reduce friction and protect against wear in vehicles,
machinery, and other equipment around the world, we
can potentially decrease energy losses due to friction and
wear by 40% in the long term (15 years) and by 18% in the
short term (8 years). On a global scale, these savings would
amount to 1.4% of GDP per year and 8.7% of total energy
consumption in the long term. Requirements for the devel-
opment of friction and wear control technology are an
important part of the 4D industry issues. Kato [36], keeping
in mind the importance of the idea of sustainability for the
industrial energy revolution, reported the need to develop
friction and wear control technologies. Renewable lubri-
cants, water, nitrogen or hydrogen lubrication, on-demand
lubrication, anti-wear coatings, surface texturing, surface
modification, non-metallic bulk materials, and life cycle tri-
bology have since been identified as major future research
goals in tribology [36−38]. The use of lightweight aluminium
and its alloys, among other materials, is one of the major
requirements of today’s industry. Currently, the European
Union is well advanced in achieving the goal of reducing
national greenhouse gas emissions by at least 40% by 2030
compared to 1990. The European Aluminium Industry Asso-
ciation in Brussels has contributed to the debate, assuming,
among other things, that increasing the production of
recycled aluminium, rather than importing more primary
aluminium from third countries, would reduce CO2 emis-
sions by 880 to 1,500 million tons of CO2 between 2020 and
2050 [39]. All industries that use the high strength-to-
weight ratio of aluminium and its alloys, i.e., aerospace,
defence, architecture, automotive, electronics, plumbing,
medical, and semiconductor equipment, consider the ano-
dizing process as a very important finishing process for
various components, allowing for a solid (sometimes dec-
orative) anodic oxide to provide protection against corro-
sion and wear. The structure and properties of oxide
layers on aluminium can be modified in various ways,
such as changing the pore size, inter-pore spacing, and
thickness of the porous oxide layer. This type of modifica-
tion involves controlling the operating parameters of
the technological process (i.e., voltage, temperature, and
time) and carefully selecting the electrolyte for anodizing
(i.e., its type and concentration). It also involves adding
modifiers that affect the structure and properties of the
oxides. In recent years, many solutions have been pro-
posed to enrich the surface of aluminium and its alloys,
many of them having an important impact on the devel-
opment of technology for controlling friction and wear of
machine and device components. For all these reasons,
the modification of the surface of the oxide layer on alu-
minium alloys finds a special place in the work of many
research groups in the world. This has also been my

motivation in undertaking the research presented in
this article.

2 Technological surface layers on
aluminium alloys

Figure 1 shows a simplified diagram of the structure of the
surface layer and anodic oxide coating. Under natural
conditions, aluminium or its alloys are covered during
passivation by a thin surface layer of aluminium oxide.
After the anodizing process, an anodic oxide layer is
formed, which starts below the physical limit of the starting
aluminium alloy and increases above this limit [39]. In the
available literature, the resulting layer is interchangeably
referred to as aluminium oxide layer/film, anodic oxide
coating on aluminium, or anodic surface layer on the
aluminium.

2.1 Methods of obtaining and using AAO

A natural, passive oxide layer on aluminium and its alloys
provides limited protection in aggressive environments.
The protective properties of the oxide can be enhanced
by further surface oxidation, e.g., thermally, chemically,
or electrochemically [40]. The surface treatment of alumi-
nium and its alloys is used to increase corrosion or wear
resistance or to create special electrical, optical, hydro-
philic, or adhesive properties [41]. The basic types of anode
oxides (type I, II, and III), as defined in the U.S. Military
Specification MIL-A-8625, have become the basis of many
of the general international specifications [42]. Due to their
morphology, anodic oxide layers are also divided into bar-
rier-type non-porous oxide layers and porous-type oxide
layers (Figure 2).

Compact, non-porous barrier-type AAO layers can be
formed in neutral electrolytes (pH 5−7) of a solution of borate,
oxalate, citrate, phosphate, adipate, tungstate, etc., in which
the anode oxide is practically insoluble. Porous-type AAO is
formed in acid electrolytes of selenic, sulphuric, oxalic, phos-
phoric, chromic, malonic, tartaric, citric, and malic acid, in
which the anode oxide is poorly soluble [43−45].

2.1.1 Type I anodizing

Anodizing processes using chromic acid as the electrolyte
were patented in 1923 by Bangough and Stuart [46] and
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are classified as type I anodizing. This process has been
used to protect components made of aluminium and its
alloys, especially duralumin, used in the aerospace and
marine industry against corrosion [47] and as a base for
paint. The advantage of this process, i.e., the fact that it
does not cause corrosion even when the electrolyte remains
in the cavities of the workpiece, has been used in compo-
nents such as riveted or welded assemblies, where it is
difficult or impossible to remove all the anodizing solutions.
The initial parameters of the anodizing process were as
follows: 2.5−3.5% CrO3 electrolyte at a temperature of 40 ±

2°C and voltage of 0−50 V. The process has been modified
over the years [48−51]. The thickness of the oxide produced
in chromic acid is about 3−5 µm. The irregular, oblique, and
compact structure of type I oxides, with no pronounced
unidirectional pores but with fine inter-lamellar vesicles
above the continuous oxide layer at the interface with the
substrate, which is usually identified as a “barrier layer”,
makes it difficult for particles of the external environment
to penetrate. The use of such a thin oxide in the finished
element as a primer for varnish or gaskets further increases
its corrosion resistance [52,53]. Environmental regulations in
many areas encourage the use of chromium-free processes to
avoid chromate ion toxicity. These processes used electrolytes
made of organic acids such as tartaric acid, maleic acid,
boric acid [54], and/or mixed electrolytes such as boric-sul-
furic acid [55] or combinations of an organic acid with sul-
furic acid [56−63].

2.1.2 Technical anodizing

Most of the technical anodizing processes are carried out in
sulfuric acid electrolytes [64−72]. The variables to be con-
trolled are as follows: acid concentration (usually 5–25 wt%
of sulfuric acid), impurity in the anodizing bath, electrolyte
temperature, anodizing current voltage and density, electro-
lyte mixing, and the composition and condition of the ano-
dized alloy [16,40]. Type II anodizing is referred to as

technical anodizing, “clearcoat”, decorative anodizing, and/
or mild anodizing. Type II anodizing produces a fine, highly
ordered, unidirectional, nanoporous oxide column micro-
structure. A columnar cell with a rounded bottom has a
central pore that points parallel to the direction of the
growth of the oxide. About 60% of the oxide layer grows
into the anodized element, and 40% exceeds the physical
surface before anodizing [54]. At low current density at
ambient temperature, most anode layers are highly porous
[73−75]. Porous oxide layers easily absorb and retain dyes,
creating deeply coloured surfaces [76]; therefore, they are
an effective base layer for ink, paint, varnish, or glue [53].
Porous oxide layers formed on metals provide a good adhe-
sive base for electroplating, painting, and semipermanent
decorative colouring to obtain a specific gloss, reflection,
and clarity of the image. Many sulfuric acid anodized com-
ponents can be found in electronic gadgets, electrolytic
capacitors, cookware, outdoor products, plasma equipment,
vehicles, architectural materials, machine parts, etc. [43,77].
The high adhesion of the oxide layer to the substrate means
that the oxide does not flake and has a high level of dur-
ability. A technique called “flash anodizing” (exposure time
less than a minute), based on the Type II anodizing process,
produces AAO thin finishes that are only a few nanometres

Figure 2: Types of the alumina oxide layer.

Figure 1: Simplified diagram of the form of the surface layer and oxide coating on an aluminium alloy substrate.
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thick [78]. High gloss thin oxides are also used in headlamps
in automotive, aerospace, and aviation applications [53,79].

2.1.3 Hard anodizing

Hard anodizing, also known as type III anodizing, is car-
ried out, among others, in sulfuric acid electrolytes with a
higher concentration and lower temperature than in type
II anodizing. Type III hard anode oxides which are used in
general engineering for components require a very wear-
resistant surface, such as pistons, cylinders, and hydraulic
gears [40,52,80–82]. The anodizing process is usually per-
formed in sulfuric acid electrolytes, but other electrolytes
can be used, including phosphoric acid, oxalic acid, and
acid mixtures [51,52,61,65,83–96]. Hard anodic oxide coatings
are usually thick according to normal anodizing standards
(>25 µm), with higher hardness typically (>600 HV), and are
produced under special anodizing conditions (very low tem-
perature, high current density, special electrolytes). The 5xxx
and 6xxx series alloys respond well to hard anodizing, while
the 2xxx, 7xxx, and other alloys, including high copper and
silicon casting alloys, do not. In the case of alloys with a
higher content of silicon and copper, the anodized layer tends
to have high porosity and low hardness [40]. Industrially,
electrolyte concentrations of up to 350 g·l−1 of sulfuric acid
are used. To obtain a thick oxide down to 125 μm, high current
densities of about 2.2−3.5 A·dm−2 should be used depending
on the method of producing the component and the com-
plexity of the alloy. Processes with higher current density
generate more resistive heat, resulting in a higher process
temperature. As the temperature increases, the solubility of
the growing oxide increases, which may affect the technical
parameters of the oxide. Therefore, to obtain a thicker oxide
during hard anodizing, the temperature of the anodizing bath
should be lowered, usually to the range from about 0 to 10°C,
and the bath should be mixed during anodizing [53,97,98].

2.1.4 Anodic oxide layers produced in other acids

Anodizing in organic acids began in the 1930s in Europe and
Japan [52,54,99]. Anodizing in oxalic acid electrolytes was
developed in Japan in 1923 [100], along with the subsequent
sealing process [2], and it was widely used for kitchen uten-
sils and electrical insulation [52]. Due to the problems with
the stability of the oxalic acid electrolyte in Europe and the
United States, they are used industrially only to a limited
extent [53]. Obtaining of an anodic oxide coatings in various
acids has been described, among others: by [75,101−109] and
in formic acid [110], and mixed water solutions of sulfuric,

oxalic, and phthalic acids [111], sulfuric and oxalic acid
[16,112], in ionic liquids based on choline dihydrogen citrate
eutectic mixtures both with oxalic acid and isopropyl
alcohol and ethylene glycol [113]. Phosphoric acid ano-
dizing is used as a pre-treatment for structural bonding
in high-humidity environments in the aerospace industry.
Aluminium alloys with a high level of metallurgical purity
are hard anodized in phosphoric acid electrolytes to obtain
a relatively thick anodic oxide structure with regular spa-
cing and pore size for forming templates for nanoscale
wire fabrication or for other applications that require a
regular, highly ordered nanostructure [16,107,114−121]. In
recent decades, anodic alumina has assumed the role of a
self-organizing template for nanowires, nanotubes, and
nano-indenters in medicine, the computer, and aerospace
industries. AAO membranes are useful components of
future and advanced sensing, separation, filtration, or con-
trolled-release devices [122−126] or optical biosensors, light
filters, vertical cavity surface emitting laser, and electro-
absorptive reflection modulators [127−131]. AAO has become
a platform for hydrogen and temperature sensors [53]. Due to
their high dielectric strength, anodic oxide layers are also
used in the production of metal-insulator-metal nanocapa-
citor arrays. Such solutions offer the possibility of creating,
among other systems, cost-effective energy storage systems
that provide both high energy density and high power den-
sity [132−136]. Hard anodizing process carried out in mixed
electrolytes containing organic acids with sulfuric acid for
the applications of oxide layers requiring increased smooth-
ness and hardness, such as automotive and machine parts
has also gained great popularity [26,137–158].

2.1.5 Conversion coatings

The basis of the process of creating the conversion coating
on aluminium and its alloy substrates is the formation of a
compact and impermeable passive layer through an artifi-
cially induced and directed corrosion process. Chemical
conversion of the outer oxide structure takes place by
adsorbing an additional anion, giving different or addi-
tional properties to the passive layer on the aluminium
surface. This process takes place in chemical equilibrium
and without an external driving force such as electric power
[159]. Preparations of conversion coatings, including chro-
mates [160,161], phosphates [162,163], and silicates [161], are
used to increase corrosion and wear resistance, and also
serve as a primer for paints, adhesives, or polymers
[53,164,165]. Since Cr(VI) has been identified as a carci-
nogen, it has become necessary to investigate alternative
and more environmentally friendly surface treatments.
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As substitutes, apart from phosphates and silicates, there
are also cerium [162], zirconium, titanium, vanadium
[166–168], and trivalent chromium [167].

2.1.6 Anodic barrier layers

For the formation of the anode oxides of the barrier layer,
weakly acidic or weakly basic electrolytes having 5 < pH < 7
are selected, which do not corrode the developing oxide, i.e.
the oxide is not dissolved in the electrolyte. The resulting
barrier-type anodic oxide layer has a compact, non-porous,
continuous morphology, adheres strongly to the substrate,
and is non-conductive. Consequently, it is not chemically
influenced by a mild electrolyte, and the oxide remains
practically insoluble in the anodizing process. These foils
are extremely thin and dielectrically compact [53,169]. There
has been a recognition that features such as vacancies, dis-
locations, and atomic packing densities might have a signif-
icant effect on anodic coatings [170]. Barrier layer oxides are
typically formed in aqueous solutions of boric acid, ammo-
nium borate, ammonium tartrate, and aqueous phosphate
solutions, tetraborate in ethylene glycol, perchloric acid
with ethanol, some organic electrolytes such as citric acid,
malic acid, succinic acid, and glycolic acid [171−175], and
ionic liquids [176]. Barrier-type oxides are used in dielectric
capacitors. Scientific studies have shown that there is no
clear difference in the choice of electrolyte used to form a
barrier or porous layers, and the key factor responsible for
the growth of the porous oxide structure on the previously
formed barrier layer is time [169,177–180]

2.1.7 Plasma electrolytic oxidation (PEO)

PEO, also known as micro oxidation (MAO), spark anodic
deposition, or plasma chemical oxidation, is the production
of oxide-ceramic coatings on metals such as aluminium,
titanium, magnesium, zircon, and their alloys. PEO is a
process of electrochemical oxidation, in an electrolyte
from dilute pH-neutral silicate or phosphate silicate solu-
tions, using a high-voltage arc to form a coherent insu-
lating oxide deposit. The produced oxide of the barrier
layer type shows high hardness, excellent adhesion to the
substrate, and resistance to wear and corrosion. It is real
ceramics, mainly consisting of γ-Al2O3 [53,181−186]. Anodic
alumina produced by PEO can be machined and polished
to a high-quality surface finish, allowing a variety of appli-
cations that take advantage of its ability to withstand high
levels of cyclic fatigue, abrasion, and impact. The process is
more environmentally friendly because a non-aggressive

electrolyte is used [115]. PEO coatings so far have only niche
applications in industry, mainly due to the high energy con-
sumption associated with the process. However, ongoing
research may reduce energy consumption and optimize PEO
coatings for aviation applications [158,187,188]. PEO/MAO coat-
ings have been proposed as corrosion and abrasion protection
[189–194], cavitation erosion protection [195], decorative coating
[196,197], and thermal insulation improvement [198].

2.2 Modifiers in anodic coatings on
aluminium alloys

In recent decades, much attention has been paid to various
modifications aimed at improving the properties of anodic
tribological coatings on aluminium alloys. Surface oxide
layers formed in the process of hard anodizing belong to
materials with a highly developed surface, and their prop-
erties can be very diverse and depend mainly on the con-
ditions under which they are produced [199]. It was found
that the porosity of anodic oxide layers can be used as a
reservoir of lubricants to create self-lubricating structures,
improving friction and wear properties [200,201]. Gyu-Sun
Lee et al. [202] have produced porous anodic alumina tem-
plates with three types of nanometre pores to study the
effect of pores on an anodized aluminium surface as a lubri-
cant reservoir. The pores have been found to act as a reser-
voir of lubricant since the water stored in the pores is
released to the surface because of elastoplastic deformation.

Takaya et al. [200] have prepared impregnated oxide
layer in 0.5 mass% aqueous solutions of PVP–iodine (I) by
re-anodizing. They also plated a 3 μm thickness Sn layer on
anodic oxide coating of A1050, A6061-T4, and ADC12 boards
and impregnated with polytetrafluoroethylene (PTFE) fluoro
resin, namely, TUFRAM, on the anodic oxide on the A1050
board. The I compound was found in micro-pores as I of 0.1
mass% and formed an iodophor of an amorphous structure.
They also concluded that the size of solid lubricant powder
particles is larger than the pore size of the coatings. Although
it is impossible to impregnate the lubricant powder directly
inside the pores, it is possible to solidify a liquid lubricant
electro-chemically inside the pores. Maejima et al. [201] have
prepared impregnated oxide layer in molybdenum sulphide
by re-anodizing it in 0.3 wt% aqueous solution of (NH4)2MoS4.
Molybdenum sulphide and compounds filled the 20 nm dia-
meter pores of the film. In previous works [200,201], Takaya
et al. and Maejima et al. concluded that the size of solid
lubricant powder particles is larger than the pore size of
the coatings, making it impossible to impregnate the lubricant
powder directly inside the pores. However, as the reports
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explain, it is possible to solidify a liquid lubricant electro-
chemically inside the pores.

As Xu Tao et al. [203] have found, since the pores of the
oxide coating are too small to be filled with grease, it is
necessary to enlarge the pores prior to self-lubricating
treatment. However, the process of expanding the pores
and simultaneously reducing the thickness of the alumi-
nium oxide cell walls is the key factor affecting the hard-
ness and wear resistance of the anodic oxide layer. The
minimum cell wall thickness necessary to maintain a rela-
tively high hardness and good abrasion resistance of the
coating is found to be 25 nm.

The work of Skeldon et al. [204,205] uses the duplex
anodizing process to create self-lubricating MoS2 precursor
layers on aluminium. The initial formation of the porous

layer of alumina on aluminium was accomplished by ano-
dizing in sulfuric acid; then, the development of MoS2 pre-
cursors in the pores was performed by subsequent anodic
treatment in the ammonium tetra thiomolybdate (ATT)
electrolyte (Figure 3a and b). In-depth Scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) analyses combined with energy dispersive X-ray
(EDX) and X-ray photoelectron spectroscopy (XPS) analyses
(Figure 3c and d) show that re-anodizing treatment results
in a thickening of the barrier layer at the metal/film inter-
face and precipitation of molybdenum sulphides, mainly
amorphous MoS or a mixture of MoS and S, within pores
and at the film surface.

The research of Posmyk et al. [155,206,207] gives exam-
ples of anodic oxide pore filling with glassy carbon to

Figure 3: TEM micrograph (a) for an ultra-micro porous film (b) porous film containing incorporated lubricant; EDX spectra for modified oxide of the
pore region (c) and pore wall region (d), reprinted from [204] with permission from Elsevier.
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obtain a composite material (AHC+GC). According to these
authors, the preparation of the samples was performed in
compliance with research [208], and a multiwalled carbon
nanotube (CNT) synthesis was carried out by Poly(furfuryl
alcohol) carbonization in the channels of a porous oxide
matrix with a thickness of 50 µm. As a result of the synthesis,
a composite coating consisting of a very hard, wear-resistant
oxide coating was obtained, containing nanotubes with a
length of about 40–50 µm. Layers with larger pore diameters
allow for the introduction of a greater amount of glassy
carbon, which reduces frictional resistance. However, too large
pore diameters reduce the wall thickness and the hardness of
the alumina oxide. The amount of the introduced precursor
depends on the time of the carbonization process. Only carbon
particles that are smaller than the size of the nanopore can be
introduced into nanopores. As the authors emphasize, the
selection of substances is not simple and was not the subject
of their work. However, it is difficult to identify carbon in the
photos of the AHG+GC layer as shown in Figure 4.

Bara et al. [199,209–211] have studied the preparation of
aluminium oxide-graphite composite surface layers. Sko-
neczny and Bara [209,210] present a method of obtaining
composite layers of alumina formed by hard anodizing in
an electrolyte composed of an aqueous solution of acids and
graphite. The addition of phthalic acid to the electrolyte
ensured obtaining layers with the largest possible pores

and conducting the process at room temperature. Examina-
tion of the chemical composition confirmed the possibility of
incorporating graphite into the entire cross-section of the
composite layers, which predisposes the alumina/graphite
layers to tribological interaction. Previous studies [199,211,212]
show how the alumina coating, produced by hard anodizing
in a ternary electrolyte, was used as the base of the compo-
site material (Figure 5). The use of carboxylic acids in the
composition of the electrolyte enables anodizing at room
temperature and causes adsorption of carbon from the elec-
trolyte onto the oxide layer, which is used as a diffusion
activator in the subsequent thermo-chemical treatment.
The depth of the carbonized layer depends primarily on
the time and temperature of carbonization.

Hu et al. [213] have described the possibility of deposi-
tion of C60 particles using ultrasonic impregnation tech-
nology to obtain a self-lubricating surface. Their article
presents an analysis of the results of research on the effect
of pore-enlarging treatment on the porous structure and
tribological properties of aluminium foil. Spherical C60
nanoparticles can be embedded in the nanopores of the
anodic oxide layer. They have found that nanopores on
the anodic surface of the oxide film can serve as a reservoir
of C60 nanoparticles, due to which the porous anodic oxide
layer can maintain a low coefficient of friction for a much
longer time compared to the non-porous layer.

Figure 4: AHC+GC-composite layer: (a) fresh structure by SEM, (b) picture of nanopores filled with glassy carbon as a solid lubricant by HR-TEM,
(c) surface nanopores view by SEM, and (d) fresh structure by SEM [207] (courtesy of Journals PAS).
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Escobar et al. [214] have prepared an anode film to
incorporate PTFE nanoparticles into the porous structure
of the film. Using an improved sedimentation technique,
nanoparticles have been successfully incorporated into

and onto the porous structure (Figure 6). Nanoparticles
are able to enter the pores reaching right down to the
bottom of the structure. The pores are filled with PTFE
particles and a deposit is obtained on the surface with
an average thickness of 2 μ. In the work of Tu et al. [216],
a coating of amorphous carbon nanowires has been obtained
on a porous aluminium oxide membrane by chemical
vapour deposition. SEM/energy dispersive X-ray spectro-
scopy (EDS) results indicated the presence of Co within the
pores on the membrane. The SEM image of carbon nanorod
arrays embedded in the porous AAOmembrane is shown in
Figure 8a, and the thickness of the aligned film was about
3 μm. The Raman spectrum (Figure 8b) indicated that the
carbon nanorods were mainly present as an amorphous
structure of 2 μm. Wie and Deng [215] have obtained a
self-lubricating PTFE composite anodic coating on alumi-
nium alloy 6061 by anodizing in sulphuric acid. After ano-
dization, the film pores were appropriately enlarged. PTFE
particles were introduced into the pores by an electro-
phoretic process, in the water-soluble electrophoretic PTFE
emulsion (Figure 7). SEM and EDX analyses revealed that

Figure 5: (a) Microstructure and (b) XPS spectra of a composite layer carbonized for 36 h [212] (courtesy of Journals PAS).

Figure 6: Field emission gun SEM pictures of an anodized film after
drying sedimentation with 90 nm-sized PTFE particles. (Reprinted from
[214] with permission from Elsevier).

Figure 7: SEM image of PTFE self-lubricating anodic film: (a) surface and (b) cross section [215] (copyright © Institute of Materials, Minerals and
Mining., reprinted by permission of Taylor & Francis Ltd).
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the PTFE was present within the pores of the anodic film
and extend from the base to the surface of the film.

Zubillaga et al. [217] have obtained anodic oxide layers
rich in polyaniline and TiO2 or ZrO2 nanoparticles. XPS
analysis showed the presence of an impurity in the thick-
ness ranging from 150 to 250 nm. The anode layer con-
taining TiO2 nanoparticles showed a slightly lower surface
roughness and a greater thickness of the layer rich in
nanoparticles. In their research, Wang et al. [218] have
produced hydrophobic AAO/Ni coatings and superhydro-
phobic AAO/Ni/Ni coatings based on aluminium alloys. The
needle-like surface structure and organic modification gave
rise to super hydrophobicity.

Shirmohammadi Yazdi et al. [219] have used the anodic
oxide layer as a substrate for the Ni-P galvanic coating.
Nanoporous anodic alumina enabled Ni−P particles to pene-
trate and fill the surface. In this way, a layer with good
adhesion to the substrate was obtained. Regarding surface
modification with the use of Ni−P particles, Kocabaş et al.

[220] have proposed to deposit a nickel–phosphorus coating
on the anodic oxide layer using nickel fluoride tetrahydrate
as a surface activator (Figure 9). Activation was carried out
by immersion in a nickel fluoride solution, followed by
coating with a layer of Ni−P. The use of the activator has
been shown to result in more efficient Ni−P deposition.

Kamali et al. [221] have prepared silver-doped anodic
oxide layers, confirming the embedding of Ag nanoparti-
cles in the matrix of the oxide layer (Figure 10). It was
found that the amount of porosity was increased by co-
deposition of silver nanoparticles in the composite coating.
A higher concentration of silver in the anodizing solution
has led to an increase in its amount in the microstructure
of the layer. The microhardness of the silver-modified
layer decreases with the silver content in the layer. Silver
co-deposition improves the optical properties (absorption
and emission).

Gordovskaya et al. [222] have modified the anodic
oxide layer on an aluminium alloy with cerium. It has

Figure 8: SEM image of carbon nanorod arrays embedded in the porous AAO membrane (a) and Raman spectrum of amorphous carbon
(b) (Reprinted from [216], with permission from Elsevier).

Figure 9: Surface morphology of the Ni−P coating (a) and (b) (Reprinted from [220] with permission from Elsevier).

Structure and properties of oxide layers on aluminium alloys  9



been shown that it is possible to obtain a cerium-containing
layer with a typical thickness of 50−100 nm. Themorphology
of the layer depends to a large extent on the composition of
the electrolyte used for anodizing. Anodizing in an electrolyte
containing tartaric acid leads to a significant increase in the
thickness of the cerium-containing layer, as well as an
improvement in its uniformity on the surface of the anode
layer. In the layer prepared in this way, cerium oxide particles
were noticed in the pores of the anodic coating (Figure 11).
EDX and XPS studies confirm the quantitative participation of
cerium in the anodic oxide layer. The authors emphasize the
need for further research to explain the effect of the addition
of tartaric acid to the electrolyte on the quality of the modified
oxide layer.

The possibility of filling the nanopores of the Al2O3

oxide layer with IF-WS2 solid lubricant has been shown in
the work of Korzekwa et al. (Figures 12 and 13) [223,224]. The
first stage consists in obtaining a gradient Al2O3 oxide layer.

The work shows that the pore diameter decreases with the
increasing depth from the surface, causing a gradient of
pore size distribution. In the second step, IF-WS2 nanopar-
ticles are introduced into the pores by immersion, which
facilitates ultrasonic excitation. The NPs form a concentra-
tion gradient along the depth of the porous alumina layer.
The Al2O3/WS2 composite layer prepared in this way can
improve the anti-wear and anti-friction properties during
tribological cooperation (Figure 12).

Mat Tahir et al. [225] have prepared anodic oxide
layers with the addition of fly ash (Figure 14). On the basis
of the presented tests, they have found that the oxide sur-
face was completely covered with dense composite films,
which proves that the fly ash could penetrate into the pores
and cause greater surface roughness. The addition of fly ash
increases the thickness and hardness of the oxide coating.

Table 1 summarizes selected modifications of the oxide
layers on aluminium/aluminium alloy.

Figure 10: (a) SEM image and (b) EDS spectra of composite anodic film + Ag [221] (copyright © Institute of Materials, Minerals and Mining, reprinted
by permission of Taylor & Francis Ltd).

Figure 11: (a) TEM and (b) HAADF images of the Ce-rich layer formed on the aluminium oxide [222] (CC BY 4.0).
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3 Selected properties of anodic
oxide layers for corrosion and
tribological associations

Important tribological phenomena related to relative motion
between two solid surfaces that lead to material degradation

and energy dissipation are friction and wear [226]. As it has
been shown [227], the increase in contact pressure and tem-
perature causes changes in the wear mechanism. The authors,
observing the mechanical properties, related them to the mor-
phology and chemical composition of the layer and found that
the increase in load and sliding velocity increases the friction
coefficient in their oxide layers. Excellent wear and corrosion

Figure 12: SEM/YAG-BSE image of a fresh fracture cross-section (a), quantitative results (b), and microhardness HV (a) for Al2O3/IFWS2 [223] (courtesy
of John Wiley & Sons, Inc.).

Figure 13: The possibility of filling the nanopores of the Al2O3 oxide layer with IF-WS2 solid lubricant 3 (a) [223] (courtasy of JohnWiley & Sons, Inc.) and (b)
[224] (courtesy of Springer Nature).

Figure 14: (a) Surface morphologies and (b) cross-section of composite aluminium oxide coating with fly ash [225] (CC BY).
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Table 2: Summary of available, selected experimental data concerning tribological properties of anodic oxide coating and modified anodic oxide
coatings

Coating/method Measurement of friction/wear Comments

PEO on Al 99.5, AlCu4Mg1, AlMgSi1,
AlZn5.5MgCu [189]

Rubber-wheel test according to ASTM G65,
force – 130 N

All the coatings except of Al 99.5 show an
excellent wear behaviour after the initial
abrasion of the technological layer

MAO on 7075 Al alloy [194] MDW-02 high-frequency reciprocating fatigue
friction and wear testing machine with a
reciprocating length of 6 mm, force – 5 N

With an increase in voltage, the slope of the
friction coefficient first decreased and then
increased. With the increase in MAO time, the
friction coefficient decreased first and then
increased μ (0.35−0.65). The long reaction
time and the suitable reaction voltage
resulted in a large thickness of the MAO film,
a high binding strength, large roughness, a
small friction coefficient, and a small wear
volume. The higher the binding strength, the
smaller the friction coefficient and the wear
volume

MAO on 5065 and 7075 Al alloy [195] Micro-scratch testing; a conical diamond tip
with 5 μm radius; increasing load 0−1,500 mN;
scan velocity 3 μm∙s−1 and loading rate:
9 mN∙s−1

Changes in the friction coefficient as a
function of increasing the normal force
applied to the diamond cone are in the range
of 0.047−0.32 for coating on 5056 Al alloy and
0.057−0.24 for coating on 7075 Al alloy

Anodic oxide coating on A1050, A6061-T4, and
ADCl2 impregnated with I compound [200]

Ball-on-disk type rotational friction and wear
tester; SUJ2 ball bearing steel of 5 mm;
rotational friction –30 m with a load of 0.49,
0.98, and 1.4 N

The coefficient of friction of the coating
impregnated with PVP–I is lower μ∼
(0.42−0.52) than that of the non-impregnated
coating μ ∼ (0.75−0.82). Obtained anodic
oxide coating was durable for a long period
in comparison with anodic oxide coating non-
impregnated

Re-anodized 99.97% al at the electrolyte of ATT
and (NH4)2MoS4 to incorporate molybdenum
sulphide [204,205]

Dry, reciprocating pin-on-plate tests on a
Cameron- Plant Tribometer (En24 steel pin
(∼550 HV) of 8 mm diameter, wear track of
50 mm length, a load of 5−20 N, and
frequency of 1 Hz)

A sulphide-containing anodic aluminium
coating exhibited superior tribological
properties compared with a normal porous
alumina film. Wear tests revealed a
significant reduction in the coefficient of
friction, by about a factor of 5−10, for the self-
lubricating films

Anodic oxide coating on 99.99 % Al [202] Ball-on-disk type sliding wear tests with
commercial AISI52100; bearing steel with a
diameter of 6 mm as a ball specimen;
frequency of 5 Hz, sliding speed −120 rpm;
distilled water was used as a lubricant

The nanopores of the oxide layer become
reservoirs for water, which during friction is
released to the surface as a result of
elastic–plastic deformation forming like a
lubricating film which minimized direct
contact between the surfaces and results in
low friction

Anodic oxide coating on 99.99 % Al immersed in
1 mol·l−1 (NH4)2MoS4 water solution for 4 h [203]

Ball-on-disk, oscillating sliding, and dry friction
conditions; the ball – GCr15 bearing steel with
a diameter of 10 mm; frequency of 15 Hz,
sliding speed of 0.06 m·s−1; load 5 N

Self-lubrication treatment causes the friction
coefficient to decrease from 0.87 to 0.65, and
the diameter of the wear track on the steel
ball reduced from 0.83 to 0.62 mm, which
indicates that the wear rate of the steel ball
was reduced

Sputtering carbon onto the oxide coating on EN
AW5251 by Jeol IEE-4B vacuum sputtering
machine [245]

Tester T-17 pin-plate type, in reciprocating
motion; the pressure of 1 MPa; sliding speed
0.2 m·s−1; tribological partner − a mandrel
with a diameter of 9 × 10−3 m, made of PEEK/
BG and T5W

Modification of aluminium oxide coatings
with carbon by vacuum sputtering leads to a
decrease in the coefficient of friction and
wear intensity of the PEEK/BG and T5W
polymer. Oxide coatings have a favourable
surface topography, which predisposes them
to slide contact with polymeric materials in
conditions of technically dry friction

(Continued)

14  Joanna Korzekwa



resistance are ensured by, for example, anodic oxide layers.
The mechanical and tribological properties of oxide layers
depend on the entire process of their production, including
the selection of the electrolyte, its temperature, and current-
time conditions [90,135,228–231] and also etching of aluminium
alloy before anodizing [111,232]. The conditions of obtaining
the oxide layers influence the physical condition of the created
layer and its structure. This, in turn, determines the properties
of the oxide layer on a macroscopic scale, e.g. microhardness,
abrasion resistance, the nature of tribological cooperation
with the counter-sample, and the value of the friction
coefficient between them. The available research litera-
ture includes, inter alia, information on the influence of
technological condition, porosity, substrate, or thickness
of Al2O3 layers on their mechanical and tribological prop-
erties [213,233–238]. Generally, an increase in electrolyte
temperature and electrolysis time causes an increase in
the porosity of the oxide layer, which in turn results in a
decrease in microhardness towards the anode layer

surface. The change in wear resistance with increasing
anodizing temperature indicates that the degradation of
the wear resistance depends not only on the porosity of
the oxide but also on its other properties. The tribological
properties of the friction junction depend not only on the
properties of the oxide layer and the conditions of the
tribological process but also on the microstructural proper-
ties of the tribopartner. The laboratory tests showing how
the morphology of anodic oxide layers can be used in tribo-
logical applications to create self-lubricating structures with
different tribopartner can be found in previous studies
[6,199,227,239–243]. A series of tests of abrasion resistance
of porous anodic oxide layers filled with solid or liquid
lubricants were also carried out in previous studies
[194,211,220,244] . The lubrication mechanism has been shown
to reduce friction and wear on solid surfaces. The abrasion
properties of anodic oxide layers in dry conditions have been
shown, among others, in previous studies [235,238,246–250].
However, ensuring better protection against corrosion by

Table 2: Continued

Coating/method Measurement of friction/wear Comments

Transition metal Co was electrodeposited and
then the film of amorphous carbon nanorods
was synthesized by CVD on anodic oxide coating
on 99.99% Al [216]

WM-2002 ball-on-disk tribometer; ball GCr15
steel, 3 mm in diameter, load of 980 mN and a
sliding velocity of 0.2 m·s−1

The mean friction coefficients under the
steady state in humid air, oxygen-rich and
vacuum environment were 0.23, 0.24, and
0.25 in turn. The wear resistance in a vacuum
enhanced for three to six times as compared
to that in humid air and oxygen-rich
environments

Soaking the anodic oxide coating on EN AW5251
in 35 vol% C2H6O/water/IF-WS2 or 35 vol%
C2H6O2/water/IF-WS2 mixture at room
temperature in ultrasonic bath [251]

Tester T-17 pin-plate type, in reciprocating
motion; the pressure of 0.5 MPa; sliding speed
−0.2 m∙s−1; tribological partner − a mandrel
with a diameter of 9×10−3 m, made of TG15

The modified Al2O3/IF-WS2 layers have a
lower friction coefficient and rather lower
value of TG15 wear intensity compared to the
unmodified layer

Anodic oxide coating on 99.99% Al immersed in
C60-toluol solution [213]

UMT-2 type CETR tribological tester with a self-
made pin-on-disk; steel pin − GCr15 bearing
steel, the diameter of 4 mm, load −5 N

The C60 nanoparticles embedded into the
nanoholes of the anodic oxide film can
decrease the friction between the AAO
template and the steel pin and reducing the
counterpart wear. Its frictional coefficient is
decreased to 0.18, which is lower than that of
the AAO template

Immersion of anodic oxide on 1050Al alloy in a
beaker containing PTFE aqueous dispersions

CSM pin-on-disc tribometer; rotational mode,
with a spherical alumina counterface of 6 mm
in diameter; load of 1 N

The incorporated PTFE particles, by delaying
the wear of the composite film, enabled a
decrease of the total wear by a factor of two
and a significant increase of the coating
lifetime 75-fold

The oxide coating on AA2017/anodizing process
carried out in electrolyte mixed with fly-ash
content [225]

Ball-on-disk sliding tester by referring to ASTM
G99; load of 1 N; speed of 30 rpm under dry-
sliding conditions; silicon nitride (Si3N4) ball
with a diameter of 8 mm

The addition of fly ash reduces the coefficient
of friction at an early stage (below 150
revolutions) to less than μ = 0.06. The wear
rate at 50 g·l−1 was the lowest of all surfaces
and 79.3% better than the unanodized
aluminium alloy and 28.8% better than the
unmodified oxide layer
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doping the oxide layer on aluminiumalloyswith nanoparticles,
e.g., TiO2, ZrO2, Ni, or Ce, has been shown in previous works
[217,218,222].

Lee et al. [202] have shown how the pores of the oxide
layer act as a reservoir for water, which is stored in the
pores and is released to the surface as a result of elastic–
plastic deformation. In the case of dry tests, after immer-
sing the layer in water, a hydroxide layer containing a
large amount of hydrogen forms on the surface. They
have observed that, in particular, for an aluminium oxide
matrix with 260 nm pores, previously immersed in water
and then tested in dry lubricant conditions, more hydro-
xide layers were formed, which resulted in a decrease in
friction. Takaya et al. [200] have found that an attempt was
made to improve the lubricity of the coating by attempting
to physically impregnate the coating pores with PVP–I or
PTFE fluororesin. They have shown that the coefficient of
friction of the coating impregnated with PVP–I is lower
than that of the non-impregnated coating and that modi-
fied anodic oxide coating was durable for a long period of
time in comparison with anodic oxide coating non-impreg-
nated and impregnated with PTFE fluororesin. Wang et al.
[204,205] have found that the obtained hard aluminium foil
in combination with the incorporated solid lubricant can
impart much better abrasive properties to the aluminium.
A sulphide-containing anodic aluminium coating has exhib-
ited superior tribological properties compared with a normal
porous alumina film. Their tests showed that the wear ratio of
aluminium in tribological contact with the steel mandrel was
lowered by the introduced solid lubricant.

Xu Tao et al. [203] have noted that the MoS2-modified
oxide layer has a limited lubricating effect. The limitation
is the lack of a transfer film between the rubbing surfaces.
They have found that the mechanism of the friction pro-
cess is related to the possibility of the release of MoS2
particles stored in the pores of the oxide coating. MoS2
particles transferred during friction reduce the coefficient
of friction until they are completely exhausted. Not all
MoS2 molecules in the pores can be easily transferred to
the friction surface. At this point, the friction between the
layer and the steel ball increases. However, the amount of
MoS2 that is supplied to the friction surface is not sufficient
to form a sliding film between the surfaces. They have also
found that the MoS2 present in the pores of the oxide layer
reduces the wear of the steel ball. Based on the tribological
test conducted by Bara et al. [245], it can be concluded that
the modification of aluminium oxide coatings with carbon
by vacuum sputtering leads to a decrease in the coefficient
of friction and wear intensity of the PEEK/BG and T5W
polymers.

Tribological tests performed by Tu et al. [216] have
demonstrated that oxide layers with the addition of amor-
phous nanorods show a lower steady-state friction coeffi-
cient in humid air and oxygen-rich environments com-
pared to tests carried out in vacuum. However, the layer
tested in vacuum has better wear resistance due to the lack
of the effect of tribochemical reaction accelerating layer
mass loss. Unfortunately, there is no comparison with the
unmodified layer.

Korzekwa et al. [251] have proposed aluminium oxide
coatings modified with IF-WS2 as a material with good
properties for dry sliding contact. Non-parametric statis-
tical analysis of variance has shown that Al2O3/IF-WS2
layers obtained in glycol ethylene had a higher dispersion
of the results of both the friction coefficient and the wear
intensity of TG15 material while they were in contact. A
lower value of wear intensity and a smaller spread of data
predispose the Al2O3/IF-WS2 layer produced in ethanol
move to a sliding contact compared to the layer obtained
in glycol ethylene. Regardless of the method, the modified
layer had a lower coefficient of friction and wear intensity
of TG15 material compared to the unmodified layer.

Hu et al. [213] in their research have demonstrated that
the nanopores on the anodic oxide coating surface can
serve as the reservoirs for the C60 modifiers; thus the
porous anodic oxide film can hold the low frictional coeffi-
cient for a much longer period compared with the non-
porous.

Escobar et al. [214] have conducted an experiment that
showed how PTFE particles can be incorporated into the
nanopores of the oxide layer, and then, during tribological
tests, they showed that the PTFE-doped layer obtained in
this way delays the wear of the composite coating, allowing
for a twofold reduction in total wear and 75 − multiplying
the lifetime of the coating.

Mat Tahir et al. [225] have found that with the highest
amount of fly ash admixture (50 g·l−1) in the oxide layer, the
coefficient of friction of the doped layer is lower (μ = 0.5)
compared to the undoped oxide layer (μ = 0.6). Doping the
oxide layer with fly ash significantly reduces the rate of
wear of these layers compared to the unmodified layer. It
has been suggested that fly ash particles have a high con-
tent of SiO2 and Al2O3 and can be used as inexpensive
reinforcing particles that can increase the wear resistance
and microhardness of the composite material.

Self-lubricating structures can arise when one or both
relative surfaces wear during sliding in a mechanical pro-
cess. Friction without a lubricant between the friction sur-
faces occurs in brakes, friction gears, and machine nodes
of the textile, food, and chemical industries. The lubricant
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is also not used in the friction nodes of machines operating in
high-temperature conditions, where the lubricant is unsui-
table [252]. Table 2 summarizes selected experimental data
concerning tribological properties of anodic oxide coating
and modified anodic oxide coatings.

4 Areas for further research

The general structure and properties of oxide layers on
aluminium alloys have been known for many decades, as
has the process of creating these layers in various electro-
lytes. The production of hard oxide layers on pure alumi-
nium and its alloys allows us to improve both the hardness
and strength of the layer as well as the anti-corrosion
properties. In recent years, it has been found that the
hydrophobic properties of the oxide layers can be modi-
fied. Both the physical phenomena and the basic principles
of the formation of the oxide layer on aluminium and its
alloys have been investigated and explained, including the
influence of the main process parameters such as tem-
perature, time, and current–voltage conditions. This
knowledge, however, shows us how many parameters
ultimately affect the properties of the oxide layer, while
giving a wide field for future research. Due to the moti-
vation of this work, related to the use of the new sur-
face, material, and lubrication technologies to reduce
energy losses due to friction and wear in vehicles,
machines and other devices containing kinematic fric-
tion nodes, some open issues related to oxide layers on
aluminium and its alloys are presented below as worth
addressing in the coming years.

Due to the criteria of a high ratio of strength to mate-
rial weight, corrosion resistance, and price, an increasing
range of aluminium alloys is considered in the construc-
tion of machinery and equipment in the automotive, avia-
tion, food, and pharmaceutical industries. Along with new
modifications of the substrate material, i.e., aluminium
alloys, new challenges arise in the selection and optimiza-
tion of the parameters of the process of obtaining oxide
layers on these alloys. When creating future articles, spe-
cial attention should be paid to researching and discussing
the micro-porosity and nano-porosity of the oxide layer, as
both are present in the layer and can be used as reservoirs
for modifiers, e.g., the need to obtain the desired tribolo-
gical properties between the two materials. In particular,
researchers should investigate which porosity is more
important for the tribological properties of the oxide.

Another challenge is the development of computer,
quantitative image analysis, which will consider, apart
from nano and micro-porosity, also the shape and size of

visible craters and lamellae, which look like lines of pro-
truding hills on the surface of the oxide layer.

Another issue in future work is to check whether the
test results on one alloy can be transferred and repeated
for a larger number of aluminium alloys. And should that
turn out to be impossible, we will need to look for the
factors responsible.

It is necessary to search for the possibility to fragment
the modifiers, which involves the breaking of agglomer-
ates. It is also necessary to find carriers that will enable
the formation of a homogeneous suspension enabling the
introduction of the modifiers into a nanoporous oxide
layer. This, in current research, still causes many difficul-
ties. One solution here may be to combine the layer forma-
tion process in the electrolyte with ultrasounds and vibra-
tions; another may be to use ultrasounds and vibrations in
the second stage of layer formation with a modifier. It is
also possible to develop technologies for the synthesis of
nanopowders in the previously created oxide layer, as a
way to produce nanocomposites.

An interesting direction for future research may also
be the combination of tribological properties of layers
filled with nanopowders with the possibility of heat/energy
dissipation through nanoparticles outside the kinematic
system exposed to higher temperatures from the friction
process. This energy may be captured and reused. The
combination of tribological, hydrophobic, and hydrophilic
properties also seems to be an interesting issue.

Related to the surface engineering of oxide layers on
aluminium alloys and alongside the process of their pro-
duction and modification, there is a wide research area
related to the study of the phenomena accompanying the
rubbing pair and obtaining the desired operational effects
of the tribological pair. Lying behind this are the processes
of selecting and tribological testing of the cooperating pair.
These processes involve the selection of a tribopartner for
the modified oxide layer, the possibility of creating a
sliding film, and testing its physicochemical and mechan-
ical properties. Obviously, the goal is to reduce energy
losses caused by friction and wear. It is recommended
here to devote sufficient attention to understanding and
trying to combine test results from different tribology tes-
ters operating under different test conditions.

Research should raise the issue of the repeatability of
the process or research results, and this issue must be
supported by an appropriate number of experiments per-
formed and by the computer-assisted design of experi-
mental research and its analysis. Research may also turn
to potential difficulties related to the transfer of laboratory
results to target operating conditions in the industry, and
to attempts to solve them.
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A great challenge in obtaining the surface of oxide
layers with specific modifiers can also be the difficulty of
computer numerical modelling of the formation of such
oxide layers, as well as computer modelling predicting
the tribological properties of the selected combination.
How much simpler would surface engineering be if, after
entering the selected aluminium alloy, the technological
process conditions, and the modifications applied to the
oxide layers into the computer, we could receive on the
screen a simulation of the results of the mechanical prop-
erties of a yet unknown layer? This seems to be a daunting
task due to the great number of process parameters, but
often we find publications that present results of computer
models that correlate well with reality. However, these
models are always based on basic research data, so it
seems impossible to simulate future reality accurately
without performing laboratory tests.

5 Summary

This review article shows the options for modifying the
oxide layers produced on aluminium alloys. Descriptions
of examples of modifying the oxide layer with modifiers
were preceded by the motivation to write this article and a
review of the existing literature on the main techniques of
obtaining aluminium oxide along with the areas of its
application. The article discusses surface properties of
modified oxide layers, including various surface morphol-
ogies, selected results of X-ray diffraction, SEM, and XPS
phase analysis, as well as tribological properties of selected
combinations. This article emphasizes the detailed contri-
bution of scientists to the study of the possibility of filling
the nanopores of the oxide layer with various modifiers,
including nano-lubricants. It also familiarizes the reader
with the impact of such modification on the tribological prop-
erties of the presented friction pair. Readers will also be
interested in advice on the directions of future research,
which, according to the author, may fill the current research
gap and may enrich future research on newly created oxide
layers on aluminium alloys. The versatility of the use of
porous oxide layers, including its capacity of protecting
against corrosion and wear, and of reducing the coefficient
of friction in specific tribological associations, shows that the
oxide layers in question can have a positive impact on the
development of friction and wear control technologies, which
must consider sustainable development for the energy revo-
lution in the industry. The author of this article fully agrees
with the words written in 1932 by Setoh and Miyata [3] that
anodic alumina has been extensively studied, and yet the

mechanism of anodic oxidation of aluminium is still not fully
understood, as quoted by Runge [53]. In this dimension, the
modification of anodic oxide layers with admixtures has not
lost its validity, and, in combination with new methods of
applying and introducing modifiers into the oxide structure,
offers new perspectives on the application of oxide layers.
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