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IIpoananizoeano mexmnonoziuni nioxodu 0o
noeepxnesoi eaexmpoximiunoi 06podku cnnasis
amominiro. Ioxazano, wo cnpamosane moouixy-
6aHHs NOBEPXHI HOCIA 003601A€ powUpUMu QPyHK-
yionanvHi eaacmugocmi 06po6I06an020 mamepia-
ny. Jocnidiwceno mexanizmu o06poéku cnnaeis
amoMinilo piznozo ckaady ma po3pooaeHo mexmo-
J102iuHi MOOEN NPOUECI8 3 BUKOPUCTIAHHAM Y3A2ANb-
HeHUX penomenonoiunux cxem. 3anponoHoeano
cnocoou noeepxnesoi o0podKuU cnaaeie aatOMiHilo
waAAXOM Popmomeipnoi 00podKU iMnyabcHUM cmpy -
MOM Y XJOPUO-BMICHUX eNeKMPOTIMAxX ma naa3mo-
eNeKMPOTIMHO20 OKCUOYBAHHIA Y JYHCHUX POUUHAX
dudocpamis. lloxazano, wo 6UKOPUCMAHHA IMNYTIb-
CHO20 eJIeKMpPOJIi3Yy CRPUSE YMEOPEHHIO PO3BUHEHOT
cimuacmoi ma nopyeamoi cmpyxmypu. Y3azanvreno
wanAxXu Kepyeamns ma (Qaxmopu 6nauey Ha mex-
Hon02iunuUll npoyec 0Opooku. Odeprcani cucmemu
MOIHCYMb GYymu BUKOPUCMAHT AK HOCIH Kamajuimuy-
HO20 Mamepiany 3a YMo6uU HAHECEHHS 6MOPUHHOZ0
KamauimuuHo-axmuenozo wapy. Bcmanoeneno, wo
3 BUKOPUCMAHHAM NJIIAZMO-EJeKMPOTIMHO20 OKCU-
0YBAHHA MONCIUBO 8 0OHOMY MEXHONOLIUHOMY NPO-
ueci 3minumu popmy i 20mozenizyeamu nosepxmesi
wapu Hocisa ma nawecmu MiyHo adze306aHuil wap
Kamanimuunozo mamepiany. Iloxazano, wo xapax-
mepucmuuni napamempu INEO s3anexcamo 6i0 cxaa-
dy o6pobémosanvrozo mamepiany. Bcmanosneno,
wo mopgonoeia ma ¢azoea cmpykxmypa nogepx-
Heeux oxcuonux wapie 3minroemocs nio wac IEO.
Copmoeani oxcuoni noxpumms cxkaadaromocs i3
o-Al,03 ma maromv eucoxuil cmynine po3euUHEHHS
nosepxui, wjo € nepedymosoro nidsuuenns ix Qynk-
yionanvHux enacmuseocmeii. 3anponorHosanuii nio-
x10 Mooice Oymu eurxopucmanuii 8 mexnonoeaii inice-
Hepii nosepxni ma 0as odepircanns mamepianie Ons
exomexHo02iil

Kntouoei caosa: nosepxnese mooudixyeanms,
dopmomeipna o6pobra, zomozenizauis noeepxmi,
MO0eN06aHHA MEXHOI02i4H020 NPOUeCYy, OKCUoHe
noxkpumms
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1. Introduction

The use of aluminum alloys is quite common today and
has significant prospects for further development. These
alloys form the basis of many structures and are used in
leading industries — transport and chemical engineering,
automotive industry [1, 2], aviation [3], rocket and space and
nuclear engineering [4], construction [5], etc. An important
direction is the use of aluminum alloys as carriers of catalytic
systems and catalysts for neutralizing toxic substances in
gas and liquid phases [6, 7].

The wide range of demand for aluminum alloys is due to
the peculiarities of their physical, mechanical and chemical
properties [8]. The creation of new alloys and development of
treatment methods for existing ones are based on the results
of solving numerous technical problems. In order to increase
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strength characteristics, alloying components (manganese,
iron, copper, silicon, magnesium, etc.) are introduced into
alloys, which form intermetallic compounds in the alloy
structure. This causes the surface heterogeneity of alloyed
aluminum alloys, significantly reduces corrosion resistance
in aggressive media and complicates the surface treatment
of such materials [9].

To give additional functional properties to the surface,
surface modification methods are used, when predetermined
indicators can be achieved without changing the structure
of the base material [10]. Such surface engineering technol-
ogies are in demand and promising. Application of thin-film
coatings for surface protection and strengthening [11, 12],
formation of catalytically active layers [13, 14], electrochem-
ical [15] and plasma-chemical treatment are the most com-
mon [16]. Variations and combinations of treatment methods



allow you to flexibly control the target surface properties of
the treated materials.

It should be noted that many developments in this field
are mainly experimental and applied in nature and solve only
narrow technological problems. Therefore, scientific and ap-
plied studies of mechanisms for modifying the surface layers
of aluminum alloys and substantiation of technological con-
trol models of the treatment process, in particular providing
catalytic properties to the treated surface are in demand.

2. Literature review and problem statement

A fundamental aspect of the technology of catalytic systems
is the nature of the carrier, on the surface of which the catalyt-
ically active layer is formed. In most cases, this determines the
application, production technology, purpose and performance
of the final product. This can be explained by the effect of
synthesis conditions on the structure, composition and surface
morphology of structural materials [17]. Therefore, researchers
assign a separate role to substantiation of effective methods and
technologies for the formation of catalytic systems.

One of the most common classes of catalytic materials
(catalysts) used in environmentally friendly technologies are
metal oxide systems [18]. Such materials are characterized
by high catalytic activity due to the surface heterogeneity of
the chemical composition and localization of various chemi-
cal compounds in the surface layers. In addition, they remain
functional for a long time under high temperatures and
pressure, which is generally characteristic of the processes of
neutralization of toxic components [19].

The use of oxide systems for the organization of cata-
lytic processes primarily involves an increase in the specific
surface area of the carrier. Another important parameter is
the need for maximum concentration of catalytically active
centers with high donor-acceptor capacity [20].

Among the existing approaches, there are two main
technological methods to modify the surface of metals and
alloys (Fig. 1).

ing the catalytic properties of materials of this type [24].
For application of catalytic layer on the porous structure
of the carrier, impregnation of the obtained materials
with compounds of catalytic compositions based on salts
of transition metals followed by their subsequent thermal
decomposition is most often used [25, 26]. In general, the
considered method of forming catalytic material is multi-
stage and combines various processes. During the treat-
ment of materials of complex structure, a necessary step to
obtain satisfactory performance is preliminary preparation
of their surface to remove impurities [27].

Another approach is to form catalytic materials by
plasma electrolytic oxidation (PEO). Peculiarities of
PEO processes allow combining homogenization and de-
velopment of surface layer and formation of oxide coating
in one technological process of surface treatment. The
introduction of additional components to working elec-
trolytes promotes the formation of heteroxide composite
layers with a wide range of functional properties [28].
PEO coatings have found application in many industries,
especially catalysis and catalytic materials [29]. Variation
of treatment conditions provides flexible control of the
specified processes and formation of materials with spec-
ified characteristics.

The processes of obtaining catalytic materials are
mainly multi-stage and lengthy procedures, involving nu-
merous technological operations [30]. The most common
process of applying a catalytic material by impregnation
of the primary or secondary carrier followed by calci-
nation does not provide a strong adhesion of the active
layer to the carrier and does not meet the requirements
of energy saving and environmental safety. In addition,
it remains quite difficult to control the composition of
the catalytic material in the synthesis process, especially
during the treatment of multicomponent alloys. The use of
metal carriers almost always requires the development of
measures to increase their specific surface area and appli-
cation of secondary layers to ensure sufficient adhesion of
the catalytic material.
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Fig. 1. Classification of approaches to surface treatment of aluminum alloys

The first approach is related to a step-by-step process
that involves sequential steps of forming to obtain a porous
structure of the carrier (base metal) and subsequent appli-
cation of a catalytic layer [21]. Various synthesis strategies
are used to obtain a highly developed structure of the cat-
alytic bed carrier. The main ones are non-stationary elec-
trochemical treatment, sol-gel method, chemical etching or
a combination thereof [22, 23]. The degree of surface devel-
opment during such treatment characterizes the size of the
pores or channels. This parameter is essential for predict-

rameters and expand the
scope of aluminum alloys
in the field of catalysis.

To achieve the aim, the following objectives were set:

—to develop a method of surface forming of aluminum
alloys by the pitting mechanism;

— to investigate the mechanism of plasma electrolytic ox-
idation of aluminum alloys, to work out the method of their
treatment to optimize the synthesis of catalytic material
with a given level of properties;

— to substantiate structural and technological schemes
of surface electrochemical treatment of aluminum alloys of
different composition.



4. Methods of surface electrochemical treatment of
aluminum alloys, study of process parameters and surface
layer characteristics

4. 1. Methods of surface electrochemical treatment
Aluminum alloys belonging to different systems were
selected for the study (Table 1).

Table 1
Characteristics of aluminum alloys selected for studies
Alloy grade Classification System
A99 primary aluminum Al
D16 Al-Cu-M
wrought aluminum alloy Ve
AMn Al-Mn
AL25 cast aluminum alloy Al-Si-Cu

The chemical composition of the studied materials is
given in Table 2.

persive spectrometer (UK) with the integrated SmartSEM
software environment. The topography of the surface layers
was studied by the contact method using an NT-206 atomic
force microscope (Belarus). X-ray phase analysis was per-
formed on a DRON-2 diffractometer (Russian Federation)
in monochromatized Co-Ko radiation (a=1.7902 A). The
compounds were identified by comparing the characteristics
of the obtained experimental dependencies with the data of
the PCPDFWIN electronic file cabinet.

5. Results of electrochemical surface treatment of
aluminum alloys

5. 1. Surface forming of aluminum alloys

Surface forming electrochemical treatment of alu-
minum alloys consisted in controlled “growing” of a
branched network (grid) of pits on the surface of the treat-
ed material by applying pulse electrolysis (Fig. 2).

It is found

Table2 1.2t the following

Chemical composition of aluminum alloys used for studies scheme of alumi-

Alloy grade Al Cu Mg Mn Fe Si Zn Ti Impurities num S.urface etch-
A99 min 99.99 | to 0.002 | to 0.001 | t00.002 | to 0.003 | to 0.003 | to 0.003 | to 0.002 | Ga to 0.003 Ing1s implemented
D16 |90.9-947| 3849 | 1.2-18 | 0309 | <05 | <05 | <03 | <01 Ni<0.1 in the pulse mode.
During the pe-

AMn 98‘93.?)7 <0.2 <05 1.0-1.6 | <07 <0.6 <0.1 - - riod of the anode
N 0513 current pulsg, the

79 5 11.0— Pb<0 1+ metal potential is

AL25 §525 | 19730 0813 | 03-06 | <08 | 4| <05 | <01 | g P shifted to the pit
Cr<0.2 formation area,

Surface forming was performed by pulse current in
0.2 mol/dm® NaCl solution with the addition of 0.04
NaNO3 mol/dm?® and 0.1 mol/dm® NaClO, at a current
density of 20-30 A/dm?2. The duration of the anode current
pulses (on time) and pauses (off time) was ¢,, 0.5-5 ms, ¢,
1-10 ms respectively, PEO was performed in 1 mol/dm?
K;P»07 solution in the DC mode at an anodic polarization
current density of 5 A /dm?. The temperature of the working
electrolytes was maintained within 20-25 °C.

Preparation of the samples surface for electrochemical
treatment included machining, degreasing, etching and
washing with water after each procedure of the technologi-
cal operation, as described in [31].

An experimental laboratory system consisting of a
PI-50-1.1 potentiostat with a PR-8 programmer, an elec-
trolytic cell, and working electrodes was used to form the
samples in the pulse mode. The laboratory installation
for PEO treatment of experimental samples consisted of a
B5-50 industrial stabilized DC source (Ukraine),
forced-cooling electrolytic cell, working electrodes, tem-
perature sensor, MTech ADC-UI18 recorder for online
recording of oxidation process parameters.

4. 2. Methods of research of the modified surface

A ZEISS EVO 40XVP scanning electron microscope
(Germany) was used to analyze the morphology of the mod-
ified surface. The degree of surface development (k;) was de-
termined by measuring the capacitive component of the sam-
ple impedance before (Cy) and after (C) anodic treatment
kqs=C/Cy. The chemical composition of the surface layers was
investigated using an Oxford INCA Energy 350 energy-dis-

and the generation
and development
of pits occur. During the pause period, the metal potential de-
creases and conditions for pit repassivation are created [32].

Fig. 2. Surface morphology of the aluminum alloy after
treatment with a pulse current of /=30 A /dm?
a—t,,—5ms, toys— 10 ms; b—t,,— 0.5 ms, t,;;— 10 ms

The main characteristics of surface forming of aluminum
alloys by the pitting mechanism are the pit formation E,, pit
repassivation E,, potentials and steady potential E;. Accord-
ing to the results of the studies, the dependencies of the
potentials of the carrier samples on the composition of the
working electrolyte were obtained (Fig. 3).

It was found that with an increasing concentration ratio
of activator ions (CI") and inhibitors (ClO;) of pitting,
there is a decrease in the steady potential of aluminum Ej,
while a decrease in the pit formation E,; and repassivation
E,, potentials is not so significant.

At the same time, within the ratios Co / Coror from 1:10
to 1:1, the range of potentials corresponding to the optimal



etching mode is 0.09...0.07 V, and with increasing ¢, / Cero:
it decreases to 0.05 V.

It is known that during the polarization pulse, aluminum
dissolution is activated by the pitting mechanism, i.e. gener-
ation of pits, and during the pause, conditions on the inner
pit surface are created for its repassivation and subsequent
activation [33].
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Fig. 3. Dependency of the steady potential of aluminum £,
pit formation £, and repassivation £, potentials on the
concentration ratio of activator ions (CI7)

and inhibitors (ClO;) in solution

Based on the study of the effect of variation of pulse du-
ration and ratio ¢,,/t,/ on the course of the material etching
process, it is shown that reducing the duration of the anode
pulse leads to an increase in the number of pits on the treated
surface (Fig. 4).

Degree of surface development (k)
15t

in ¢y causes the formation of deep large pits, deteriorating
the mechanical properties of the carrier.

As a result of the proposed forming, a highly developed
surface of the carrier material is formed, which can be used
for subsequent application of a layer of catalytically active
substance [34, 35]. Thus, the process of pit formation can
be controlled by maintaining the technological parameters
within the appropriate limits. The regularities formed the
basis for the development of a model of the surface forma-
tion process of aluminum alloys.

3. 2. Plasma electrolytic oxidation of aluminum alloys

PEO of aluminum alloys was performed in a 1 mol/dm?
K4P,07 solution with recording voltage changes during
oxidation (Fig. 5). It is found that the voltage chronograms
of the studied materials in general have a classical form with
division into characteristic areas: pre-spark, spark, microarc
and arc discharge, as noted earlier [36]. The sparking in-
tensity during the oxidation process is quite high for all the
treated materials.

At the same time, PEO of each alloy has certain fea-
tures, which affects the shape and slope of the characteristic
sections of the voltage dependencies on the formation time
U—t (voltage chronograms). It should be noted that the
slope of the voltage chronograms depends on the resistivity
of oxides formed on the metal surface. Therefore, the higher
resistivity of the corresponding oxide causes a rapid voltage
increase over time (dU/dt), i.e. the slope of the U — ¢ depen-
dencies. At the same time, the quantitative parameters of the
PEO process, namely the sparking voltage Us and the final
formation voltage Uy will be maximum. Thus, the slope of the
U -t dependencies reflects the nature and characteristics
of the oxide or other compound formed on the surface. It is
quite natural that the slope of individual sections of voltage
chronograms can be used to study the kinetics and deter-
mine the mechanism of the processes that occur during the
PEO of aluminum alloys [37].

The U-t dependency of A99 aluminum is the closest to
the classical one (Fig. 5, curve 1).
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ficient to prevent significant surface etch-
ing, while an increase in 7,/ leads to a de-
crease in the number of pits, and a decrease
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Fig. 5. Voltage chronograms during PEO of aluminum alloys in 1 mol/dm?3
K4P,0; solution: 1 — A99, 2 — AMn, 3 — D16, 4 — AL25



This is due to the small amount (up to 0.01 wt %)
of impurity elements in the alloy. At the initial stage (secti-
on 1-17), the process of alloy surface anodizing with the for-
mation of barrier (phase) alumina with high resistivity takes
place within 2.5 min. At a voltage of 150 V, a breakdown of
the oxide film is initiated, which propagates mainly by the
surface, and the process goes into the sparking mode. This
is visualized by the appearance of many sparks that move
stochastically on the electrode surface. A gradual voltage
increase to 160—170 V indicates the healing of defects in the
breakdown zones and the inclusion of the electrolyte remelt
in the coating. Due to this, PEO goes into the microarc
discharge mode, which is optimal for surface treatment and
formation of a composite oxide layer of adjusTable thickness.
Voltage oscillations within 160-180V are the operating
voltage range for PEO treatment of A99 alloy.

For doped alloys containing a significant amount (more
than 3wt %) of impurity elements, there is a natural
change in the shape of each of the characteristic sections of
the PEO voltage chronograms.

The peculiarity of the anode behavior of the AMn alloy
in alkaline diphosphate-based electrolytes (Fig. 5, curve 2)
is associated, in our opinion, with manganese oxidation in
the surface layers by known reactions, given the alkaline
nature of the electrolyte:

Mn+8OH —>MnO, +7¢ +4H,0, )
Mn+P,0! — [MnP,0, ] +2¢; 2)
Mn+40H —MnOy+4e +H,0. 3)

In fact, the formation of phase alumina begins after the
removal of manganese from the surface layer when the volt-
age reaches 50—60V (section 2-2"). The voltage decrease
compared to A99 is explained by the lower resistivity of
manganese oxides. After homogenization of the composition
of the surface layers, PEO occurs according to the classical
mechanism described above. Therefore, the spark voltage for
AMn is almost the same as for A99 and is 145-150 V, and the
operating voltage of PEO treatment is also within 160—180 V.

The D16 alloy differs from those previously considered
by significant copper content (5.0 wt %) and presence of
intermetallides [38], the potentials of which are much more
positive compared to aluminum. Therefore, the processes
of PEO treatment and formation of a uniform oxide layer are
significantly complicated. This is due to the probability of for-
mation of copper oxides of different valence (CuO, Cu,0) and
variable resistivity during anodic oxidation [39]. However,
due to the presence of diphosphates in the working electro-
lyte, copper is removed from the surface layer and bound into
soluble complexes by the reaction:

Cu+P,0f —[CuP,0,]" +2¢ . %)

Given the heterogeneity of the D16 alloy, the initial
section (3-3") of the voltage chronogram (Fig. 5, curve 3)
looks quite predictable, where phase alumina is formed and
oxidation of magnesium occurs (1.2—1.8 wt %), the resistivi-
ty of which oxide is less than alumina. The slope of the secti-
on (3'-3”) is flatter compared to A99, because it is asso-
ciated with the oxidation of copper and intermetallides by
the reaction (4). The specific bending of the dependency at
the point 3” is due to the intensification (in section 3”-3"")

of manganese oxidation by the above mechanism. Thus,
the beginning of sparking for D16 occurs at a voltage of
125-135V, and the transition to the microarc mode — after
homogenization of the surface layer at 160—-180 V.

On the voltage chronogram in the PEO of the AL25
alloy (Fig. 5, curve 4), the number of characteristic areas is
determined by its chemical composition. Substantial silicon
content (up to 13 wt %) and lower content of other alloying
elements compared to D16 cause the formation of a mixture
of phase alumina and silicon oxide with almost the same
resistivity in the first section of the U-¢ dependency (secti-
on 4-4"). This conclusion is supported by an almost iden-
tical slope of the voltage chronograms in this section. After
reaching a voltage of 30—40V, section 4'—4” begins, at
which dU/d¢ decreases, i. e. the nature of the anode process
changes. Based on the fact that the slope of this section dif-
fers from all previously considered cases, we can assume that
there are processes involving silicon. Probably, the acidic
nature of silicon oxide and its thermal instability initiate the
process of its dissolution from the surface layers, especially
in local heating areas, by the known reactions:

Si+60H —SiO +4e +H,0 (5)
or
$i0,+20H —Si0> +H,0. (6)

The slope of the third section (4”’—4"") of the U-t depen-
dency of the AL25 alloy is identical to dU/d¢ of the D16 alloy
on the section (3'—3"). This indicates the course of reactions
of copper removal from the surface layers by the above mech-
anism. And only after surface homogenization, the process
of alumina formation on silumin begins to dominate. So, the
spark initiation voltage is the lowest in the series of investigat-
ed alloys and is 115-120 V. The forming voltage correspond-
ing to the microarc mode is also slightly reduced to 16—165 V.

Clarification of the characteristic process parameters
(Us and Uy) was performed using the analysis of the differ-
ential dependencies dU/d¢—U (Fig. 6).

We consider this approach more informative and accu-
rate, as it takes into account the peculiarities of the process-
es during plasma electrolytic treatment [37] in contrast to
the common study of changes in the thickness of the oxide
layer from oxidation time [40, 41]. Such an analysis becomes
especially relevant for heterogeneous alloys, the oxidation
of which produces oxides of different nature and resistivity.

Different slope angles of the dU/d¢—U dependencies in the
initial sections up to 30—40 V (Fig. 6, region 1) testify in favor
of the formation of oxides of different nature on the surface.
The dominance of dissolution reactions of the alloy compo-
nents from the surface layers and in the breakdown zones over
oxidation reactions with high resistivity, in particular alumi-
num oxides, is manifested in the independence of the rate of
formation voltage change of voltage, so there is a plateau on
dU/dt—U dependencies (Fig. 6, region II). The end of the pla-
teau corresponds to the acceleration of the alumina formation
process, which is reflected in the beginning of sparking at a
voltage Us, when there is a breakdown and healing of defects
and the inclusion of electrolyte remelts in the oxide layer.

The increase in the oxide thickness provides the tran-
sition of the process to the microarc mode, which is identi-
fied by an increase in the formation voltage to 160-170 V
(Fig. 6, region III). In the microarc discharge mode, the



dominant process is the formation of the oxide layer, which
mainly consists of the oxide of the treated metal and may
contain remelts of electrolyte components. A characteristic
feature of the process is a low rate of voltage change (up to
10 V/min).

dU/dt, V/min
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Fig. 6. Rate of voltage change in PEO of aluminum alloys in
1 mol /dm?3 K4P,0; solution

Taking into account the obtained results, it can be
assumed that at the initial stage of treatment, the surface
layer of the treated material is homogenized by removing
the alloying components from the surface layers [42]. This
assumption is supported by the analysis of the chemical
composition and morphology of the studied samples before
and after PEO in potassium diphosphate solution (Fig. 7).

The study of the topography of the surface oxide layers
by atomic force microscopy confirms the assumption of in-
creasing specific surface area of the samples (Fig. 8).

Fig. 7. Composition and morphology of surface layers of
aluminum alloys: a — before treatment, b — after PEO with
1 mol /dm3 K4P,0;
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Analysis of the topography of the surface layers con-
firmed that the most developed surface is formed on
the AL25 silumin. On the surface there are crater-like
melted depressions formed during the burning of spark and
microarc discharges. Such depressions are probably the outer
part of the burning channel — closed (dead-end) pore [43].
Taking into account the curvature radius of the probe, it can
be found that the size of such pores varies from several tens
of nanometers to micrometers and more and increases in the
series of alloys A99<D16<AL25.

Confirmation of structural changes during plasma elec-
trolytic oxidation is the results of X-ray structural analysis of
the studied systems (on the example of AL25 alloy) (Fig. 9).

I, au.

passivating particles of the surface complex with electrolyte
nucleophiles, usually anions (A), according to the scheme:

[M(OH)laatkA—[M(OH) kAl aatkOH +ze. (6)

If the resulting surface compounds are well-soluble or un-
stable, easily hydrolyzed, a series of successive acts of nucleop-
hilic substitution and transition of the products of this reaction
to the electrolyte will lead to pit formation due to perforation
of the passive film in the most electrophilic reactive areas.

The tool for controlling the process rate (number and
depth of pits) is the current density amplitude, which directly
affects the values of the system potentials [46]. Another fac-
tor is the parameters of pulse electrolysis (pulse/pause dura-

tion ratio) (Fig. 3). As the polarization time (pulse

800 Al/ Al
600 -

400

200

duration) increases, deep, sometimes through pits
are formed, which leads to a decrease in the me-
chanical strength of the samples. The short pulse
duration does not allow achieving the appropriate
level of surface development and treatment effi-
ciency. The duration of the pause also significantly
affects the process intensity and the end result. A
short pause is insufficient for repassivation, and too
long significantly reduces the rate and efficiency
of treatment. In the optimal mode, etching zones
are the same in size and shape (hemispherical)
and evenly distributed on the metal surface [27].

Thus, the result of surface forming depends
on the electrolyte composition (the concentration
ratio of activator ions and inhibitors of pitting),

20 40 60
20, deg.

Fig. 9. Diffraction patterns of AL25 aluminum alloy surface:
a — untreated surface, b — after PEO treatment in 1 mol /dm?

K4P,0; solution

Peaks belonging to the main alloy components are vi-
sualized on the untreated surface. After PEO, the number
and intensity of aluminum and silicon peaks decrease, but
o-Al,O3 (corundum) peaks appear. This is evidence of the
course of high-temperature processes during PEO and ho-
mogenization of the surface layer [44].

Thus, the use of electrochemical methods of surface
treatment of aluminum alloys in alkaline electrolytes allows
obtaining a set of functional characteristics. The formed
coatings have a high degree of surface development, which
is a prerequisite for high catalytic activity and corrosion
resistance of the obtained oxide systems [45].

6. Discussion of the results of surface electrochemical
treatment of aluminum alloys using generalized
technological schemes

6. 1. Surface forming by the pitting mechanism

Physico-chemical features of the process of surface elec-
trochemical treatment of aluminum alloys are due to the
fact that a passive film is present on the metal surface. For
surface forming, at least two types of particles that are not
indifferent to the electrode reaction must be introduced
into the working solution — activator ions and passivators
or inhibitors. Initiation of the initial stages of surface devel-
opment (pit formation) is a consequence of replacement of

80 treatment modes (amplitude of anode current den-
sity), duration of pulses and pauses and their ratio.
The generalized technological scheme of treat-
ment of aluminum alloys by the pitting mech-
anism can be represented by a set of parameter
vectors A1-A4 (Fig. 10). The surface treatment
of the material (S¢) can be carried out by con-
trolled chemical interaction of the material with the com-
ponents of electrolyte solutions w(¢) under conditions of
spontaneous dissolution (AG<0) or under the influence
of external polarization j(f) in working solutions (AG>0).
The variability of the technology is provided by vectors
A1...A4 reflecting the contribution of various factors:

— vector A1 — composition and ratio of solution compo-
nents;

— vector A2 — electrical and time parameters of external
polarization;

— vector A3 — parameters, the control of which will allow
forming pits with specified characteristics (number, size,
shape);

— vector A4 — chemical nature of the treated metal or
alloy.

The patterns of aluminum behavior in such solutions
formed the basis for the development of a model of the sur-
face formation process. The algorithm for constructing a
controlled process is complex and requires a steady state for
effective surface treatment. However, the presence of impu-
rities and intermetallides significantly limits the outlined
approach to the treatment of high-alloy aluminum alloys due
to the multi-factor nature of such parameters as pit forma-
tion and repassivation potentials [27].

To construct a generalized topological model, the prin-
ciples of general systems theory were used. The topology
of local (pitting) surface development is represented by the



structural graph G(S, ¢). Such a graph (Fig. 11) is a set of
individual states S;, the transition intensities of which cor-
respond to the rates of direct (A;) and inverse reactions (u;;).

ration of the metal. The recovery intensities pgy and, espe-
cially, p74 will have a non-zero value only due to external
control effects. The graph G(S,¢) also contains two cycles
52754756 and 54*5(5*57.

As noted in previous studies [27], an electro-
chemical system of this type (Fig. 10) will not
have a steady state. This confirms the need for
non-stationary mode of electrochemical surface
treatment.

The variability and versatility of the consid-

ered model reflect the fact that active-passive

‘ transitions and repeated reproduction of the “pit

< <02k

Fig. 10. Block diagram of surface forming of aluminum alloys by the pitting

mechanism
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Fig. 11. Graph of metal states, reflecting surface development due to local
initial state;

local dissolution; S; — uniform dissolution;
S4 — pit generation; S5 — pit formation; Sg — sTable pit; S; — steady pit;

dissolution by the pitting mechanism: S —
Sy — passivity state; S; —

Sg — final surface state

The oriented graph includes: states Sy and .S, the tran-
sition intensities of which reflect the processes of formation
and dissolution of the passivating film under the action of
the medium; A3 — intensity of uniform dissolution of the
electrode surface, in particular from the transpassivity state;
Sy — initial state of local anodic dissolution or in the form of
pits — state S5 with the transition intensity Ays, or pit — Sy,
S6...5g chain.

The individual states of this chain correspond to pit gen-
eration S; and development Sg, formation of steady pits S7 and
the final state of the electrode with a developed surface Sg.

The intensities Asg, Ag7, Agg reflect the kinetics of the
process, pgy and py74 — repassivation, taking into account
that the state S7 corresponds to the destruction or perfo-

activation — development — repassivation” cycle
to achieve the final state are inherent not only
in aluminum alloys. The proposed model can be
extrapolated and used to model the treatment of
passivation-prone metals for optimal shaping of
their surface.

6. 2. Plasma electrolytic oxidation of alu-
minum alloys

A feature of PEO in comparison with surface
etching by pulse electrolysis is the possibility
of synthesizing a material, which may include
components of the treated alloy and electro-
lyte remelts in a single process [47]. The proc-
ess proceeds without complications for pure
metals (Fig. 5, curve 1). PEO of doped alloys
occurs in stages, as evidenced by a more complex
form of voltage chronograms (Fig. 5, curve 2—4).

For PEO implementation, it is important to
select the type and composition of the working
electrolyte [48]. Given the heterogeneity of the
studied aluminum alloys due to the presence of
intermetallic compounds and hardening phases,
an alkaline solution of diphosphate was chosen
for PEO treatment. This approach allowed the
formation of the oxide layer of pure metal A99
and homogenization of the surface layers of doped
alloys by oxidation of impurity components and
binding them into soluble complexes. The alka-
line medium also allowed partial processes of
manganese oxidation in AMn and D16 alloys.

Factors affecting the course of PEO process-
es are a set of technological parameters, among
which the main ones are treatment current den-
sity, PEO time and process voltage. Their varia-
tion allows controlling the process of surface ho-
mogenization and formation of oxide layers [49].

The study of the mechanism of PEO treatment of alu-
minum alloys by analyzing the differential dependencies
dU/dt-U (Fig.6) allowed minimizing the influence of
the oxidation time parameter during PEO treatment. It
is found that the sparking voltage U; for the studied sys-
tems increases in the AL25<D16<AMn<A99 series and
is within 115-150 V. The operating voltage of the oxide
layer formation in the microarc mode (Uy) for all systems is
160—-170 V. An increase in the process voltage over 170 V
leads to the transition of PEO in the arc mode, deteriora-
tion of the properties of the synthesized oxide layer and its
detachment.

In general, the process of changing the state of surface
layers of the studied alloys can be provided by a set of the
following schemes:
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Fig. 12. Scheme of transformations of surface layers of
aluminum alloys during PEO: a — A99; b6 — AMn; ¢ — D16;
d— AL25

The schemes reflect the partial processes occurring
during the PEO treatment of aluminum alloys with current
density j during time ¢ under the influence of voltage U in a
solution containing ligand L. The course of reactions cor-
responds to the characteristic sections of the voltage chro-
nograms (Fig. 5). It is assumed that the process of surface
homogenization and oxide layer formation can be controlled
by changing the electrolyte composition and PEO treatment
mode (current density, oxidation time), as noted in studies
of the formation of mixed oxide systems on aluminum and
titanium alloys [50, 51].

Changes in the morphology and composition of the
surface layers of doped alloys (Fig.7) confirm the course
of processes of their surface homogenization during PEO.
Plasma electrolytic oxidation of AMn and D16 alloys in
diphosphate solution allows complete removal of impurity el-
ements (Mn, Cu) from the surface of the treated samples. For
the AL25 alloy, complete removal of copper and reduction of
silicon content by 3 times compared to untreated material
were revealed. The obtained results confirm the efficiency
of using diphosphate solutions for surface homogenization of
aluminum alloys during PEO [52].

The oxidized surface of aluminum alloys contains
o-AlyO3 (Fig. 9). This indicates the peculiarity of the PEO
course in the microarc mode (Fig. 6, region III), namely
the ultra-high temperatures in the discharge channels and
remelting of the base metal components. This approach
is used in the formation of heteroxide composite coatings
by introducing additional components into the working
electrolytes.

The formed oxide coatings have a layered and porous
structure. It is found that with increasing the number of al-

loying components in the alloy, an oxide layer with a greater
degree of development and porosity is formed (Fig. 7). This
pattern is fully consistent with the study of surface morphol-
ogy according to SEM analysis and is evidence of the pecu-
liarities of the formation of composite coatings and oxide
structures on alloys of different composition [50].

The obtained results allow determining the ways of
controlling the processes of surface treatment and forma-
tion of oxide layers in diphosphate electrolytes. Modeling of
the PEO process can be performed according to the generalized
structural-technological scheme (Fig. 13), containing a set of
parameter vectors A1-A4, as well as during forming (Fig. 10).
The feature of the PEO process is that the surface treatment
of the material (Sy) can be carried out only under the action
of external polarization j(z) in an electrolyte solution con-
taining ligand L.

@

Fig. 13. Structural technological scheme of plasma
electrolytic treatment of aluminum alloys

The variability of the technology can be represented
by vectors A1...A4, which also reflect the contribution of
various factors: vector A1 — composition and component
ratio of the working electrolyte; vector A2 — current
density and time parameters of PEO; vector A3 — voltage
parameters (Us, Uy); vector A4 — chemical nature of the
treated material. The parameter that controls the course
of the process is the content of impurity components (®)
in the surface layer of the oxide coating until it reaches
a predetermined content .. If necessary, additional
control parameters characterizing the level of functional
properties of the obtained oxide layer can be introduced
into the scheme.

This approach can be used to design the technological
scheme of heteroxide composite coatings on aluminum alloys
and other valve metals.

The process of PEO of aluminum alloys, as well as
their forming, can be represented by the structural graph
G(S,t) (Fig. 14). Symbols and terminology are provided in
accordance with (Fig. 11).
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Fig. 14. Surface state graph, reflecting the PEO process
of the alloy: S — initial state; S; — formation of phase
alumina; S, — dissolution of phase alumina; S; — surface
homogenization; S; — healing of defects in breakdown
zones; S5 — inclusion of remelts of electrolyte components in
the coating; S¢ — oxide layer formation;

S; — final surface state

The oriented graph includes: states Sy and 57, the tran-
sition intensities of which reflect the processes of formation
and dissolution of the phase oxide; surface homogenization,
healing of defects in the breakdown zone and formation of
the oxide layer. The intensities of transitions during PEO
Aot, Ao, M4, Aat, Ae, Ag7 reflect the process kinetics according
to Fig. 5 and Fig. 6.

The proposed approaches facilitate the implementation
of transitions between individual links of the “process pa-
rameters — composition and structure of material — prop-
erties — functions — field of use” chain, as well as provide
a basis for controlling the flow of transformations during
surface treatment of aluminum alloys [31].

The practical significance of the work lies in the possibil-
ity of using the proposed approaches and generalized models
in the technologies of surface treatment of aluminum alloys.

Limitations on the use of the proposed technological
approaches are related to the need to maintain and control
the operating parameters of the process. Deviations from the
recommended values may be the reason for the low quality
of surface treatment of these structural materials. Given
the peculiarities of the processes of forming and plasma
electrolytic oxidation, it is advisable to apply certain safety

measures by workers during the organization of the tech-
nological process. The reproducibility of the results will be
affected by the quality of equipment and working materials.
Preference should be given to multifunctional automated
systems. The costs of implementing the proposed technical
solutions may be associated with the purchase of certified
equipment and materials, modernization of existing areas of
electrochemical treatment and training of staff.

The direction of further research is aimed at expanding
the range of working electrolytes and adapting the devel-
oped models for surface treatment of other types of struc-
tural materials.

7. Conclusions

1. The method for surface forming of aluminum alloys by
pulse current treatment in chloride-containing electrolytes
is developed. The presence of impurities and intermetallides
significantly limits the application of this approach to the
treatment of high alloys.

2. The method of plasma electrolytic oxidation of alu-
minum alloys of different chemical composition in alkaline
solutions of diphosphates is developed. It is shown that
PEO allows combining homogenization of the surface layer,
its development and formation of the oxide coating in one
technological process. The mechanism of the process of
plasma electrolytic oxidation of alloys of different chemical
composition is investigated by the analysis of differential de-
pendencies dU/d¢—U. The analysis of morphology, chemical
composition, topography and structure of the formed oxide
layers is carried out. It is shown that the formed coatings
have a high degree of surface development, which is a pre-
requisite for high catalytic activity and corrosion resistance
of the obtained materials.

3. Structural-technological models of the surface form-
ing process by the pitting mechanism and plasma electrolyt-
ic oxidation of aluminum alloys are substantiated. The pro-
posed models can be used to model the surface treatment of
other structural materials and form the basis for controlling
the flow of transformations during surface treatment of alu-
minum alloys of different chemical composition.
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