Memodom mixpody206020 oxcudyseanus mex-
HIMHO 4HUCMO020 ATNOMIHIIO 1 ATIIOMIHIIO J1e206a-
H020 Mi0010 i UUHKOM 6 JYNCHO-CUNUKAMHOM
enexmponimi npu winvrnocmi cmpymy ~20 A/0m>
odepoicani noxpumms mosuguioro 6auzvro 100 mim.
Haesedeno pesyavmamu Oocnioxncenns mopgo-
J102ii noeepxui, pazosozo ckaady i meepdocmi
M/1O-noxpummis. Ilapamempamu 3minu cay-
JHCUSU CKNA0 eNleKmPolimy i KOHueHmpayis aezy-
1ouux (CuiZn) enemenmis. Lle docnioicenns npo-
6€0eH0 MOMY, WO HASABHUX 6 OAHUL UAC OAHUX He
docmamnvo 015 YA6AEHHA NPO Xapaxmep 6niu-
8Y XIMIMH020 CKNA0Y ANIOMIHIEB020 CNIAGY i YMOE
enexmponizy (30Kpema, ckaady enexmponimy) na
Mexanizm i Kinemukxy nepemeopenns y—o.. A oe3
PO3YMIHHS U020 CNPAMOBAHA 3MIHA CMPYKMYP -
Hoz20 cmany i éaacmusocmei M/]O noxpummie
cmae HemoxHcaugow. B pesynvmami docaidxncens
0Y10 6CMAan06IeHO, WO NPU MIKPOOY2080M OKCU-
0YB8anHi ANOMIHIEGUX CNIAGIE 6 TYNCHOMY eJleK-
mponimi 3 dodasanmnam pioxoezo ckaa (Na»SiOsz)
pisnoi xonuenmpauii 3miynenuii wap cxaada-
emvca 3 oxcudie 0-A1,03, v-A1,03 i myanuma
3A1,03-25i0,. [lani penmeenocmpyxmypmnozo
ananizy noxpummie ceiduamv npo KpuUcCmMaiitny
0yooey noxpummie. Bcmanosneno, wo aeeysan-
HA QIOMINII0 MI0010 1 YuHKOM icmomHto enaueae
Ha aszosuil cknad nokpumms, IMIHIONOUU Kilb-
Kicne cnieeionowenns (Pa3 HeMHIUHUM HUHOM.
HaiiGinvwuii emicm 0.-A1,03 ¢pasu (0o 60 06. %)
docsizaemvcs npu aeeysanni Cu. Ilpu yvomy naii-
Oinvw eucoxa meepdicmv M/]O noxpummie docs-
2a€MbCA NPU BUKOPUCMAHHT eTIEKMPOTImY CKAA-
oy 12/n KOH i Ge/n NaySiOs 6 antominiceux
cnaasax npu emicmi miodi divwe 3 %, a yunxy —
2-3 %. Bcmanogaeno, wo mexanizm popmyean-
Ha (Paz06020 cxnady caio noe’ssamu 3i cmaodii-
3auiero i decmaodinizauiero pasu y-A1,03. 3 yvozo
0 docsenenmns 6ucoxoi meepoocmi caio eubu-
pamu mi nezyroui enemenmu, AKi 6NAUAIOMb HA
decmabinizauito y-A1,03, wo 3abesneuye ymeo-
penns asu o-A1,03 (kopyno). Y 36’a3xy 3 yum
euseneno, wo xamionu Cu®* cnpusiomo decma-
6inisauii pasu y-A1,03, a xkamionu Zn>** npuzeo-
dsmv do cmabinizauii pasu y-A1,03 npu ympu-
manni In>3 %

Kniouogi cnosa: mikpodyzose oxcudyeanns,
ano0HO-KamooHull pexcum, CKkaao erexmponimy,
Jezyeanns, pazosuil ckaao, KopyHo
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1. Introduction

tural surface engineering is the main method for achieving

The surface condition of functional materials largely de-
termines their properties [1, 2]. Therefore, at present, struc-

high functional properties of materials [3, 4]. The basis of
modern methods of structural engineering of a surface is its
modification under highly nonequilibrium conditions [5, 6].



In most technologies, such a modification leads to a decrease
in the grain size of crystallites to a nanometer size [7, 8].
To increase the stability of such metastable states, two
approaches are used: doping to low concentrations (up to
1 at %) [9, 10] and multi-element doping in a ratio of ele-
ments close to equiatomic [11, 12]. Moreover, the highest
mechanical properties were achieved by obtaining plasma
flows on the surface of coatings [13, 14].

One of the most promising methods in this direction
is plasma oxidation [15, 16]. The use of this method shows
the greatest efficiency for obtaining highly hard protective
coatings on valve materials (Al, Ti, Mg, Ta, Nb, Zr) [17, 18].
Such a process is called microarc oxidation (MAO) [19, 20].
Microarc oxidation refers to the high-voltage anodizing
method [21, 22]. The differences between the MAO method
and the anodization process include the use of not direct
current, but alternating [23, 24] with surge [25] currents.
The differences also include the use of weakly alkaline elec-
trolytes (using the MAO method) instead of acid ones, which
are mainly used for anodizing [26, 27]. However, the main
distinguishing feature is the use of the energy of electrical
microdischarges that randomly migrate over the surface of
products processed in the electrolyte. These microdischarges
have a thermal and plasmochemical effect on the coating
itself and electrolyte [28, 29]. As a result, the hardness and
strength of materials increase [30, 31].

In recent years, there has been an increased interest to
light metal elements (to a large extent this relates to Al
and Ti) as structural elements of aerospace equipment and
engines of various modifications. In this regard, the techno-
logies that lead to an increase in the strength and hardness of
these materials are relevant and demanded by the industry.

2. Literature review and problem statement

The work [32] describes the microarc oxidation process
for creating an oxide film on the surface of metals and alloys
by their anodic polarization in a conducting medium. It was
shown that microarc oxidation is accompanied by the forma-
tion of microplasma [33] and microregions with high pres-
sure due to the gases formed [34, 35]. This leads to the occur-
rence of high-temperature chemical transformations [36, 37]
and the transport of substance in the arc [38, 39].

In addition, a comparison of the MAO method with
anodization shows that when anodizing, the size of the part
increases by a film thickness of 30—60 um. At the same time,
in order to obtain it, it is necessary to observe the tempera-
ture regime. For this, the current density should not exceed
2.5 A/dm? Microarc oxidation allows increasing current
density up to 100 A/dm?. Due to this factor, the duration of
the process is reduced by 20 times.

Microarc oxidation allows obtaining multifunctional coat-
ings with a unique set of properties (high wear resistance,
corrosion resistance, heat resistance) [40, 41].

MAO coatings obtained on aluminum and its alloys in
silicate-alkaline electrolytes, as a rule, have a three-layer
structure (transition layer, main working layer, technological
layer) and uneven distribution of components [42].

It is possible to change the phase composition and control
polymorphic transformations based on aluminum oxide not
only due to changes in electrolysis conditions, but also by
optimizing the composition used to obtain coatings [43, 44].
The presence of direct contact between the metal and the

breakdown region allows expecting a large effect of the che-
mical composition of the aluminum alloy on the properties
of coatings [45]. Preliminary studies have shown that the
phase composition of coatings on different grades of alumi-
num alloys is different, which is apparently due to the partial
completion of the transformation of the low-temperature
modification of y-A1,03 alumina into the stable modification
0-A1,05 [31, 35].

Therefore, to achieve high hardness and wear resistance
of MAO coatings on aluminum alloys, it is necessary to pro-
vide a large percentage of the a-A1,03 (corundum) phase.
Moreover, as was established in [31, 35], phase formation
during the MAO treatment of aluminum alloys in the micro-
arc discharge mode begins with the y-A1,03 phase, which
undergoes the y—a, transition as the coating forms.

However, as follows from the literature review, the main
attention is mainly paid to the influence of technological pa-
rameters on the properties of the modified surface. Detailed
studies of structural states and the influence of processing
conditions on them are practically absent. This is due to
the fact that industrial alloys with multi-element alloying
are mainly studied, which makes it practically impossible to
establish the laws of the influence of elemental composition
on the mechanism and kinetics of structural transformations.
Since the influence of different elements (making up the
alloy) can have not only different kinetics, but also lead to
opposite effects (as assumed, for example, from the results
of [31]). Because of this, there are currently insufficient data
to understand the nature of the influence of the chemical
composition of the aluminum alloy and electrolysis condi-
tions (in particular, electrolyte composition) on the mecha-
nism and kinetics of both the main y—o transformation and
other types of transformations. And without understanding
this, a directed change in the structural state and properties
of MAO coatings becomes impossible.

3. The aim and objectives of the study

The aim of the work is to study the laws of the influence
of the electrolyte composition and doping of aluminum with
Cu and Zn atoms on the phase formation processes, struc-
ture and hardness of coatings formed in an alkaline silicate
electrolyte in the anodic-cathodic mode of the microarc
oxidation process.

To achieve this goal, the following tasks were solved:

— to determine the phase composition of coatings during
microarc oxidation of aluminum alloys doped with Zn and Cu;

— to establish the dependence of the coating hardness on
the content of alloying elements and electrolyte composition;

— to analyze and explain the revealed patterns in terms of
stabilization and destabilization of phases in alloys and deter-
mine the effect of Cu and Zn impurity atoms on this process.

4. Conditions for obtaining microarc oxide
coatings on aluminum alloys and methods
for their research

4. 1. Conditions for obtaining microarc oxide coatings
on aluminum alloys

To obtain microarc oxide coatings, samples of aluminum
alloys in the form of cylinders with a diameter of 20 mm and
a height of 10 mm were used. The treatment was carried out



in an alkaline electrolyte with the addition of liquid glass
(NaySiO3). The MAO treatment was carried out in the anode-
cathode mode at a current density of ~20 A/dm?, the treat-
ment time was t=1hour (to study the morphology of
the initial stage of coating growth, t=10 min was used).
A capacitor-type power supply was used. In order to opti-
mize the technology, the MAO treatment was carried out
in electrolytes of two different compositions — 1 g/l KOH+
+6 g/1 NaySiO3 and 2 g/l KOH+12 g/l NaySiOs. These
electrolytes are the most versatile for organizing the anode-
cathode process in the microarc discharge mode.

Technically pure aluminum, copper-doped (from 3 to
9% Cu) aluminum and zinc-doped (from 1 to 10 % Zn)
aluminum were subjected to microarc treatment. It should
be noted that copper and zinc are the main components of
deformable aluminum alloys, hardened by heat treatment.

4. 2. X-ray quantitative phase analysis

X-ray diffraction survey of the samples was carried out
on a DRON-3 diffractometer (Burevesnik, Russia) in mono-
chromatized radiation from a copper anode in the range of
angles 20=10-70°. Scanning was carried out point by point
with a step of 0.1 degree and accumulation time of 10 sec-
onds at a point. Quantitative phase analysis was carried out
using reference samples. The relative error in determining
the phase content by this method depends on the integrated
intensity of the diffraction peaks. Therefore, to reduce the
error in determining the composition, not all diffraction
peaks of the phases were used, but only the most intense (in
their reflectivity). This technique improves accuracy, but
does not allow the use of statistical processing over the entire
spectrum.

4. 3. Microhardness measurement method

The microhardness of the samples was determined on
a PMT-3 instrument (AO LOMO, Russia). Microhardness
was determined by the indentation of an indenter — a dia-
mond pyramid, with a square base and a tetrahedral shape
with an angle at the apex between the opposite sides of the
pyramid equal to 136°. The microhardness number of
the tetrahedral pyramid with a square base H, kg/mm?, was
determined by the formula (1):

P 1P-sin% P
H=—=—p%=18544—, €Y

where P is the nominal load applied to the diamond pyramid,;
S is the conditional area of the side surface of the imprint,
mm?; d is the arithmetic mean of the length of both diagonals
of the square imprint, mm; o is the point angle of the diamond
pyramid, deg.

When analyzing the obtained results, the average value
over 5 measurements was used.

4. 4. Thickness control of coatings obtained by micro-
arc oxidation

To measure the thickness of oxide films, the non-de-
structive testing method, the electromagnetic method, was
used. In this case, the coating thickness was measu-
red on a VT-10NTs instrument (Kontrolpribor, Rus-
sia). Metallographic analysis of transverse sections on an
Axio Vert.A1 MAT device (Carl Zeiss, Germany) was also
used for thickness control.

3. Results of the study of the influence
of MAO treatment regimes on the surface morphology
and phase composition of coatings of aluminum
alloys doped with Zn and Cu

The control of the coating thickness showed that in
one hour of processing, a coating is formed with a thick-
ness of 100—110 microns. The metallography of the surface
revealed that in the process of coating formation, the sur-
face morphology changes significantly. At the beginning of
the process, a light gray coating with a small roughness is
formed (Fig. 1, a). With an increase in the process duration,
the surface morphology changes — the roughness and size
of microroughness increase, and the places of melting are
clearly visible (Fig. 1, b). The change in the surface morpho-
logy during the oxidation process is due to the change in the
density and power of microdischarges. As can be seen during
visual observation of the MAO process, the initial stages are
characterized by a high density of low-power discharges (rela-
tively low luminosity). As the coating thickness increases, the
density of the discharges decreases, and their power increases.
The latter was determined by an increase in luminosity.

Fig. 1. Surface morphology of the oxide
coating on the aluminum alloy Al+9 % Cu:
a—1=10 min; b—1=1hour

It is known that the properties of MAO coatings (base
layer) are primarily determined by their phase compo-
sition [31, 35].

The X-ray phase analysis carried out in the work revealed
the effect of doping on the phase composition of the coatings.
Typical diffraction patterns of the coatings are shown in Fig. 2.

It can be seen that as a result of microarc oxidation of
aluminum alloys in an alkaline electrolyte with the addition
of liquid glass (NaySiO3) of various concentrations, the
hardened layer consists of the oxides a-Al,O3, y-A1,03 and
mullite 3A1,03-2Si0,. The quantitative ratio between these
phases depends on the oxidation mode, electrolyte composi-
tion and chemical composition of the oxidized alloy.

The spectra presented in Fig. 2 show that the hardened
layer on all the studied samples has a crystalline structure.
The relative intensity of the diffraction lines for the identi-
fied phases is close to the table data, which indicates the ab-
sence of a pronounced texture (i. e., the random orientation
of the crystals of the hardened layer). The hardened layer
has a similar phase composition, but the quantitative ratio
is determined by the extent of aluminum alloying (Fig. 3).

As can be seen from Fig. 3, the highest content of the
o-A1,03 phase is observed in Al+Cu alloys with a Cu
content of about 4 wt. % (Fig.3,a,b). For such a con-
tent, microarc treatment in an electrolyte of 2 g/l KOH
and 12 g/l NaySiO3 leads to a content of about 30 vol %



o-A1,03 (Fig. 3, b). When 1 g/1 KOH and 6 g/l Na,SiO3 are
treated in an electrolyte, the o-A1,03 phase content in the

coating reaches 60 vol %.
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The highest physical and me-
chanical properties and the high-
est hardness (about 24 GPa) are in
the a-A1,03 phase (corundum). The
v-A1,03 phase has a hardness of
about 14 GPa, and mullite has a hard-
ness close to 10 GPa. In this regard,
the production of coatings with
high hardness is associated with the
need to ensure a high percentage of
o-A1,03 in the coating composition.

The obtained dependences of hard-
ness on the alloy composition are
shown in Fig. 4.

Fig. 4 shows that the dependence
of hardness on composition is non-
monotonic. A significant increase in
hardness in the case of an Al+Cu
alloy is manifested when the Cu
content is >3 %. In the case of an
Al+Zn alloy, the maximum hardness
is at a Zn content of ~3 %. These re-
sults were obtained in an electrolyte
with a composition of 1 g/ KOH+
+6 g/ NaSiOs,.
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Fig. 3. Dependences of the phase composition of the coating on the concentration of the alloying element
in Al+Cu and Al+Zn alloys: a — Al+Cu, electrolyte 1 g/I KOH and 6 g /I Na,SiO3; b — Al+Cu, electrolyte 2 g /1 KOH
and 12 g/1 Na;SiOs; ¢ — Al+Zn, electrolyte 1 g/I KOH and 6 g /1 Na,SiO3; d — Al+Zn, electrolyte 2 g /I KOH
and 12 g/1 Na,SiOs3; 1 — v-A1,03; 2 — 0-A1,03; 3 — 3A1,03-2Si0, (mullite)
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Fig. 4. Dependences of hardness on
the concentration of alloying elements Cu and Zn:
a — electrolyte 1g/I KOH and 6 g /I Na,SiO3;
b — electrolyte 2 g/1 KOH and 12 g /I Na,SiO3

The use of an electrolyte with an increase in the water
glass content (12 g/l NaySiO3) significantly reduces the
coating hardness due to the presence of mullite in the coating
(the content of which exceeds 50 %).

7. Discussion of the research results on the effect
of electrolyte composition and alloying on the phase-
structural state and hardness of MAO coatings

The research results showed that although the addition
of NaySiOj to the electrolyte provides a significant increase
in the thickness of the formed coatings, it is accompanied
by the appearance of a phase with low hardness (mullite) —
3A1,03-25i0, (Fig. 2, 3).

The formation of mullite is determined by the fact that
when liquid glass is diluted with water, hydrolysis occurs by
the reaction:

NaySiO3+2H,O=2NaOH+SiO,+H,0. (2)

The interaction of y-A1,03 with SiO, leads to the appea-
rance of mullite:

3Al,03+2Si09¢53A1,035-2Si105. (3)

The data obtained in the work indicate that the main
phase of the coating is the y-A1,03 phase. The phase com-
position of the coatings of the studied alloys differs both
quantitatively and qualitatively (Fig.2,3). The analysis of
the results shows that the mechanism of formation of the
phase composition should be associated with stabilization
and destabilization of the y-A1,03 phase.

As shown by precision studies (from the data on the position
of the peaks in Fig. 2), the lattice period of the y-A1,03 phase
varies depending on the degree of aluminum doping (Fig. 5).
For the coating on aluminum, the lattice period is 0.790 nm,
which corresponds to the table value. With an increase in alloy-
ing degree, an increase in the lattice period is observed, both in
the case of copper alloying and in the case of zinc alloying.

The results obtained indicate that the y-A1,03 phase is
doped with impurity atoms by the substitution type. The
change in the lattice period in this case will be determined,
on the one hand, by the difference between the ionic radii of
A" (#=0.067 nm) and the ionic radii of Cu®*" (#=0.087 nm)
and Zn?" (=0.086 nm), and, on the other hand, by the diffe-
rence in valency and concentration of the dissolved component.
Comparing the ionic radius of Al with the ionic radius of impu-
rity cations, we can conclude that the Cu and Zn cations should
lead to an increase in the lattice period of the y-A1,03 phase.

0.7914
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g
£ 0.7910-
<

0.7908-
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0 2 4 6 8 10
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Fig. 5. Effect of alloying aluminum with copper (Al+Cu)
and zinc (Al+Zn) on the lattice period of
the y-A 1,03 phase

The analysis of the results presented in Fig. 3,5 indi-
cate that Cu®' cations contribute to the destabilization
of the y-A1,03 phase, and Zn?" cations lead to stabiliza-
tion of the y-A1,03 phase at a Zn content >3. Destabili-
zation (or stabilization) is determined by the effect on the
v-A1,03—0-A1,03 transition based on the phase composi-
tion data (Fig. 3). A comparison with the results of hardness
measurements (Fig. 4) shows that the achievement of a high
hardness of MAO coatings on aluminum alloys is associated
with the need to ensure a high a-A1,03 phase content. In
the case of zinc doping of aluminum, an extreme dependence
of the o-A1,03 phase content on zinc concentration is ob-
served. The maximum o-A1,03 phase content corresponds
to 2% Zn. At present, it is difficult to explain the result-
ing extreme dependence. Although it can be assumed that
a significant effect of impurities on the formation of o-A1,04
from y-A1,03 can be determined by their adsorption on the
surface of alumina particles. This leads to regulation of the
nucleation rate during the growth of new phase grains. How-
ever, to substantiate this assumption, additional studies are
required, which are planned to be carried out in the future.

7. Conclusions

1. The data of x-ray diffraction analysis of the coatings
indicate the crystal structure of the coatings. The phase com-
position consists of aluminum oxides o-A1,03 (corundum),



v-A1,03 and mullite 3Al,03-2Si04, which provide high hard-
ness of coatings (HV>1,000 kg/mm?). It was established that
copper and zinc alloying of aluminum significantly affects the
phase composition of the coating, changing the quantitative
ratio of the phases in a nonlinear manner. The highest con-
tent of the a-A1,03 phase (up to 60 vol. %) is achieved by
Cu doping.

2. It is shown that high hardness of coatings on aluminum
alloys is ensured when the copper content is more than 3 %,
and zinc — 2-3 %. The highest hardness of the MAO coatings is
achieved using an electrolyte of 1 g/1 KOH and 6 g/1 Na,SiOs.

3.1t is established that the mechanism of formation of
the phase composition should be associated with stabiliza-
tion and destabilization of the y-A1,03 phase. Therefore, to
achieve high hardness, it is necessary to choose those alloying
elements that affect the destabilization of y-A1,03, which

ensures the formation of the o-A1,03 phase (corundum). In
this regard, it was found that Cu®* cations contribute to the
destabilization of the y-A1,03 phase, and Zn?* cations lead
to stabilization of the y-A1,03 phase at a Zn content >3 %.
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