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Abstract: Coatings, with a thickness of up to 75 µm, were formed by plasma electrolytic oxidation
(PEO) under the alternating current electrical mode in a silicate-alkaline electrolyte on aluminum
composites without additives and alloyed with copper (1–4.5%). The coatings’ structure was analyzed
by scanning electron microscopy, X-ray microanalysis, X-ray photoelectron spectroscopy, nuclear
backscattering spectrometry, and XRD analysis. The coatings formed for 60 min were characterized by
excessive aluminum content and the presence of low-temperature modifications of alumina γ-Al2O3

and η-Al2O3. The coatings formed for 180 min additionally contained high-temperature corundum
α-Al2O3, and aluminum inclusions were absent. The electrochemical behavior of coated composites
and uncoated ones in 3% NaCl was studied. Alloyage of aluminum composites with copper increased
the corrosion current density. Plasma electrolytic oxidation reduced it several times.

Keywords: aluminum composites; plasma electrolytic oxidation; ceramic-like coatings; alumina;
nuclear backscattering spectrometry; XRD analysis; electrochemical behavior

1. Introduction

Powder aluminum composites are promising construction materials due to their low weight, low
costs, and high specific strength [1–3]. Several methods to improve their strength properties have been
developed (copper alloying, modification by nanoparticle additives, etc.) that allow tensile strength to
increase the by up to 630 MPa [3–6].

Aluminum alloys with copper have high strength. However, with increasing copper concentration,
the corrosion resistance decreases, which is shown in a number of works [7–9] for the alloys:
Powder alloy Al + 1–2% Cu, age-hardenable alloys 2011-T3, AA2024-T4, AA7075-T651, AA7475-T761,
and experimental alloy Al + 5% Cu. This is mainly because the CuAl2 intermetallic compound formed
during heat treatment promotes corrosion, playing the role of a cathode inclusion in these processes.
In this connection, it is important to develop methods for corrosion protection of aluminum based
composites alloyed with copper. Another important problem is increasing their wear resistance.

These problems can be solved by the formation of ceramic-like coatings by plasma electrolytic
oxidation (PEO) [10–12]. It is known that PEO coatings have high corrosion-protective ability, wear
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resistance, and heat resistance [10–19]. PEO technology is well developed for compact aluminum
alloys. PEO coatings on such alloys are characterized by a layered structure. A thin transition layer
at the boundary with the substrate is responsible for its corrosion-protective properties. The main
layer of PEO coatings on aluminum alloys, generally, includes the corundum, α-Al2O3, which has high
microhardness and provides good wear resistance [10,11,18–21]. In particular, aluminum alloys with
PEO coatings have a high wear resistance under sliding friction [22–27].

The objectives of this study were the synthesis of PEO coatings on aluminum composites
(without additives and alloyed with copper) and the investigation of their structure and properties.
It can be assumed that, in materials consisting of grains with surface oxide films (such as aluminum
composites), the sequential oxidation of microvolumes will occur during the PEO process. It may
affect the course of the PEO treatment process and the coating structure. For example, during the
PEO coating formation on aluminum, which was preliminarily prepared by anodizing oxide film,
the voltage decreases at the initial stage of the process and the fragments of anode film are presented
in the coating structure [28]. The structure and properties of PEO coatings on composites can differ
from those on compact alloys. So, the negative effect of the strengthening phase on the corrosion and
wear resistance of formed oxide coatings was shown in [29], which focused on the PEO treatment
of magnesium-based composites hardened by SiC particles. In [30], compact ceramic coatings were
fabricated on a SiCp/A356 aluminum composite surface by PEO. The results showed that the SiCp
hinders the coating growth, but that the coating integrity is not disrupted. At the initial PEO stage,
outward-growth dominates the growth behavior of the coatings in the total thickness. Starting from
30 min, the total thickness of the coatings increases gradually and the total growth rate declines sharply.
At this stage, the outward growth gradually slows down and the inward growth maintains persistent
enhancement. During the PEO process the oxide coating is mainly composed of γ-Al2O3 at the initial
stage and composed of γ-Al2O3, α-Al2O3 and mullite after 20 min. The ceramic coating showed good
wear and excellent corrosion resistance. In [31], oxide ceramic protective coatings produced by PEO in
a silicate-alkaline electrolyte under the AC electrical mode on aluminum matrix composites processed
by powder metallurgy using alloy EN AW 2017 and SiC or Al2O3, particles were investigated to solve
the problem of fatigue wear. It was also shown that compactness and thickness were not deteriorated
by the incorporation of thermodynamically stable alumina particles. The decomposition of silica
particles during the PEO processes caused an increase of the coating porosity. Nevertheless, there are
many unstudied issues related to the plasma electrolytic oxidation of aluminum composites.

2. Materials and Methods

Samples of powdered aluminum composites without additives (Al) and those alloyed with copper
from 1% to 4.5% Cu (Al + 1%; 2%; 3%; 4%; 4.5% Cu) were prepared by the powder metallurgy methods
of cold pressing and subsequent sintering in vacuum. The aluminum powder with an average particle
size of 4 µm was used as a matrix. The copper powder, with an average particle size of about 2 µm,
was used for alloying. Aluminum powder was sieved with a cell of 14 microns, then mixed with
copper powder in a ball mill, with a balls to powder ratio of 1:4, in hexane, and placed in an ultrasonic
bath (20 kHz), while stirring the mixture by a rotary stirrer (400 rpm). Drying of suspension took place
in air at 60 ◦C for 24 h. The resulting blend was compressed into a cylindrical mold with a pressure of
400 MPa. A hydraulic press and a cylindrical mold were used for pressing (diameter 14 mm, height
17 mm). Sintering was carried out in a low-vacuum furnace at a temperature of 650 ◦C for 180 min.
The density of composites, measured by the hydrostatic method, varied from 2.50 for Al to 2.63 g/cm3

for the Al + 4.5% Cu composite. The total porosity of the composites calculated from these data ranged
from 8 to 5%, respectively.

PEO coatings were formed in silicate-alkaline electrolyte containing 2 g/L of potassium hydroxide
and 9 g/L of sodium silicate. PEO treatment was carried out under the AC electrical mode (50 Hz)
at equal values of anode and cathode currents and total current density of 12.5 A/dm2. The PEO
duration was 60, 90 and 180 min.
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The thickness of the PEO coatings was measured on the samples’ cross-sections by a scanning
electron microscope (SEM, FEI Company, Eindhoven, Netherlands), Quanta 600. The surface and
cross-sections’ structure and the elemental composition of the PEO coatings were studied using
SEM and energy-dispersive (EDX) X-ray microanalysis, TRIDENT XM 4 (the energy of accelerated
electrons—20 keV). The composition of the coatings’ surface layer was studied by X-ray photoelectron
spectrometry (XPS, PHI, USA) using a spectrometer Quantera. Before analysis, the researched areas of
the coatings were purified by argon ions, with an energy of 2 keV. The elemental depth profile of the
coatings was nondestructively determined by proton nuclear backscattering (NBS) spectrometry using
the 120 cm cyclotron of the Skobeltsyn Institute of Nuclear Physics of Moscow State University [13,32].
The proton-beam energy was 7.4 MeV, the beam diameter was 3 mm, and the scattering angle was 160◦.
Similar to the well-known Rutherford backscattering spectrometry [33], NBS-spectrometry enables
depth profiling of elemental composition, but is more sensitive to light elements (C, N, O). The NBS
analysis depth reaches 100 µm. The phase composition was examined using an X-ray diffractometer
(Empyrean PANalytical) in CuKα radiation. The hardness of the coatings was measured on the
microhardness tester, Micromet 5114, with a load on indenter of 0.25 N. The time from the start of the
load application to its nominal value was 5 s. The exposure under the load was 10 s.

Electrochemical studies were carried out for Al and Al + 1; 2; 3% Cu composites both with
PEO coating and without coating. The corrosion solution was prepared with chemically pure NaCl.
All experiments were carried out in a standard three-electrode cell using the IPC PRO L potentiostat.
Polarization of samples was carried out from the cathode region to the anode one in 3% NaCl solution
at a potential sweep rate of 1 mV/s. The polarization experiments were conducted thrice for the
various aluminum composites.

3. Results

3.1. PEO Voltage-Time Response and the Thickness of the Coatings

The thickness of PEO coatings formed in result of 60 min of PEO treatment on Al composite
was 40 µm. When the duration of the PEO was increased to 180 min, the coating thickness on the Al
composite without alloying additives reached 75 µm.

The copper additives into aluminum composites in the amount of 1% to 4.5% affected the
composition and structure of the coatings and changed the voltage-time dependencies of the PEO
process. Visually, the coatings changed color from white for pure Al composite and to brown for
composites with copper. The PEO process voltage-time response shows (Figure 1) that the anode
voltage for the Al + 1% Cu composite was slightly higher than the voltage for the pure Al composite,
which resulted in a 5 µm thicker coating (~45 µm). With the increasing of the copper content in the
composite to 4.5%, the voltage rise slowed at the initial stage of the PEO, which is associated with the
formation of the barrier oxide layer. As a result, the PEO coating formed for 60 min on the composite,
Al + 4.5% Cu, was characterized by an inhomogeneous thickness with an average value of 25 µm.

3.2. Surface and Cross-Section Microstructure of PEO Coatings

SEM showed that the average particles size of the composites was about 5 µm (Figure 2a).
The surface morphology of the PEO coatings on composites was similar to that of the coatings on
compact aluminum alloys (Figure 2b) [10]. It was characterized by crater-like regions of alumina and
areas enriched by electrolyte components. The size of alumina craters reached 30 µm. The increase in
the concentration of copper of up to 4.5% in aluminum composites led to an increase in the size of the
craters (Figure 2c) and areas enriched by electrolyte components.
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Figure 1. Voltage-time response of the anode voltage, Ua, for the composites: Al; Al + 1% Cu; Al + 4.5% Cu.

Figure 2. The backscattered electron image of the initial structure of the composite Al (a); the secondary
electron images of PEO coatings on the composite Al (b) and the composite Al + 4.5% Cu (c); the backscattered
electron images of the cross-section of the coating on the composite Al after 60 mins of PEO treatment (d) and
its barrier layer (e); the coating on the composite Al after 180 mins of PEO treatment (f) and its barrier layer
(g); the coating on the composite Al + 4.5% Cu (h) after 60 mins of PEO treatment and its barrier layer (i).
1—outer layer; 2—main layer; 3—transition (barrier) layer; 4—composite.

Studies of the cross-sections of the PEO coatings on aluminum composites showed the presence of
three layers: A transition (barrier) layer at the boundary with the composite, with a thickness of about
0.5 µm; a main (inner) layer; and an outer layer [10,16]. The structures of PEO coatings on Al and Al
+ 1% Cu composites were almost identical. The difference in thickness corresponded to an average
particle size of the composite of ~5 µm. With a total thickness of about 40 µm, the thickness of the outer
layer was about 15 µm (Figure 2d). Its structure was characterized by separate crater channels that
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penetrate the layer and remained in the coating after the end of the microdischarges’ burning. The main
layer had a grained structure. Its porosity increased when approaching the transition layer (Figure 2e).
This may be due to the influence of the primary porosity of aluminum composites. The structure of the
coating near the barrier layer had its own characteristics. In Figure 2e, it is seen that the barrier layer is
“deepened” relative to the PEO coating on ~1 µm in the composite structure. This may be due to the
slowing down of the PEO process in result of consecutive processing of the composite grains, first,
from the outside side and incorporation of them into the coating, with the metal center maintaining
and following their complete oxidation.

When the PEO duration was 180 min the coating thickness on the Al composite without alloying
additives reached ~75 µm (Figure 2f). The outer layer became more porous, but the porosity at the
barrier layer boundary decreased (Figure 2g).

Figure 2h shows the cross-sectional structure of the Al + 4.5% Cu composite with the PEO coating.
It is seen that copper-containing lamellar phases (presumably θ’-CuAl2) of up to ~3 µm in size are
located along the composite particles boundaries. The total thickness of the coating varies from 16 to
40 µm. The thickness of the outer layer in some areas reached ~20 µm and exceeds the thickness of the
main layer. When the transition layer approaches the copper-containing islands, they are gradually
built into the structure of the coating, presumably, as inclusions of copper oxide (Figure 2i).

3.3. XPS Data

The elemental composition of the PEO coatings’ surface was studied by X-ray photoelectron
spectroscopy. An example of the XPS spectrum for the Al + 1% Cu composite is shown in Figure 3.
To estimate the chemical composition of the coatings, the photoelectron peaks were approximated by
Gaussian and Lorentz functions.

Figure 3. X-ray photoelectron spectrum of the PEO coating on the composite Al + 1% Cu.
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XPS showed that oxygen (~70 at %) and silicon (~19 at %) predominate in the surface layer of
PEO coatings on the Al composite (Table 1). The aluminum content was only about 9% and Na and K
were also detected (less than 1%). In the Al + 1% Cu composite, the copper content in the surface layer
of PEO coatings was about 0.7%, while, in the composite Al + 4.5% Cu, it was about 2% (Figure 3).
Silicon, potassium, and sodium are elements of the electrolyte components and can be incorporated
into the coating during the PEO process in the form of oxides, including complex ones.

Decomposition of the Al and Si peaks revealed the presence of Al2O3, SiO2, Al2SiO5,
and NaAlSi3O8 phases in the surface layer of PEO coating.

Table 1. XPS Data.

Composite Element, at %

O Si Al Na Ca Cu K

Al 70 19 9 <1 2 - <1
Al + 1% Cu 70 21 6 <1 1 1 <1

Al + 4.5% Cu 67 22 8 <1 1 2 <1

3.4. EDX Data

In the outer layer of the PEO coatings on Al composite X-ray microanalysis revealed, in addition
to the elements of the alumina phase (Al ~42 at % and O ~57%), the presence of about 1% of Si,
which is an element of the electrolyte component (sodium silicate) and can be incorporated into the
coating at complex oxide formation. It can be assumed that microarc discharges involve the electrolyte,
Na2SiO3, molecules, which, after plasma treatment in the discharge channel, form mullite and SiO2.
The main layer of PEO coatings consisted of aluminum and oxygen, but was characterized by an
elevated aluminum content (~45 at %).

The outer layer of the PEO coatings on the Al + 4.5% Cu composite contained ~41% of Al; 56% of O;
1% of Si, and 2% of Cu. In the main coating layer, there was 43% of Al; 56% of O; 1% of Si, and up to 2% of
Cu. Cu and Si are, probably, present in the form of an oxides. A summary of the results is given in Table 2.

Table 2. EDX Data.

Composite Layer Element, at %

Al O Si Cu

Al
Outer layer 42 57 1 -
Main layer 45 54 - -

Al + 1% Cu
Outer layer 41 58 1 -
Main layer 42 58 1 -

Al + 4.5% Cu
Outer layer 41 56 1 2
Main layer 43 56 1 1

3.5. NBS Data

To determine the ratio of aluminum to oxygen in the PEO coatings an elemental analysis was
performed using proton nuclear backscattering spectrometry. Figure 4 shows the energy spectrum of
backscattered protons for the PEO coating with a thickness of ~45 µm on the Al + 1% Cu composite as
recorded by a multichannel energy analyzer. The initial proton energy of 7.4 MeV corresponded to
the 250th channel of the analyzer. The scattering of protons on the atomic nuclei in the surface layer
of the coating corresponded to the right edges of the spectrum peaks, with the largest values of the
proton energy elastically scattered on the Al atoms (~230th channel) and O atoms (~210th channel).
The left parts of the spectrum peaks correspond to the scattering of protons by atomic nuclei on the
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inner layer of the coating. The width of the peaks was determined by the thickness of atoms layer
where this element is present.

Figure 4. Experimentally measured and calculated nuclear backscattering (NBS) spectra of 7.4 MeV
protons for the coating formed by 60 mins of PEO on the composite Al + 1% Cu.

NBS simulation showed the decrease in oxygen content when approaching the barrier layer of
the PEO coating. When modeling NBS, PEO coatings were represented by three layers, with different
ratios of aluminum to oxygen. The first layer corresponded to Al2O3 oxide and its thickness was 17,
23, and 13 µm for the PEO coatings on the Al, Al + 1% Cu, and Al + 4.5% Cu composites, respectively.
The second layer, with the thickness of ~9 µm, for the PEO coatings on all composites contained
metal inclusions, with a predominance of Al2O3. The third layer was characterized by an elevated
aluminum content and its thickness was 12, 10, and 9 µm for the PEO coatings on the Al, Al + 1%
Cu, and Al + 4.5% Cu composites, respectively. Note that NBS spectrometry gives a mass thickness,
i.e., the porosity of the coating is not considered [10,25].

The increased aluminum content in the second layer of the PEO coatings may be due to the
inclusions of the aluminum composite that have been incorporated into the coating structure during
the PEO treatment. Sufficiently thick oxide films on the grain boundaries impede oxidation of these
inclusions. The composition of the third layer may be also due to an unevenness of the coating
thickness (about 10 µm).

For PEO coatings formed during 180 min, NBS-analysis showed that the layers, with a thickness of
more than 50 µm, completely corresponded to the oxide without metallic inclusions. Thus, the increase
of the PEO treatment duration leads to oxidation of residual metal inclusions inside of the coating.

3.6. X-ray Diffraction Analysis

X-ray diffraction analysis showed that the PEO coatings on aluminum composites consisted of
γ-Al2O3 and η-Al2O3 phases, with broadened peaks (Figure 5a). Despite the presence of some amount
of silicon in the outer layer, the reflections corresponding to its oxides were absent, which indicates
its amorphous state. In the case of the coating on the Al + 4.5% Cu composite, the reflexes of mullite
Al2SiO5 (Figure 5b) were observed. It should be noted that the CuO phase reflections were lacking
in the X-ray diffraction pattern of the coating on the Al + 1% Cu composite, but appear in the case
of the coating on the Al + 4.5% Cu composite. An increase in the duration of the PEO treatment of



Metals 2018, 8, 459 8 of 12

up to 180 min led to formation of the α-Al2O3 and mullite to the γ-Al2O3 and η-A2O3 phases in the
coating on the Al composite (Figure 5c). Reflexes of α-Al2O3 in the coatings diffraction patterns were
noticeable after 1.5 h of the PEO treatment.

Figure 5. XRD patterns of the coatings formed on the composite, Al, for 60 min (a) and 180 min (c) of
PEO and on the composite, Al + 4.5% Cu, formed for 60 min (b). �—Al; #—α-Al2O3; ∆—γ-Al2O3;
H—η-Al2O3; —CuO; �—mullite.

3.7. Microhardness of PEO Coatings

Microhardness measurements were carried out on polished samples of the coatings’ cross-section
structure. The main layer of the coatings was analyzed. The coating microhardness for the composites,
Al and Al + 1% Cu, obtained after 60 min of the PEO treatment, reached 12 GPa. The lower microhardness
(9 GPa) was noted for the PEO coatings on the composite Al + 4.5% Cu. When the duration of the PEO
treatment was increased to 180 min, the microhardness of the coating on the composite Al decreased to
about 10 GPa. Herein, the initial microhardness of the composite Al is about 0.4 GPa.

3.8. Electrochemical Behavior of PEO Coatings

The polarization curves in Figure 6 illustrate that the PEO coatings in all cases “ennoble”
(shift to the positive potential area) the steady-state electrode potential. The values of currents on
all cathode and anode polarization curves for samples with PEO coatings were less than for that of
the “bare” (uncoated) aluminum composites with and without copper, which indicates the coatings’
protective properties.

It should be noted that the PEO coatings inhibit the anode process significantly more than the
cathode one. At the same time, a change in the concentration of copper additions to aluminum
composites within 1–3% did not significantly affect both the anode and cathode currents (Figure 6).

When copper was introduced into aluminum composites, the corrosion resistance became worse
(curves 2′, 3′, 4′ in Figure 6). The smallest cathode currents (less by 1–2 orders of magnitude) and
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anode currents (less by 2 orders of magnitude) were shown by the composite Al with PEO coating
(curve 1′ in Figure 6). Alloyage of aluminum composites with copper increased the corrosion current
density and PEO treatment, on the contrary, reduced it several times.

Figure 6. Polarization dependences of the current density, lg i, on the potential E in 3% NaCl solution
at a potential sweep rate of 1 mV/s for the bare composites: Al (1); Al + 1% Cu (2); Al + 2% Cu
(3); Al + 3% Cu (4) and the composites with PEO coatings: Al (1′); Al + 1% Cu (2′); Al + 2% Cu (3′);
Al + 3% Cu (4′). All potentials are given relative to silver chloride electrode (Ag/AgCl).

A summary of the results of the potentiodynamic corrosion tests is given in Table 3. The corrosion
current density of the PEO coated samples decreased relative to similar untreated alloys. Reducing the
corrosion currents may indicate a protection effect of the PEO treatment on the corrosion rate of
the electrodes, i.e., their corrosion rate should decrease in comparison with the samples without
PEO coatings.

Table 3. The results of the potentiodynamic corrosion tests in 3% NaCl solution.

Composite Al Al + 1% Cu Al + 2% Cu Al + 3% Cu

PEO coating No Yes No Yes No Yes No Yes

Ecorr, mV(Ag/AgCl) −751 −728 −684 −636 −661 −655 −667 −654
Icorr, mA/cm2 2.5 × 10−3 4 × 10−4 8.9 × 10−3 6.3 × 10−3 1.5 × 10−2 4.2 × 10−3 1.8 × 10−2 5.6 × 10−3

4. Discussion

A three-layer structure of the PEO coating was noted on the cross-sections. However, comparison
of the outer layer EDX data and the surface XPS data suggested the presence of an additional thin
surface layer. This layer consisted mainly of electrolyte components (O, Si, Na, and K) and its thickness
did not exceed 1 µm. The composition of this layer differs from that of the outer layer, containing
impurities of silicon, but mainly consisting of alumina. Such a surface layer can be formed because
of thermolysis of the electrolyte components in the microdischarges’ action regions followed by the
formation of their compounds with the coating material.
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Unlike the PEO coatings formed on compact aluminum alloys in silicate-alkaline electrolytes
(PEO duration up to 60 min) [10,11,34], coatings on aluminum composites contained only low-temperature
modifications of alumina (γ, η-Al2O3). The η-Al2O3 peaks were broadened in XRD patterns.
Their formation may be explained by the participation of the composite particles’ oxide films in the
PEO process.

The experiment results have shown a significant effect of copper concentrations in composites
on the PEO process. So, the anodic voltage for the composites, with more than 2% Cu, reached the
values observed for the composites without additives and 1% Cu, doped only at the end of the PEO
process (~50 min). The presence of copper also affects the structure of the PEO coatings. In this case,
a lower voltage of the PEO coating formation could lead to mullite crystallization due to a decrease in
the spatial density of the microdischarges and the formation of silicon-enriched regions, which remain
on the surface for a long time [34]. The nonuniformity of the coating thickness can be related to the
uneven distribution of the copper dopants in the composite, whcih affected the rate of the PEO coating
formation at different sections of the oxidation front. It can be assumed that, as the transition layer
approaches the copper-containing inclusions, the rate of formation of the PEO coating increases due to
their lower electrical resistance and higher thermal conductivity. However, inclusions of copper oxide in
the PEO coating can lead to cracking because of a large difference in the thermal expansion with alumina.
In the case of the Al + 1% Cu composite, copper-containing inclusions resulted in no significant thickness
heterogeneity of the coatings, however, an increase in the rate of its formation was noted.

The structure of the PEO coating changes when the process duration is increased. EDX and
NBS data have confirmed the absence of metallic inclusions in the coatings formed for 180 min of
PEO. Anode voltage gradually rose as the duration of the process increased. In these cases, α-Al2O3

was found in the coatings. The formation of α-Al2O3 may be caused by an increasing of the local
temperature in the microdischarges areas and, also, heat retention for a longer time due to worsening
of the heat sink to the metal base and electrolyte because of the higher oxide layer thickness. In despite
of the α-Al2O3 formation, the microhardness decreased in this coating, see paragraph 3.5. This may
be due to a decrease in the density of the main coating layer caused by an increase of the channels’
dimensions that exist in the coating in the process of microdischarge burning, cf [35].

In general, the microhardness of the investigated coatings were close to those given in the works
devoted to PEO of aluminum composites. Thus, in [31], the microhardness of PEO coatings on
copper-doped Al composites and 5–15% of dispersed particles of Al2O3 or SiO2 decreased from 10 GPa
at the boundary with the substrate to 6 GPa in the outer coating layer.

As for aluminum alloys, considered in [7–9], copper additives have impaired the corrosion
resistance of the investigated composites. The corrosion current density of the PEO coated samples
decreased several times for the aluminum composite compared to untreated alloys and slightly less for
copper doped composites. This may be due to a change in the chemical composition (inclusions of
copper oxide) and an increase in the porosity of the PEO coatings. The porosity can increase due to
a change in the nature of the microarc discharges associated with the difficult growth of the forming
voltage due to copper in the composites and copper is not a valve metal.

The corrosion characteristics of the investigated coatings, especially the microhardness, were close
to those given in the works devoted to PEO of aluminum composites. In particular, the corrosion
current density for the aluminum (0.1% Cu) composite was 3.09× 10−3 mA/cm2 for uncoated samples
and 1.65 × 10−3 mA/cm2 for the PEO coated samples [30].

5. Conclusions

After plasma electrolytic oxidation for 60 min, the coatings on aluminum composites contained
metal inclusions. In such metal-ceramic coatings, the oxide was approximately a half of the whole
coatings’ volume. The process for powdered aluminum alloys was slower than for compact aluminum,
which results in a slight increase in the thickness of the coatings, with a threefold increase in the
treatment duration from 60 to 180 min. The presence of exclusively low-temperature modifications



Metals 2018, 8, 459 11 of 12

of alumina γ-Al2O3 and η-Al2O3 in the coating composition after 60 min treatment was noted.
The coatings formed for 180 min also contained high-temperature corundum α-Al2O3, and aluminum
inclusions were absent. The electrochemical behavior of coated composites and uncoated ones in
3% NaCl was studied. The smallest cathode currents (less by 1–2 orders of magnitude) and anode
currents (less by 2 orders of magnitude) were shown by the composite Al with coating. Alloyage of
aluminum composites with copper increased the corrosion current density, while, on the contrary,
plasma electrolytic oxidation reduced it several times.
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