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A B S T R A C T

In the present study, porous anodic aluminium oxide (AAO) coatings with and without particles of Al2O3

(aluminium oxide) and polytetrafluorethylene (PTFE) were produced on AA1050 aluminium alloy via galva-
nostatic anodizing in acidic electrolyte. The effects of anodizing conditions (i.e. temperature, current density and
composition of electrolyte) on the morphology, thickness, and microhardness were studied via scanning electron
microscopy (SEM) equipped with energy dispersive X-ray spectroscopy (EDX) and Vickers hardness tester. The
results showed that the decrease of electrolyte temperature from 24 to 10 °C and the addition of 20 g/L oxalic
acid to 15% H2SO4 electrolyte led to the formation of thicker (34 µm) and harder porous AAO coating with
hillocks. Furthermore, the decrease of applied current density from 3 to 1 A/dm2 resulted in the formation of
thinner coating (10 µm) without hillocks. The intermetallic phases based on Al-Fe and Al-Fe-Si compounds
present in AA1050 alloy were not preferably dissoluted during the anodizing process at 10 °C of electrolyte. The
tribological properties of the anodic coatings were investigated by the dry friction test. The results showed that
the addition of Al2O3 and PTFE particles to sulfuric-oxalic acid electrolyte resulted in hard anodic composite
coatings with enhanced wear resistance.

1. Introduction

Aluminium (Al) and its alloys have been widely used in automotive,
aerospace, transportation, marine, and consumer industries due to a
remarkable combination of high strength-to-weight ratio, good thermal
and electrical conductivities, and excellent fabrication characteristics.
However, the relatively low hardness and wear resistance of pure Al
and its alloys together with their high friction coefficients hinder their
wider use in most engineering applications. To overcome these draw-
backs and prolong the service life of components, a multitude of surface
engineering approaches has been explored in order to prepare surface
coatings with sufficiently enhanced mechanical and tribological prop-
erties [1].

Anodizing is one of the most widespread industrial and cost-effec-
tive methods focused on the production of decorative, durable, corro-
sion and wear-resistant coatings. Anodic aluminium oxide (AAO)
coatings are formed during the electrochemical process when

aluminium converts into its oxide under suitable anodizing conditions,
such as optimal current density or voltage, type (oxalic, sulphuric, boric
acid, etc.), concentration and temperature of electrolyte [1,2]. The AAO
coatings are used to improve the chemical, mechanical and tribological
properties of aluminium and its alloys and to increase paint adhesion
before the dyeing process. In principle, two types of AAO coatings can
be produced, depending on the type of electrolyte; namely, (i) a so-
called barrier coating with compact microstructure, and (ii) a porous
coating [2,3,4]. The compact non-porous, barrier-type AAO coatings
are originated in neutral electrolytes such as borate, citrate, and
phosphate solutions, and are commercially used in the field of dielectric
capacitors [3,5,6].

In contrast, the porous type AAO coatings can be obtained in many
other strongly acidic electrolytes, such as sulfuric, oxalic, and phos-
phoric acid [7,8]. Their microstructure consists of arrays of hexagonally
arranged parallel nanopores. Due to their extensive customization
capabilities in terms of the coating thickness, the pore diameter, and the
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interpore distance, these coatings have an important potential to act as
templates for synthesizing various functional nanostructures and as
excellent platform materials for the development of advanced devices
for chemical sensing, biosensors, catalysis, energy storage, molecular
filters, etc. [3,7,9,10,11].

The available literature presents numerous data on the anodizing of
various commercial aluminium alloys in different electrolytes and at
different combinations of anodizing process conditions. However, an-
odizing of alloys with a high content of alloying elements, such as Si,
Fe, Mg, Mn, or Cu, is not a trivial task, since the intermetallic phases of
these elements present on the surface strongly affect the formation of
porous AAO coatings [12,13]. Incorporation of intermetallic phases
into the AAO coating during the anodizing process results in an increase
in the coating porosity and the appearance of defects, such as cracks or
voids [12,13,14]. Therefore, the anodizing of commercially available
technical aluminium alloys with a lower amount of intermetallic
phases, such as 1070, 1050, 1100 or 3003, still has an increased
practical significance.

The aluminium alloy AA1050 is of great commercial interest for
anodization purposes due to its homogeneous microstructure with a
low content of intermetallic compounds. Several studies on several
specific aspects of the anodization of AA1050 have been reported
[15,16,17,18], most of them being focused on establishing the effect of
individual factors (such as electrolyte composition, concentration,
temperature, and current density) or their combinations on the micro-
structure and mechanical properties of the obtained AAO coatings. The
influence of the electrolyte type, which has already been described
[16,19], is that the AAO coatings on AA1050 prepared in the mixture of
sulfuric (H2SO4) acid and oxalic (C2H2O4) acid electrolyte shows better
densification and higher microhardness in comparison with those pre-
pared in H2SO4-based electrolyte only. In addition, the electrolyte
temperature demonstrates another significant impact on the resulting
porosity of the AAO coatings since it shows the decreasing tendency
upon decreasing the electrolyte temperature, thus, leading to a higher
coating hardness [15,16,20]. Moreover, the effect of current density
was investigated by Guezmil et al. [16] and Bensalah et al. [20], who
both reported improvements of the AAO coating hardness and elastic
modulus with increasing current density. Roshani et al. [21] reported
that by using pulsed current instead of direct current, there was a po-
sitive effect of reduced porosity and increased thickness and hardness of
porous AAO coatings. These improvements of the compactness and
hardness of the AAO coatings resulted in a decrease in the coefficient of
friction and an increase in wear resistance [16]. In summary, the most
important conditions of AA1050 anodizing process were investigated to
some extent. However, conducting a direct comparative analysis of
these data is rather difficult due to significant differences in the sample
preparation techniques and anodizing conditions reported in the lit-
erature. Therefore, a holistic picture of the effect of various anodizing
conditions on the modification of microstructure and mechanical
properties of AA1050 has yet to be constructed.

In addition to changing the anodizing conditions, the mechanical
properties (hardness, elastic modulus, wear resistance, friction beha-
viour) of anodic coatings prepared on Al, Mg or Ti alloys can be further
improved by forming a composite coating via embedding hard particles
(such as Al2O3, SiC, or TiO2) dispersed in the electrolyte or by produ-
cing a low-friction and self-lubrication coating via embedding of poly-
tetrafluoroethylene (PTFE) particles [22,23,24,25,26]. Nevertheless, to
the best of our knowledge, there are no studies dealing with the pre-
paration of composite AAO coatings on AA1050 by incorporating Al2O3

particles. The incorporation of PTFE particles inside the pores and onto
the surface of a porous AAO coatings on AA1050 in order to improve
the tribological properties has been attempted via sedimentation tech-
nique [27], electrophoretic deposition of PTFE particles [28], hot dip-
ping or ultrasonic impregnation in latex PTFE with subsequent heat
treatment [29]. However, these techniques represent an additional
technological step and do not always ensure uniform distribution of

PTFE particles within the porous coating structure. In contrast, from
both technological and economic point of view, the incorporation of
particles into AAO coating on AA1050 substrate directly from a solution
during anodization appears to be a promising direction, although the
detailed studies of this process is apparently not available in the lit-
erature.

In this contribution, we present an original study of the effect of
specific anodizing conditions, including the chemical composition and
temperature of the electrolyte, and the current density, and the in-
corporation of Al2O3 and PTFE particles into AAO coating directly from
the electrolyte. The resulting morphology, thickness, microhardness,
wear resistance, and friction coefficient of porous AAO coatings on
polished and chemically pre-treated AA1050 substrates were studied in
detail. The results reveal that the addition of the combination of Al2O3

and PTFE particles can increase the hardness and improve the wear
resistance and friction properties of the produced coatings. Special at-
tention has been paid to the microstructural examination of the pro-
duced AAO coatings as well as to establish a relationship between mi-
crostructural parameters and the resulting mechanical properties.

2. Experimental

2.1. Materials

A commercially pure 1050 aluminium alloy (AA1050) sheet was cut
into 50 mm × 60 mm × 6 mm samples to use them as working elec-
trodes (anodes) in all the experiments. The chemical composition of the
alloy was determined with an optical spectrometer Q4 Tasman (Bruker,
Germany), showing 0.1 Si, 0.3 Fe, 0.004 Cu, 0.005 Zn, 0.008 Mg, 0.01
Ti, and Al balance wt%. The samples were ground with #800, #1200,
#2000 and #4000 grit SiC papers, and further mechanically polished
with 3 and 1 μm diamond paste using ethanol as the lubricant to obtain
a mirror-like surface.

Analytical grade 98% sodium hydroxide (NaOH, Lach-Ner), 65%
nitric acid (HNO3, Lach-Ner), 95% sulfuric acid (H2SO4, Lach-Ner),
99% glycerol (C3H8O3, Lach-Ner), 99% oxalic acid (C2H2O4, Lach-Ner),
60 wt% PTFE dispersion in H2O (Sigma Aldrich) and technical grade
98.5% sodium dodecylbenzenesulfonate (CH3(CH2)11C6H4SO3Na,
SDBS, Sigma Aldrich), were used in the experiments.

2.2. Pre-treatment

Prior to the anodization, all samples were chemically pre-treated
using a three-step process. Firstly, they were ultrasonically degreased in
acetone, ethanol, and isopropyl alcohol for 120 s in each solution. In the
second step, they were etched in 10% NaOH solution at 35 °C for 30 s,
and finally, all samples were neutralized in 1:1 mixture of concentrated
HNO3 and H2O at room temperature for 60 s. The samples were rinsed
with deionised water after each pre-treatment step.

2.3. Anodizing process

The anodizing process was performed in 15% H2SO4 electrolyte
under the variation of three process parameters; namely, the (i) ano-
dizing temperature (24 and 10 °C), (ii) current density (1 and 3 A/dm2),
and the (iii) chemical composition of the electrolyte (including oxalic
acid, and Al2O3 and PTFE particles). The anodizing conditions were
chosen based on our preliminary results and are summarized in Table 1.
In all experiments in which the lower electrolyte temperature (10 °C)
was used, glycerol was added to the electrolyte to reduce the heat
produced during the reactions at the oxide-substrate interface and to
keep the process temperature constant [30]. A direct current (DC)
power supply QPX 1200 (Aim–TTi, United Kingdom) with two stainless
steel (AISI 316L) plates of dimension 50 mm × 60 mm × 2 mm as
cathodes was used for anodizing. The distance between anode and
cathode was 65 mm. During the anodizing process, voltage versus
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anodizing time was recorded at the time interval of 1 s. The electrolyte
was agitated by compressed air to ensure a uniform temperature dis-
tribution on the sample surface and in the electrolyte bath. The elec-
trolyte was cooled with a water-glycol chillers EuroCold and its tem-
perature was monitored with a digital thermometer. A schematic
illustration of the set-up of the cell used for the experimental procedure
is shown in Fig. A.1 (Supplementary Material). After anodizing, the
samples were washed in deionised water and dried with cold air.

2.3.1. Preparation of stable electrolyte containing both Al2O3 and PTFE
particles

The stable dispersion electrolyte was prepared following the pro-
tocol below:

• Solution 1: 0.6 g/L of sodium dodecylbenzenesulfonate (SDBS) was
added to 5 mL of deionised water and stirred for 30 min;

• Solution 2: 6 g/L of Al2O3 particles (diameter< 500 nm) were
added to Solution 1, and the dispersion was stirred for 60 min in an
ultrasonic bath;

• Solution 3: Solution 2 was then added to 1 L of 15% H2SO4 con-
taining 20 g/L of oxalic acid and 10 mL/L of glycerol, and stirred for
30 min;

• Final electrolyte: 15 mL/L of 60 wt% commercially available sus-
pension PTFE was added to Solution 3 and kept under stirring for
12 h.

2.4. Characterization techniques

The surface morphology and cross-section of the anodic coatings
were examined with a scanning electron microscope (SEM, Lyra3,
Tescan, Czech Republic) equipped with X-ray energy dispersive spec-
troscopy (EDX, XFlash 5010, Bruker AXS Microanalysis, Germany) for
chemical analyses. The surface morphology examination was carried
out in both secondary electron (SE) and back-scattered electron (BSE)
modes using an acceleration beam voltage of 10 keV. Samples for cross-
sectional microstructure investigations were prepared by means of cold
mounting technique followed by conventional metallographic proce-
dures using an automatic grinding/polishing machine (Tegramin,
Struers, Denmark). Samples were wet ground with #800-4000 SiC pa-
pers, polished with 3 and 1 μm diamond pastes and finally polished
with colloidal silica suspension (OPS, Struers). Prior to the micro-
structural observations, the samples were coated with a 10 nm thick
carbon layer using an evaporation coating unit (EM ACE600, Leica,
Germany). As-coated samples cross-sections were analysed in BSE mode
and by EDX for chemical analysis at an acceleration beam voltage of
10 keV.

The average coatings thickness was measured on recorded cross-
sectional SEM micrograph using Olympus Stream Image Analyses
Software from twenty randomly selected positions on each sample.

The microhardness of non-treated AA1050 substrate and of the
porous anodic coatings was measured on the sample cross-sections by
means of a Vickers hardness tester (Duramin 100, Struers, Denmark)
under a constant load of 0.49 N (HV0.05) and 0.0245 N (HV0.025), and
testing time of 10 s. The reported microhardness values represent the
average value among 10 measurements.

The tribological behaviour of the anodic coatings at room tem-
perature was evaluated by means of reciprocal ball-on-disc wear test
using a standard tribometer UMT TriboLab (Bruker Corporation, USA)
that allows recording the friction coefficient (COF) directly throughout
the experiment. The counterparts were AISI G133 alumina (Al2O3) balls
of 6 mm in diameter, which were stationary fixed in the holder and
pressed to the moving coating sample by a normal load of 3 N. Alumina
was chosen as the counterpart material, since it possesses high hardness
and chemical inertness and is commonly used for this type of tribolo-
gical evaluation of materials [31]. The sample was moving back-and-
forth along a stroke of 10 mm with a frequency of 3 Hz. The duration ofTa
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the test was 2000 cycles. After the test, the cross-sectional profiles of
wear tracks were measured with an optical profiler Contour GT X8
(Bruker Corporation, USA), and the total wear loss of the samples was
calculated as a resulting cross-sectional area of the wear track multi-
plied by its length.

3. Results and discussion

3.1. Anodizing process

Fig. 1 shows the voltage vs anodizing time curves for AA1050 re-
corded during the anodizing process. These curves are commonly used
for identifying the formation of porous types of AAO coatings during
galvanostatic anodizing of aluminium and its alloys in sulfuric, phos-
phoric, or oxalic acid [32,33]. In all cases, the measured data revealed
the development of AAO coatings starting with the formation of a
compact (barrier) type of anodic oxide coating evidenced by the linear
increase of the voltage at the beginning of the anodization process. As
the local maximum of voltage is reached, the anodizing process con-
tinues with the breakdown of the tight compact AAO coating, with pore
nucleation, and with the formation of a porous structure. Finally, a
voltage plateau is reached as a result of the steady-state growth of
porous AAO coatings [3]. The variation of anodizing parameters, such
as temperature, current density, and chemical composition of the
electrolyte, strongly influenced the slope of the voltage vs anodizing
time curves (samples 1–7), which is related to the growth rate and
thickness of the barrier and porous types of AAO coatings.

A decrease of the anodizing temperature from 24 °C (curve 1) down
to 10 °C (curve 2), while keeping a constant current density of 3 A/dm2,
resulted in an increase of the voltage and the formation of thicker
coatings with smaller pores, as shown in detail later in Section 3.2.

Addition of 20 g/L of oxalic acid to the 15% H2SO4 electrolyte

(curve 3) led to a slight increase of the voltage in comparison to the
process without oxalic acid (curve 2). This indicates an increase in the
growth rate of the barrier type AAO coating. The presence of oxalic acid
reduces oxide dissolution and leads to the formation of less porous and
more compact AAO coatings [34]. At the same time, a lower current
density of 1 A/dm2 (curves 5 and 7) results in lower voltages in com-
parison with the anodization at higher current densities (curves 1–3, 6).
This indicates lower oxygen, hydroxide, and sulfur ions migration rate
and, as a result, a decrease in barrier coating thickness [32,35].

Addition of Al2O3 and PTFE particles to the electrolyte (curves 6 and
7) also led to a decrease of the voltage in comparison with the ex-
periments without particles (curves 3 and 5). Moreover, the time re-
quired to reach the maximum voltage is longer for the particle-con-
taining electrolyte (Fig. 1a), which suggests a small growth rate of the
porous anodic coating.

Interestingly, some deflection from a continuous descent of the
slope was detected during the anodizing processes with higher current
density and lower temperature of the electrolyte (this deflection is
highlighted in curves 2, 3, and 6 in the inset of Fig. 1a). This type of
deflection in the voltage vs anodizing time curves was also observed by
Aerts et al. [36] and is attributed to a local burning of electrolyte at the
sample surface during the anodizing process.

3.2. Topography and microstructure of anodic coatings

3.2.1. Surface morphology prior to anodizing
Scanning electron micrographs (secondary electrons) of the initial

polished substrates surface before and after chemical pre-treatment are
shown in Fig. 2. The surface of polished samples before chemical pre-
treatment was smooth with only a small number of scratches produced
during mechanical polishing and featureless intermetallic phases. EDX
analysis revealed that intermetallic phases present in AA1050 are most

Fig. 1. Voltage vs anodizing time curves for samples 1–7 recorded during anodizing of AA1050 at different process conditions (a) after 3600 s and (b) detail of the
record up to 50 s.

Fig. 2. Micrographs (SEM-SE) of initial surface topography of the AA1050 alloy after (a) polishing, (b-f) chemical pre-treatment, and (c-f) detail of intermetallic
phases morphology.
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often based on Al-Fe and Al-Fe-Si compounds, as shown in Table A.1
(Supplementary Material). As can also be seen from Table A.1 (Sup-
plementary Material), the round-shaped particles contain more Si in
comparison with the irregular-shaped ones. Particles with such mor-
phology were previously observed [12,18]. After chemical pre-treat-
ment, the intermetallic phases were clearly visible on scalloped surface,
because the rate of aluminium matrix dissolution in NaOH was higher
than the dissolution rate of iron and silicon [37,38].

3.2.2. Effect of anodization temperature, electrolyte composition, and
current density on the porous coating microstructure and thickness

Fig. 3,4 and A.2 (Supplementary Material) depict the effect of dif-
ferent anodizing parameters, such as temperature, electrolyte compo-
sition, and current density, on the morphology and resulting thickness
of the porous AAO coatings produced at AA1050 alloy substrates. The
surface morphology of coating #1 produced at 24 °C in 15% H2SO4 at

3 A/dm2 (Fig. 3a and Fig. 4a–b) shows cavities, whose shapes and di-
mensions are similar to those of the intermetallic phases observed on
the chemically pre-treated surface of the substrate alloy. The presence
of cavities can be explained by the preferred dissolution of those in-
termetallic phases during the anodizing process in the H2SO4 electro-
lyte [13,14]. The thickness of the porous AAO coating was 30 µm.

Intermetallic phases based on Al-Fe and Al-Fe-Si have lower oxi-
dation rates than the aluminium matrix and, therefore, can be trapped
in the coating during the anodizing process, thus reducing the local
growth of the porous AAO coating [39]. This phenomenon can be
confirmed at the coating cross-section (Fig. 3c, marked with an arrow),
where decrease in thickness can be seen under the round-shaped in-
termetallic phase. The chemical composition analysis (Fig. 4 and Table
A.3, Supplementary Material) showed a significantly lower Fe content
in the intermetallic phase that confirmed a higher dissolution rate of Fe
compare to Si during the anodic oxidation process. Location of the

Fig. 3. Micrographs of the top view (left and middle) and cross-section (right) after anodizing under the influence of: (i) current density (a–i) 3 A/dm2, (j–l) 1 A/dm2,
(ii) temperature (a–c) 24 °C, (d–l) 10 °C and (iii) composition of electrolyte (a–c) 15% H2SO4, (d–f) 15% H2SO4 + 10 mL/L glycerol, (g–l) 15% H2SO4 + 20 g/L oxalic
acid + 10 mL/L glycerol on the morphology and thickness of porous AAO coatings.
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intermetallic phase, the increased oxygen content was registered, pro-
moting its partial oxidation.

When lower electrolyte temperature was used (10 °C) at the same
current density (3 A/dm2), a thicker coating (33 µm) with hillocks and
cracks was produced (Fig. 3d–f). The difference in anodizing behaviour
under the reduction of anodizing temperature from 24 down to 10 °C
was clearly observed at the voltage vs anodizing time curves (Fig. 1a,
marked as deflection) that is related to what is known as the burning
phenomenon. This phenomenon is associated with high local anodic
current densities and corresponding local temperature bursts, possibly
at the sites of intermetallic particles, and is responsible for the forma-
tion of hillocks in the sulfuric acid electrolyte observed by other re-
searchers as well [32,33,36]. Hard anodizing conditions, involving low
electrolyte temperatures and high current densities, are prone to burn
and therefore to hillock appearance.

The cracks were predominantly observed around hillocks and in-
termetallic phases (Fig. 4e–g). The cracks observed around hillocks are
attributed to high mechanical stress accompanied by a high local cur-
rent density and a fast growth of the AAO coating at the site of the
hillocks [36]. The formation of cracks around the intermetallic phases is
predominantly caused by an increase in the volume of the oxidized
intermetallic particles. The intermetallic phases were oxidized faster
than when anodizing at a lower current density, in which case the local
cracks on the surface were not detected.

The addition of oxalic acid (20 g/L) to the electrolyte, led to the
formation of thicker coatings (34 µm) with typical morphology and
formation of hillocks (Fig. 3h and 3g). When the current density was
changed to 1 A/dm2, significantly thinner coatings were formed but
without hillocks and local cracks at the coating surface, as shown in
Fig. 3j-l. With increasing anodizing time, from 1800 s to 3600 s, the
thickness of the coating increased from 10 to 19 µm.

The EDX analysis showed the presence of aluminium, oxygen and

sulfur at the porous AAO coatings. However, some differences in the
chemical composition were detected (Table A.2, Supplementary Mate-
rial). The porous AAO coatings produced at a higher current density
and at the lower temperature contained more sulfur and less alumi-
nium. These findings are in agreement with observations made by
Gastón-García et al. [32]. Detailed SEM and EDX investigation of hil-
locks on the surface and at the cross-section (Fig. 4e, i and Table A.3,
Supplementary Material), revealed that the hillocks contained more
sulfur and oxygen than the surrounding AAO coating. Iron and silicon
were detected on the top of the hillocks. Gastón-García et al. [32]
suggested that the presence of intermetallic Fe and Si-based phases in
the aluminium alloy initiate local burning, which promotes the for-
mation of hillocks. Moreover, Michalska-Domanska et al. [10] observed
hillocks on the surface of oxide coatings formed on both low and high
purity aluminium, suggesting that their formation is associated with the
incorporation of sulfate ions rather than the presence of impurities in
the examined material. Thus, the behaviour of intermetallic phases
located in the base material after anodizing and the hillocks were stu-
died in detail (Fig. 4). It was found that the electrolyte temperature has
a notable effect on the oxidation/dissolution of intermetallic phases.
When the higher electrolyte temperature of 24 °C was used, the inter-
metallic phases on the surface were preferably dissolved (Fig. 4a–b).
This was distinct from anodization at the lower electrolyte temperature
of 10 °C, in which case the intermetallic phases on the surface were
oxidized (Fig. 4f–h). The EDX analysis of each area of the phases pre-
sent in Fig. 4 is given in Table A.3 (Supplementary Material). As can be
seen, samples produced at higher electrolyte temperature contained
lower amount of Fe and Si in comparison with the samples produced at
low temperature, which contained more oxygen.

3.2.3. Microstructure and thickness of anodic composite coatings
Surface morphologies and cross-sections of the anodic composite

Fig. 4. Micrographs of intermetallic phases after anodizing under: (i) temperatures of (a–d) 24 °C, (e–l) 10 °C, (ii) current densities of (a–h) 3 A/dm2, (i–l) 1 A/dm2

and (iii) electrolyte composition of (a–d) 15% H2SO4, (e–l) 15% H2SO4 + 20 g/L oxalic acid + 10 mL/L glycerol.
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coatings prepared from a dispersion electrolyte which contained 6 g/L
of Al2O3 and 15 mL/L of 60 wt% PTFE anodized at 3 A/dm2 for 1800 s
and at 1 A/dm2 for 3600 s, respectively, are shown in Fig. 5a–d and
Fig. 5e–h. No significant differences in the surface morphology between
the AAO coatings (Fig. 3g, h and Fig. 3j, k) and the anodic composite
coatings (Fig. 5a–c, Fig. 5e–g) were observed, irrespective of the ad-
dition of Al2O3 and PTFE particles. Al2O3 and PTFE particles on the
coating surface were non-uniformly distributed, as can be seen in
Fig. 5e.

Fig. 3i and 3l show the cross-sectional SEM micrographs of the
anodic coatings formed in the electrolyte without particles, while
Fig. 5d and 5h show the cross-sectional SEM micrographs with parti-
cles. It is evident that the particle-free AAO coatings (34 and 19 μm) are
thicker than the coatings with inserted particles (24 and 14 μm). This
phenomenon is correlated to the anodizing voltage (Fig. 1), which was
found to be lower for the sample anodized in the electrolyte which
contained the particles.

3.3. Microhardness, friction coefficients, and wear loss

Microhardness measurements (Fig. 6a) showed that all anodic
coatings were 10–12 times harder than the substrate alloy. Decrease in
the electrolyte temperature, from 24 down to 10 °C, increased the
coating hardness, from 400 to 470 kg/mm2. This is consistent with
earlier studies reported in the literature [16,40], which correlated the
hardness increase with the improvement of the coating compactness. It
has been shown in the literature [40,41,42] that the dissolution rate at
the oxide/electrolyte interface is lower at the lower anodizing tem-
perature, especially on the top of pores and pore-walls, which resulted
in the formation of less porous AAO coatings [40,41,42]. A further
increase in hardness was observed for coating #3, which was prepared
in the oxalic acid electrolyte. This is due to the densification of the
anodic coating and the decrease in the coating porosity [16,42,43].
Furthermore, an increase in hardness was also achieved for coating #6
through the addition of Al2O3 and PTFE particles to the electrolyte.
Harder polycrystalline alumina particles entrapped in the slightly softer
AAO coating with amorphous alumina microstructure improved its

hardness. The presence of PTFE particles, on the other hand, reduced
the formation of pores and decreased the size of the pores, which is
consistent with observations by Chen et al. [22]. It should be noted that
the hardness values obtained in this study for the composite anodic
coatings (~510 to 520 kg/mm2), were found substantially higher than
those obtained by Chen et al. [22] and it can be explained by the dif-
ference in the applied anodizing conditions.

An important observation was that the AAO coatings #2, #3, and
the composite anodic coating #6 exhibited a high data scatter of mi-
crohardness due to the presence of a high number of hillocks on the
surface, as shown in Fig. 3d, g, and Fig. 5a. Roa et al. [44] studied in
detail the mechanical properties of porous AAO coating containing
hillocks and confirmed by nanohardness measurements that the hil-
locks have locally lower hardness due to higher porosity. Higher mi-
crostructural homogeneity with fewer hillocks was obtained by low-
ering the current density from 3 to 1 A/dm2 (Figs. 3j, 5e), which also
provided a more uniform hardness distribution across the coatings #5
and #7. This was accompanied by only a slight decrease in hardness
when compared with the coatings #4 and #6 that were prepared with
3 A/dm2. The most uniform anodic coating morphology with the lowest
number of hillocks, high and uniform hardness was achieved in the
anodic composite coating #7 by applying a combination of low ano-
dizing temperature, low anodic current density, and addition of both
Al2O3 and PTFE particles.

Tribological tests showed that the anodic oxide coatings have a
much lower coefficient of friction (COF) in comparison with the sub-
strate alloy without anodization (Fig. 6b). No significant effect of any
anodizing parameter on the COF of the anodic coatings was observed.
Similarly, the addition of Al2O3 and PTFE particles to the electrolyte did
not produce any significant change in the COF for the anodic composite
coating #6. This differs from earlier studies on the modification of
anodic composite coatings by post-treatment sedimentation technique
in PTFE dispersion solution [27], where a significant reduction of the
COF was observed. This behaviour can be explained by the low amount
and uneven distribution of particles in the composite anodic coating
produced in this study, which seems insufficient for the formation of a
stable self-lubricating coating. Thus, the contact of the counterpart is

Fig. 5. Micrographs of anodic composite coatings produced under different current densities and anodizing times (a–c) 3 A/dm2 and 1800 s, (d–f) 1 A/dm2 and
3600 s.
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accomplished on the porous coating surface rather than on the PTFE
thin film. At the same time, a decrease of current density from 3 to 1 A/
dm2 led to a distinct increase of the COF in the coatings #5 and #7. The
reason for this might be the difference in pore size and morphology,
anion-contamination of the anodic coatings, and higher internal
stresses as, compared to the rest of the examined coatings. However, the
explanation of this behaviour requires deeper investigations.

The analysis of the wear loss revealed two orders of magnitude
higher wear resistance among the anodic coatings and the substrate.
During the wear test, the substrate was not exposed, as can be observed
from the results on wear trace depth measurements (Fig. 6c), where the
wear loss clearly occurred at the expense of only the AAO coating. The
reduction in wear loss of the coating #2 occurred due to its specific
microstructure formed at a decreased anodization temperature when
compared to the coating #1, while the coatings obtained with the
further addition of oxalic acid and at reduced current density showed
lower wear resistance. The improvement of wear resistance of the an-
odized coatings by reducing the electrolyte temperature seems to be
primarily associated with a decrease in the porosity, while the higher
number of defects in porous AAO coatings is related to the increase of
its mechanical properties [45]. Previous data [16] also indicated that
the wear resistance of the AAO coating may be influenced not only by
the porosity, surface roughness, and hardness, but also by other

properties, such as the shear strength and crack resistance [16]. Such
conclusion is also supported by a significant reduction of the wear loss;
the anodic composite coatings #6 and #7 showed the lowest loss,
which was further improved by adding Al2O3 and PTFE particles. De-
spite the absence of significant effects of the particles on the friction
coefficient of the porous AAO coatings, it is obvious that the presence of
Al2O3 and PTFE particles at anodic composite coatings results in the
improvements of their shear strength and elasticity. Consequently, the
AAO coatings are able to sustain higher deformation under reciprocal
non-lubricated sliding wear tests without any significant change. This is
of critical importance for some specific applications in transportation
systems, especially in the aerospace and automobile products, where
the supply of lubricating additives is limited by the operating condi-
tions.

4. Conclusions

In this study, a wide range of anodizing conditions, including
electrolyte temperature and composition, current density, and the ad-
dition of Al2O3 and PTFE particles to the electrolyte, has been applied
to aluminium alloy AA1050 substrate to produce porous anodic alu-
minium oxide coatings. The effect of the above-mentioned conditions
on the resulting morphology, hardness and tribology properties of the
porous AAO coatings were extensively and systematically examined,
and the following main conclusions were drawn:

1. The porous AAO coatings were formed during galvanostatic ano-
dizing in 15% sulfuric acid electrolyte without or with the addition
of oxalic acid (20 g/L H2C2O4), 6 g/L Al2O3, and 15 mL/L 60 wt%
PTFE commercial suspension;

2. Decrease in the electrolyte temperature, from 24 down to 10 °C, led
to the formation of thicker and harder coatings containing hillocks
with local cracks. Addition of 20 g/L of oxalic acid to the electrolyte
also had a possible effect on the increased thickness and hardness of
produced coatings but not such as was observed in the case of de-
crease in the temperature of the electrolyte;

3. Improvement of the porous AAO coating quality via defect (cracks,
hillocks) elimination can be achieved by decreasing the current
density from 3 to 1 A/dm2, although the thickness reduction from
34 µm to 10 µm was observed at the same time;

4. AA1050 material contains intermetallic phases based on Al-Fe and
Al-Fe-Si compounds with irregular and round shape. These inter-
metallic phases were preferably dissolved during anodizing at 24 °C
of electrolyte, and were, on the contrary, preferably oxidized in the
case of anodizing at 10 °C;

5. The microstructural examination revealed the successive in-
corporation of Al2O3 and PTFE particles in the produced coatings
and the resulting hardness and wear resistance was 4% and 30%
higher, respectively, than those of the non-composite AAO coating
obtained under the same anodizing conditions in the sulfuric-oxalic
based electrolyte without particles. At the same time, friction did
not improve strongly, apparently due to insufficient concentration
of the PTFE in surface tribo-film;

6. The porous composite AAO coating without structural defects (hil-
locks and cracks) and with the best combination of mechanical
properties, such as high hardness, low COF, and high wear re-
sistance, were prepared by anodization at low temperature (10 °C)
and at low current density (1 A/dm2) in electrolyte with a dispersion
of Al2O3 and PTFE particles.
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