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ABSTRACT The influence of the technological parameters of microarc oxidation on the regularities of the phase-structural state of
coatings formed on D16 aluminum alloys (the main alloying element is Cu) and AMg3 (the main alloying element is Mg) and the
effect of annealing in the temperature range 600-1280 °C on the y-Al203 — a-Al203 phase transformation are investigated. It was
found that in the coatings formed during microarc oxidation in a complex (alkaline-silicate) electrolyte, three main phase-structural
states are revealed: y-Al203, a-Al203 and mullite (341:03°2Si0z). The conditions of electrolysis allowing the formation of a two-
phase state (y-Al203 and a-A1203) on alloys of both types have been determined. It has been established that alloying elements of the
AMg3 alloy provide in MAO coatings a higher stability of the y-A1:0; structure in comparison with the analogous state in MAO
coatings on D16 alloy. High-temperature annealing of MAO coatings made it possible to reveal a more complete phase
transformation on D16 alloy, the structural basis of which is the appearance of tetragonality in the defective cubic lattice of the y-
ALO3 phase. Annealing of MAO coatings stimulates the y — o transformation with the greatest dynamics of change in the coatings
obtained on D16 alloy. At the highest annealing temperature of 1280 °C (for 60 min) as a result of y—a transformation, the relative
content of the a-Al203 phase in the coating is 89 % (coating obtained on D16 alloy) and 30 % (coating obtained on AMg3 alloy). A
model of the polymorphic y-Al203 — a-Al20; transformation in aluminum oxide is proposed, based on the ordering of the metal
cationic subsystem in octahedral and tetrahedral internodes and the enhancement of this process upon the weakening of the “metal —
oxygen” bond as a result of the replacement of Al ions by Cu ions that have a low binding energy with oxygen. A correlation between
the relative content of the a-Al203 phase and the hardness of the MAO coating was found. With the highest content of the a-A120;3
phase, the hardness reaches 16000 MPa.

Keywords: microarc oxidation; aluminum alloy; alkali silicate electrolyte; y-Al20s; alloying elements; annealing; interstices;
tetragonality, polymorphic transformation

3AKOHOMIPHOCTI BIIVIUBY MIKPOAYI'OBOI'O OKCUAYBAHHS
AJIOMIHIEBUX CILTABIB HA ®A30BO-CTPYKTYPHUM CTAH ®OPMOBAHUX
OKCUJAHUX ITOKPUTTIB I OCOBJIUBOCTI y-AlLO3; —a-Al,O; HIOJIMOP®HOI'O
NEPETBOPEHHS ITPU IX BIIIAJI

O. B. COBOJIb, B. B. CYEBEOTIHA

Kaghedpa mamepianosnasecmea, Hayionanvruti mexuiunutl ynieepcumem «Xapxiecoxkutl nonimextiynui incmuntymy, m. Xapkie, YKPAIHA

AHOTALIA Jlocniodceno 6naug mexHoN02IYHUX NAPAMempie MIKpoOy208020 OKCUOVBAHHS HA 3AKOHOMIPHOCMI (Pazoeo-
CMPYKMypHO20 Ccmany NOKpummis, wo gopmyromscs na anominiesux cniaeax /16 (ocnosnuii enemenm necysanns Cu) i AMes
(ocnosHutl enemenm nezysanna Mg) i ennue ionanie 6 inmepsani memnepamyp 600—1280 °C na gpasose nepemsopenns y-Al203 —
0-Al20s. Bcmanoeneno, wo 6 nokpummsax, wo @opmylomsca npu MiKpooy2080My OKCUOYEAHHI 6 KOMNIEKCHOMY (VIHCHO-
CUNIKAMHOMY) eleKmpoimi, GUAGNIAIOMbC MPU OCHOBHI hazoeo-cmpykmypui cmanu: y-Al203, a-Al203 i myanim (341203228i03).
Busnaueni ymosu eiexmponizy ski 003go1soms opmysamucs ogogasznomy cmany (y-ALOs i a-ALO3) na cnaasax o6ox munis.
Bcmanosneno, wo aeeyroui enemenmu cnaagy AMes zabesneuyioms ¢ MIO-nokpummsx 6inbut 6UCOKy cmabinbHiCy CIMPYKMYypU -
A120;s, 6 nopieusanni 3 ananoeiunum cmarom 8 MJ[O-nokpummsx na cnnasi /{16. Bucokomemnepamypruii ¢ionan M/JO-nokpummis
0036011U6 BUsGUMU NOGHIWE (pazose nepemsopenns Ha cnaasi 16 cmpyKkmypHoio 0CHOB0I0 K020 € NOA6A MEMPAOHANLHOCIU 8
odeghexmmoi kyoiunoi pewimyi y-Al203 ¢gpazu. Bionan M/[O-nokpummie cmumynioc y — o nepemeopents 3 Haubibuo OUHAMIKOIO
3MiHU 6 noKpummsax, ompumanux Ha cnaaei /[16. Ilpu maxcumanvuiti memnepamypi eionany 1280 °C (npomsazom 60 xs.) &
pesyabmami y — a nepemgopenus gionocuuu emicm a-Al203 gpasu 6 nokpummi cmanogums 89% (nokpumms, ompumane Ha cniasi
H16) i 30 % (noxkpumms, ompumane na cnaagi AMe3). 3anpononosano modenv nonimopgnozo y-Al203 — a-Al203 nepemsopenns 6
oKCudi antoMinilo, AKA 3ACHOBAHA HA BNOPSAOKYBAHHA Memanegoi KAMioHHOI nidcucmemu 8 OKMAeOpudHux i mempaeopuumux
MIDICEY3/ISX [ NOCUTIEHHS Y020 NPOYeCy Npu OCIAONIeHHI 36 3Ky «(Memani—KuceHvy 8 pesyavmami zamiugenns ionie Al ionamu Cu, sxi
Marmov 8IOHOCHO MAJly eHepeiio 363Ky 3 KucHem. Buseneno kopensayiio mixc ionochum emicmom a-Al203 ¢pazu i meepoicmio MJ[O-
noxkpumms. Ilpu naibinsuiomy emicmi a-Al203 gpazu meepdicms docsieac 16000 Mlla.

Knrwuogi cnosa: mikpoodyzoee oKcuoy8anus, amtOMiHIESULl CNAAS, TYHCHO cunikamuuil erekmponim,; y-Al203; enemenmu necysanus,
8IONAN; MIXHCEY3A, MEeMPALOHATLHICG, NOIMOPQHE NepemeopeHHsl.

Introduction microarc oxidation of aluminum coatings is based are still

Despite the fact that the theoretical concepts of the far from perfect, very effective methods of producing

nature of the phenomena on which the technology of
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coatings with different properties have been developed
empirically [1-3].

However, further development of this technology
requires a more in-depth knowledge of the processes
occurring during the formation of MAO coatings, which
makes it possible to purposefully change the oxidation
conditions in order to obtain the required coating
characteristics [4-6]. In this aspect, the study of the
influence of the elemental composition of the alloy on the
phase composition of the formed coating and the features
of the y-ALbO; — a-AlLO3 polymorphic transformation
during the formation of MAO coatings on aluminum
alloys is undoubtedly of interest, since these phases are
the main phases in MAO coatings and determine their
properties [7,8].

The purpose of the work

Therefore, the aim of this work was to establish the
effect of microarc oxidation in complex electrolytes of
different composition on the phase composition and
properties of D16 (the main alloying element is Cu) and
AMg3 (the main alloying element is Mg) alloys, as well
as the effect on the phase-structural state of these coatings
by annealing in temperature range of 600—1280 °C.

Literature review

The polymorphic modification of a-ALO;
aluminum oxide has a rhombohedral crystal lattice (a =
0,512 nm, a = 55,25°, for a hexagonal setting a = 0,475
nm, ¢ = 1,299 nm, space group D®%,4). The crystal lattice
of a-AlO has significant stability and strength; therefore,
corundum recrystallization  requires  very  high
temperatures  (about  1800-1900  °C).  During
recrystallization in the solid phase for the development of
exchange processes or self-diffusion, it is necessary to
overcome a significant energy barrier [9]. The structure of
the a-A 1,03 oxide is built on the basis of dense filling of
the anionic lattice and various possibilities of filling
octahedral and tetrahedral interstices with cations. In the
a-A 1,03 lattice 2/3 of octahedral interstices are occupied,
as a result of which, due to the strong electrostatic
attraction between aluminum cations and oxygen anions,
as well as close packing, the formation of solid solutions
is difficult.

The structure of y-Al,Os3 is traditionally considered
as a type of spinel with defects, in which oxygen atoms
are located in a cubic close packing, and Al atoms occupy
octahedral and tetrahedral positions. However, unlike
fully occupied positions in the oxygen sublattice, the
aluminum sublattice contains structural vacancies that
balance the [Al]/[O] ratio. In the Fd3™ m space group, this
means that oxygen is in the positions of fcc lattice sites,
and Al atoms are in tetrahedral and octahedral positions.
To satisfy the stoichiometry of y-Al,Os, in contrast to the
chemical formula of spinel, M304 (M = metal or mixture
of metals), the atomic positions of Al are not fully
occupied. Vacancies are distributed by both tetrahedral

and octahedral positions. However, until now the exact
distribution of Al atoms (and vacancies) has been
controversial [10], and apparently depends on the
conditions for obtaining y-Al,O3[11].

During the formation of intermediate phases of
aluminum oxide, these vacancies show different degrees
of ordering, which usually increases from y-Al,O; to 6-
Al,Oj3 [12]. Different distribution of vacancies over cation
sites: one of the reasons why different structural
descriptions of y-Al,O3; can be found in the literature for
samples obtained by different technologies, with different
crystallite sizes, etc. [13,14].

The y-AlL,O; phase has a much lower surface
energy and higher entropy, and therefore can be more
stable at low temperatures [15]. As shown by calculations
[16], the value of the free surface energy of the y-AlL,O3
phase is 1,7 J/m?, and for the a-AlL,O; phase the value of
the surface energy is 2.6 J/m?.

At temperatures exceeding 1200 °C, y-AlLO;
transforms into a-Al,O3 [17].

Therefore, it is generally accepted that the heat
resistance of MAO coatings is about 1200 °C. However,
the fact that the properties of MAO coatings are
determined not only by the quantitative ratio of the o-
Al>,O3 and y-A1,0s phases suggests that during heating at
temperatures below 1200 °C, changes in the structure of
these phases are possible. It should be noted that the
transformation temperature can change in magnitude upon
aluminum alloying [18].

Thus, as follows from the literature review, the
issues related to the regularities of the formation of the y-
A1,0; phase and the degree of its stability during the
formation of MAO coatings on alloys of different
compositions remain debatable; there is no generally
recognized mechanism of y-ALO; — o-ALO;
polymorphic transformation and the influence of the
conditions of plasma treatment and thermal annealing. All
this is the basis of the structural-phase engineering of
MAUO coatings and determines their functional properties.

Microarc oxidation and research methodology

Microarc oxidation was carried out in a 100 liter
stainless steel bath. During the MAO process, cooling and
bubbling of the electrolyte was provided. The average
voltage was 380 V. The current density was 20 A/dm?,

Based on the results of preliminary studies, D16
and AMg3 aluminum alloys were used as model alloys
for microarc oxidation, since at close parameters of MAO
treatment, a coating of approximately the same thickness
on these alloys, consisting only of y-A1,0; and a-AlO3
phases is formed, but with a significant difference in their
ratio. In addition, an important difference between these
alloys was the main alloying element: in D16 such an
element is Cu, which has a very weak bond with oxygen,
and in AMg3 such an element is Mg, which has a
relatively high binding energy with oxygen in oxides and
belongs to valve elements group [19].
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In this case, the composition of the D16 alloy as
the main elements includes: Al (90,9-94,7 %), Cu (3,8—
4,9 %), Mg (1,2-1,8 %), Mn — in the range of 0,3-0,9 %,
Fe — no more than 0,5 %; Si — no more than 0,5 %; Zn —
up to 0,25 %; Ti — no more than 0,15 %), and in the
AMg3 alloy, the main elements are: Al (93,8-96 %), Mg
- (3,2-3,8 %), Mn - (0,3-0,6 %), Si — (0,5-0,8 %), Ti —
up to 0,1 %, Fe —up to 0,5 %.

The process of microarc oxidation was carried out
in an alkali-silicate electrolyte at an initial pH = 10,0—
13,0 and p = 100-350 Ohm/cm. However, to obtain a
high-quality oxide coating on these alloys, a final
adjustment of pH and p was necessary. The electrolytes
and MAO modes used to optimize the technology of
coating deposition on D16 and AMg3 alloys are given in
tabl. 1.

Table 1 — Types and characteristics of electrolytes
used for microarc oxidation

No | Electrolyte composition, pH Py
g/L Ohm/cm
KOH NaySiO3
1 1 6 11,60 254
2 2 12 11,90 150
3 2 6 12,4 130

To clarify the nature of the processes that led to a
change in the lattice period of the y-A1,0; phase, MAO
coatings on D16 and AMg3 alloys were separated. The
separation of the MAO coating was carried out by
dissolving the aluminum base with exposure in an 18 %
hydrochloric acid solution for 20-30 minutes (until the
aluminum base is completely dissolved). The absence of
an aluminum base was monitored by diffraction spectra.

The separated coatings were annealed for 60
minutes at temperatures of 600, 700, 800, 900, 1000,
1100, 1120, 1280 °C.

After exposure to each temperature the phase
composition of the coatings and the lattice period of the vy-
Al1,03 and a-AlLO; phases were studied by X-ray
diffractometry.

X-ray diffraction studies were carried out on a
DRON-3 X-ray diffractometer with point-to-point
recording of diffraction reflections. To determine the
lattice parameters of the y-A 1,03 and a-Al>Os phases, the
survey was carried out in A-Cr radiation with a V filter.
The phase concentration was determined using reference
points for each of the possible phases. The scanning was
carried out in a pointwise mode with a A (20) = 0.02°
scanning step and a pulse accumulation time at each point
of 20 s. For complex diffraction profiles, they were
decomposed with the selection of the component peaks.
Decomposition was carried out using the «new_profile
3.4» software package [20]. To interpret the diffraction
patterns, the tables of the International Center for
Diffraction Data (Powder Diffraction File [21]) were
used.

Scanning electron microscopic analysis of surface
morphology was performed on the REM MA 101.

Microhardness was determined using a PMT-3
device.

Results

Oxidation was carried out for 1 hour, when it is
believed that the thickness of the dielectric layer in the
microplasma channels does not yet lead to a significant
enrichment of the crystalline lattice of the y-A1,03 phase
with impurity atoms of the alloy [19]. In this case, the
lattice period of y-A 1,03 should be close to the standard
values for the y-A1,033 phase of 0.7917-0.792 nm.

Fig. 1 shows comparative histograms of
compositions of MAO coatings on D16 and AMg3 alloys
obtained in different electrolytes.

It can be seen that when using electrolytes of the
first 2 types (tabl. 1), mullite is present as one of the
phases in the coating composition. Therefore, such
electrolytes cannot be used to obtain only the basic -
Al,O3 and y-A 1,03 phases and at the same time achieve a
high-hardness state (with a hardness of more than 15 000
MPa).

Fig. 2 shows the dependence of the hardness of
MAO coatings on the composition of the electrolyte.
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Fig. 1 — Phase composition of MAO coatings on the D16
(a) and AMg3 (b) alloys in electrolytes of different types
(v =1 hour)
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Fig. 2 — Dependence of the hardness of MAO coatings on
the electrolyte composition (electrolyte number in
accordance with tabl. 1)

As can be seen from the results presented in fig. 2,
the highest hardness is inherent in MAO coatings formed
during electrolysis in the 3rd electrolyte. In this case,
under the same electrolysis conditions, the hardness of
MAO coatings on D16 alloy turned out to be higher than
in coatings on AMg3 alloy. If we compare the data on
hardness and phase composition (fig. 1), we can trace the
relationship between the amount of a-Al,O; in the
coating composition and the hardness of the coating (with
an increase in the relative content of a-AlLO; in the
coating, its hardness increases).

Also, when analyzing the results obtained, it can
be seen that the same hardness is not always realized with
the same phase composition. Obviously, in addition to a
change in the phase composition, there is also a change in
the structural characteristics of the phases themselves.

Based on the results presented in Fig. 1 and fig. 2,
coatings obtained after MAO treatment of D16 and AMg3
alloys in electrolyte 3 (2 g/L KOH + 6 g/L Na;SiOs
solution) were selected for basic studies. The thickness of
such coatings was about 80 um, and the phase
composition included only y-A 1,03 and a-Al,O3 phases.

Fig. 3 shows the morphology of the lateral surface
of such a coating on the AMg3 alloy. It is seen that the
coating has a fairly uniform structure with low porosity.

Separated MAO coatings were obtained by
dissolving the base of the aluminum alloy in an 18 %
hydrochloric acid solution.

It should be noted that the same hardness is not
always realized with the same phase composition.
Obviously, in addition to a change in the phase
composition, there is also a change in the structural
characteristics of the phases themselves. Therefore, in the
work, both the phase composition and the lattice period of
the base a-Al,O; and y-A1,0; phases were studied.

To analyze the phase composition, reference lines
of a-Al,0Os3 and y-A1,03 phases were used. As such lines
(113) were chosen for a-AlO3; and (400) for y-A1,0s.
These peaks have a fairly high relative intensity and are
located in a close angular range.

Fig. 3 — Morphology of MAO coating on D16 alloy

Fig. 4 and fig. 5 show the resulting dependences of
the relative content of a-Al,O3 and y-A1,05 phases in the
coating on the annealing temperature.

It can be seen that the phase composition remains
practically unchanged up to a temperature of about 800
°C. Significant changes in the composition occur at
temperatures exceeding 900 °C. In this case, to the
greatest extent, this applies to D16 alloy (fig. 4).

Thus, a change in the composition of coatings at
high temperatures due to an increase in the relative
content of the 0-A1,0;3 phase indicates the stimulation of
the v-A1,03 — a-AlLOs; phase transition at these
temperatures. An important structural indicator of such a
transition is the lattice period.

The lattice period of y-Al1,03; in the separated
MAO coating on the D16 alloy was 0,7917 nm, and in the
coating on the AMg3 alloy, the lattice period of the -
A1,0; phase was 0,7915 nm.

To determine the effect of annealing temperature
at high temperatures, a precision measurement of the
lattice period of the y-A1,03 phase was carried out during
annealing in a wide temperature range.

From the sections of the diffraction spectra
presented in fig 6 and fig. 7, after their decomposition into
component profiles, it can be seen that at temperatures up
to 900 °C, two diffraction peaks from the (440) planes of
the y-A1,03 phase and (124) a-Al>O; phase are revealed.
It should be noted that the (440) diffraction line is
symmetrical. An increase in the annealing temperature
above 900 °C leads to a shift of the diffraction peak from
the (440) y-A1,0s3 planes to the region of large diffraction
angles (which corresponds to a decrease in the period)
and the appearance of an additional peak in a smaller
angular range.

To determine the lattice parameters of the y-A1,03
phase, the survey was carried out in A-Cr radiation at
large angles (in the angular range 20 = 108—111°) with a
scanning step of 0,010. This made it possible to determine
the shape and position of the most intense reflection in
this range of large angles from the (440) plane of the
v-A1,0; phase.
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Fig. 4. — Phase composition of MAO coatings on D16
alloy after their annealing: 1 —y-A1,03, 2 — a-AL0;
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Fig. 5 — Phase composition of MAO coatings on the AMg3
alloy after their annealing: 1 —y-A1,03, 2 — a~Al;0;

It was found that up to a temperature of about
900 °C the lattice period remains practically unchanged
and close to 0,7916 nm, which is consistent with the
microstructural data for y-A1,0s.

Fig 6 and fig. 7 show a typical view of the spectral
regions in the selected angular range.

It should be noted that in this case, the position of
the (124) peak of the a-Al,Os3 phase practically does not
change. Precision measurements of the lattice period of a-
AlLO; in coatings in the entire temperature range of
annealing (600—1280 °C) did not reveal its change, which
indicates the stability of the corundum lattice. Thus, in
contrast to y-A1,0s3, the period of the rhombic lattice of a-
A1,0; is practically constant (a = 0,5127 + — 0,0002 nm,
a = 55,280).

In y-A1,03, the (440) diffraction peak is divided
into two components with an intensity ratio close to 1:2.
The appearance of an additional diffraction peak with a
simultaneous shift of the basic peak to the region of large
angles has signs of the appearance of tetragonality in the
cubic lattice of the y-A1,0; phase.
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Fig. 6 — X-ray diffraction patterns (with
decomposition into components) of MAO coatings
obtained on D16 alloy after annealing for 60 minutes at a
temperature of 800 °C (a) and 1280 °C (b)

Based on this approach, Fig. 8 shows the change in
the interplanar distance of y-A 1,03 for planes of the (440)
type and its separation into 2 components (440) and (044)
at high temperatures.

The obtained values of the change in the
interplanar  spacing indicate the appearance of
anisomericity of the periods, which indicates that the
lattice passes from cubic to tetragonal with a degree of
tetragonality c/a = 1.02. The temperature of such a
transition for the coating on D16 and AMg3 alloys is
slightly different. As can be seen from the results
obtained, the appearance of such a doublet of peaks is
clearly revealed on MAO coatings of the D16 alloy at
1000 °C (fig. 8a). At the same time, on the MAO coatings
of the AMg3 alloy, a noticeable appearance of the
tetragonality doublet manifests itself only at temperatures
above 1100 °C (fig. 8b).

BICHUK HTVY "XIII" Ne 3 (5)



ISSN 2079-5459 (print)
ISSN 2413-4295 (online)

CEPLA "HOBI PILIEHHA B CYYACHUX TEXHOJIOI'IAX"

T
2501 o |
c. =
= =
200 | <z:':s § b
. 1501 ;A

I, arb. un

100

50
01 T T T T =
108,0 108,5 109,0 1095 110,0 1105 1110
20, deg.
a
o 7
< |
S
3 ]

26, deg.
b

Fig. 7— X-ray diffraction patterns (with decomposition
into components) of MAO coatings obtained on the AMg3
alloy after annealing for 60 minutes at a temperature of
800 °C (a) and 1280 °C (b)

Discussion of results

It is known [19] that in the composition of films
obtained by conventional anodizing of aluminum alloys,
a-ALO;, the y-Al,03 — oa-ALOs transition is not
detected, since the process temperature is lower than
1000 °C.

With MAO, the temperature in the discharge
channels can reach 3000 °C and higher temperatures [19].
However, apparently, due to the high dispersion at the
initial formation of the phase from the plasma, at the
initial stage of oxidation, the y-A1,03 phase is mainly
formed. The formation of an amorphous or
nanocrystalline y-A 1,03 phase during the MAO process is
determined by a high degree of nonequilibrium of the
processes during microplasma oxidation at which the
highly dispersed form of y-A1,03 is more stable than o-
AL O3 due to the lower surface energy [22].
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Fig. 8 — Change in the interplanar spacing for the (440)
plane of the y-A1:03 phase with the formation of
tetragonality in the lattice of the coating formed on the
D16 (a) and AMg3 alloys upon their annealing

In addition, the stabilization of the y-A1,03 phase
is facilitated by the partial replacement of the ionic
component at the lattice sites with ions such as Na*, K*
and ions of other metals. Therefore, the different chemical
nature of the stabilizer ions of the y-A1,03 phase during
the oxidation of different alloys explains the difference in
the y-A1,03 — a-Al,O; transition temperature.

It should be noted that with an increase in the
duration of the process, there is a change in the power of
microarc discharges and the temperature in the microarc
zone, that is, the transformation temperature, and it can be
assumed that in this case the processes of redistribution of
ions (their type and ratio is determined by the chemical
composition of the alloy and electrolyte) into the
composition of y-A1,03, as well as to undergo ordering in
the crystal lattice, which cause a change in its lattice
parameter.

The results obtained indicate that at high
temperatures ordering occurs in the y-A1,0; lattice with
the formation of tetragonality.

It is known that the y-A1,03 phase is metastable
and is mainly detected with a cubic type unit cell [23].
However, in a number of works, the possibility of the
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appearance of tetragonality in such a lattice was noted
[24,25]. In this case, the stabilization of the cubic lattice
occurs upon separation from the nanocrystalline and
amorphous structure [26,27]. This is determined by the
relatively low surface free energy [14]. Therefore, with an
increase in temperature and an increase in the grain
structure, the stability of y-A1,03 decreases.

The cubic crystal cell of y-A1,03 belongs to the
spinel structure. In the spinel structure (Me**Mey**0y),
the unit cell includes 32 O anions, which form the densest
cubic packing with 64 tetrahedral (cations occupy 8) and
32 octahedral (cations occupy 16) vacancies. In such
vacancies, there should be 24 metal ions. The unit cell of
v-Al,O3 contains 32 oxygen ions (i.e., the anionic part
corresponds to the filling for classical spinel), however,
the cationic part accounts for 21 1/3 of the metal ion (that
is, it contains 8 A1,03 molecules). This is due to the fact
that in y-ALLO; the AI** ion plays the role of both Me?*
and Me" cations. AP" ions are statistically distributed
over 8 tetrahedral and 16 octahedral positions. Therefore,
the structure of y-A1,0;3 is called a defect-type spinel
structure, and upon exposure to temperature, a
redistribution of AI’* ions over octahedral and tetrahedral
positions can occur, which affects the lattice period.

This model is described more fully in [28]. In this
case, the traditional structure model is used, such as a
defective cubic spinel of the AB,O4 formula, where A =B
= Al and in which A atoms occupy 1/8 tetrahedral
positions (interstitial sites), B atoms occupy 1/2
octahedral positions (interstitial sites). This structure is
shown in Fig. 9.

However, as the works of recent years [29] have
shown, the used model of the structure of y-Al,O;, in
which 25% of AI’' cations are located in tetrahedral
interstices and tetrahedral interstices are the main

vacancies for aluminum ions, must be modified. This is
due to the fact that, as shown by NMR studies, a
significant part of vacancies can be in octahedral
interstices, as in isostructural y-Fe,Os. In this case, two Al
interstices

vacancies in octahedral maximize their

distances [30-35].

Fig. 9 — Structure of AB>Oy spinel. The large red spheres
are O atoms at the sites of the fcc lattice, the small blue
spheres are the A atoms at the tetrahedral interstices, and
the green small spheres are the B atoms at the octahedral
interstices

In this case, as is known [36], in the presence of
more than 20 % of vacancies in a cubic (with a base of the
fce type) sublattice, their ordering occurs with increasing
temperature. The degree of such ordering is influenced by
the bond strength between metal and non-metal ions (in
this case, oxygen).

In this case, the distortions of the crystalline lattice
of the y-Al,Os spinel can mainly be associated with
displacements of oxygen ions, which lead to «rotations»
of the AlOg octahedra. And in the case of atomic ordering
and the appearance of tetragonality of the lattice,
alternation of layers consisting of aluminum octahedra
with layers consisting of aluminum octahedra and
tetrahedra should be observed.

If we compare these 2 crystalline lattices, then a-
A1,0; has a structure with the oxygen planes ABAB
along the z axis. On the other hand, y- A1,0; has a cubic
structure (Fd-3m groups) based on an fcc lattice with the
oxygen planes ABCABC along the z axis. Unlike a-
A1,0s, it has free spaces in Al positions. And unlike a-
A1,03, which occupies 2/3 of the octahedral positions of
the insertion, y- A1,03; occupies not only the octahedral
position, but also tetrahedral positions. A schematic view
of close-packed planes for these types of lattices is shown
in Fig. 10 [37].

Thus, the transition from the y-A1,03 structural
state to a-A 1,03 can occur by a shear path, which requires
a transformation of the rhombohedral unit cell. One of the
stages of such a transition is the change of the rhombic
cell inscribed into the cubic lattice of y-A1,0; to the
required parameters in the hexagonal setting of the a-
A1,0; phase. Such a change should take place through
the tetragonality stage, as shown in Fig. 11.

2) o-AlLO; b} y-AlOs

Fig. 10 — Model structures of a-A1,03, (0001) plane and
y-A1,03, (111) plane. Rhombuses in the structures show
the unit cell (white — oxygen anions, black — aluminum
cations) [37]

It should be should be considered that during
MAO treatment of alloys containing several elements,
isovalent isomorphism is absent, that is, when the ions
replacing each other have the same valence, and
heterovalent isomorphism is realized, when the ions
replacing the initial one have a different valence. In
addition, the alloying metal ions replacing Al** differ in
their ionic radius. For the studied alloys, the AI*" cation
has an ionic radius of 0,067 nm, Cu?*" (0,087 nm), Cu**
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(0,068 nm), Mg?* (0,086 nm), and the O anion (0,126
nm). In this case, it is necessary that the lattice as a whole
be neutral, that is, for the compensation of valence
(charge) to occur. Vacancies can play the role of charge
compensators.

{F\ N ;
TN 7 g

H

cubic with tetragonal
distortion
a b c

Rhombohedral cell placed in a face-centered

— e
y-AL0,

Rhombohedral cell placed in a hexagonal|

a-AL0,

Fig. 11— Scheme of rhombohedral cell transformation
from a cubic (fcc) y-A1,0; setting (a), through a
tetragonally distorted y-A1,0; lattice (b) to a hexagonal
a-A1,0; phase setting (c)

Compensation can occur not only for the positions
of ions occupying the same sublattice, but also for the
positions of different systems. The appearance of
vacancies that compensate for the charge during the
formation of solid solutions in crystals is accompanied by
an increase in the lattice period. Apparently, the formation
of defect structures can explain an increase in the lattice
period of the y-A1,0; phase during the formation of
coatings on the alloys under study. In addition, the
difference in ionic radii also leads to a change in the
period.

Since an increase in the oxidation time leads to an
increase in the thickness of the dielectric layer, during the
MAQO process the discharge power increases (the
temperature in the discharge channels increases) and the
degree of doping of the formed MAO coating with
impurity ions increases. Therefore, the observed increase in
the period of y-A1,0s can be associated both with an
increase in the content of cations with a larger atomic
radius, and with the appearance of compensating vacancies.

In contrast to this, an increase in the y-A 1,03 period
upon annealing of a coating with a temperature of 600 —
900 °C can be associated only with the appearance of
compensating vacancies or rearrangement in the lattice for
the transition to a more thermodynamically equilibrium
state of a- A1,03. Taking into account the short duration of
exposure to microarc discharges (microseconds) at high
temperatures (about 3000 °C), which is several times
higher than the y — o transformation temperature, it can be
assumed that the ordering processes during MAO
processing occur much more intensively, which
complicates the fixation of this transformation stage. y — o
(formation of tetragonality) in the MAO process.

In the case of prolonged annealing at relatively low
temperatures, as was done in this work, the stage of
tetragonal distortions appeared during the transition of the

nonequilibrium y-A1,03 phase to the equilibrium close-
packed a-A1,0; phase (Fig. 7 and Fig. 8).

The different kinetics of such transformations in
the D16 alloy (where the main alloying element is Cu) in
comparison with the AMg3 alloy (where the main
alloying element is Mg) can be explained in the model of
the defect structure of y-Al,0O; crystal lattice, as the
driving force of the polymorphic transformation into
thermodynamically stable a-A1,0; phase.

In the absence of impurity ions, such a transition
becomes possible when the AI**/O% bond weakens upon
reaching a high temperature (more than 1200 °C), which
provides the necessary diffusion mobility for the y — a
transformation.  This  transformation is initially
thermodynamically favorable due to the presence of
vacancy defects in the Al cation sublattice of the y-A1,0;
phase. In the case of alloying with magnesium (AMg3
alloy), which also has a relatively large bond strength
with oxygen (according to [12], the free energy of
formation of aluminum oxide is about 1100 kJ/mol, and
for magnesium oxide, about 1160 kJ/mol), its substitution
in the AI’* cation sublattice does not lead to a significant
change in the kinetics of the y — o transformation.

In contrast to the AMg3 alloy in the D16 alloy, Cu
is the main degassing element. Copper has a very low
oxide formation energy (about 300 kJ/mol [19]), which
determines a relatively weak bond between oxygen and
copper in the lattice. Therefore, when alloying with Cu,
the replacement of AP** cations with Cu*" (or Cu?") leads
to a weakening of the bond with oxygen in the lattice,
which makes it possible to increase the kinetics of the
diffusion-shear transformation into the a-A1,0; phase.

Thus, the above study allows us to state that the y-
A1,03 phase is characterized by different degrees of
ordering, and hence properties, as well as different
tendencies to y-A1,03 — a-A 1,03 transformation.

Based on this approach, it can be recommended to
use metals with a low free energy of oxide formation as
alloying elements to increase the kinetics of y — «
transformation during microarc oxidation of aluminum
alloys, which include Cu, Ni, Fe, and W.

Also, taking into account the results of an increase
in the degree of y-A1,03 — 0-A1,0;3 transformation
during  high-temperature  annealing, it can be
recommended to increase the relative content of the a-
A1,03 phase in MAO coatings on the AMg3 alloy, which
determines an increase in the performance characteristics
of products made of this alloy with MAO coatings, use
the modes of the MAO process leading to an increase in
the duration of the pulse.

Conclusions

By the method of microarc oxidation of D16 and
AMg3 aluminum alloys, oxide coatings the composition
of which includes v-ALOs;, 0a-ALO; and mullite
(3A1,03°2Si0;) were obtained.

A correlation between the relative content of the a-
ALO; phase and the hardness of the MAO coating was
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found. With the highest content of the a-Al,Os phase
(35%), the hardness reaches 16000 MPa.

It has been determined that coatings with a
thickness of about 80 um, the phase composition of which
includes only y-Al,Os and a-Al,Os, can be obtained on
both types of alloys by electrolysis in an electrolyte with a
composition of 2 g/l KOH + 6 g/L Na,SiOs.

It has been established that alloying elements of
the AMg3 alloy provide in MAO coatings a higher
stability of the y-A1,0; structure in comparison with the
analogous state in MAO coatings on D16 alloy.

Annealing of MAO coatings stimulates the y — o
transformation with the greatest dynamics of change in
the coatings obtained on D16 alloy. At the highest
annealing temperature of 1280 °C (for 60 min) as a result
of y—a transformation, the relative content of the a-Al,O3
phase in the coating is 89 % (coating obtained on D16
alloy) and 30 % (coating obtained on AMg3 alloy).

The effect of displacement of diffraction peaks and
the formation of subpeaks at annealing temperatures of
MAO coatings of more than 1000 °C are revealed, which
is typical for the appearance of tetragonality in the cubic
lattice of y-Al,O3 with a spinel structure.

A model of the polymorphic y-ALO3; — a-Al,O3
transformation in aluminum oxide is proposed based on
the ordering of the metal cationic subsystem in octahedral
and tetrahedral interstices and the enhancement of this
process upon the weakening of the «metal-oxygen» bond
as a result of the replacement of Al ions by Cu ions
having low binding energy with oxygen.
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Co6oms O. B., Cyb6otina B. B. 3akoHOMiIpHOCTi BIUIUBY MiKpOJIyrOBOTO OKCHIYBaHHS alfOMiHIEBUX CIUIaBiB Ha (ha30BO-
CTPYKTYpHHH CTaH (pOPMOBAHMX OKCHIHUX MOKPHUTTIB i ocobmmBocTi y-Al03 —a-Al2O3 moniMophHOro mepeTBOpeHHs HpH X
Bignani. Bicnux Hayionanonozco mexuiunozo yuigepcumemy «XIlly. Cepisa: Hoei piwenns é cyuacuux mexuonoeiax. — Xapkis: HTY
«XIII». 2020. Ne 3 (5). C. 10-21. d0i:10.20998/2413-4295.2020.01.02.

Hoocanyticma, ccolnaiimecs Ha 5my cmamvpio Cle0VioWuM 06pazom:

Co6onpe O. B., Cy66oTtuHa B. B. 3akoHOMEpPHOCTH BIHMSHHS MHKPOJIYTOBOTO OKCHIMPOBAHUS AIOMUHHEBBIX CIUIABOB Ha
(ha30BO-CTPYKTYpHOE COCTOsSIHHE (OPMHPYEMBIX OKCHAHBIX MOKPBITHH u ocobeHHoctH Yy-Al203 —a-AlLO3 moimumopdHOro
MpeBpalieHuss MpU UX oTxkure. Becmnux Hayuonanvnoco mexuuueckozo ynugepcumema «XIIH». Cepusa: Hogvie pewenus 6
coepemennvix mexuonoeuax. — XappkoB: HTY «XIIW». 2020. Ne 3 (5). C. 10-21. doi:10.20998/2413-4295.2020.01.02.
AHHOTALIUA H3yueno erusHue mexHOIOSUHECKUX NAPAMEMPO8 MUKPOOY208020 OKCUOUPOBAHUS HA 3AKOHOMepHOCmU (a3060-
CMPYKMYPHO2O COCMOSAHUSA NOKPLIMUL, POpMUpyemvlx Ha anomunuesvlx cnaasax /16 (ocnosnoii snemenm necuposanus Cu) u AMe
(ocnosHoU 2nemenm neeuposanus Mg) u enusnue omoicueos 6 unmepsane memnepamyp 600—1280 °C na ¢azosoe npespawjerue y-
ALO3; — a-Al203. Yemanosneno, umo 6 nOKpulmusix, Gopmupyemvix npu MUKpoOy2080M OKCUOUPOBAHUU 6 KOMNJIEKCHOM (Wel0UHO-
CUNUKATHOM) 9]IeKMPOIUmMe, GblAGIAIOMCA MPU  OCHOGHble (Pa3060-cmpykmypHvle cocmoanus: y-Al20s,  a-Al203 u myaium
(3412032S5i03). Onpedenenvt ycrosus 21ekmpoauza nosgonsouue Gopmuposamocs 0gyxgasznomy cocmosnuio (y-Al203 u a-A103)
Ha cnaasax oboux munos. 4. Ycmanoeneno, umo necupyrowjue snemenmor cniaéa AMe3 obecneuusarom ¢ MJ[O-nokpvimusx 6onee
8b1COKYI0 cmabunvhocmy cmpykmypul y-A1203, no cpasuenuio ¢ ananocuunvim cocmosnuem ¢ MJIO-nokpwimusax ma cnaage /16
Bvicokomemnepamypnuiii omowcue MIO-nokpvimuii no3eonun evisgums Oolee noaHoe ¢hazoeoe npeepawerue Ha cniage /16
CMPYKMKPHOU OCHOBOU KOMOPO20 ABNAEMCS NOAGIeHUe MempacoHarbHocmu 8 deghekmuoii Kybuueckoll pewemxu y-Al203 pasvl.
Omorcue M/IO-nokpvimuii cmumyaupyem y — o npegpaujerue ¢ Hauboavuieli OUHAMUKOU USMEHEeHUS 8 NOKPLUMUSAX, NOJYYEHHbIX HA
cnaaee J[16. Ilpu naubonvwen memnepamype omoicuea 1280 °C (¢ meuenue 60 mun.) 6 pezyivbmame y — o npespaujeHust
omuocumenvhoe cooepxcanue a-Al203 paset 6 nokpvimuu cocmasisem 89 % (nokpeimue, nonyuennoe wa cniase J16) u 30%
(noxkpwimue, noayuennoe Ha cniase AMe3). Ilpeonoowcena moodenv noamumopguozo y-Al203 — a-Al203 npespawjenus 6 okcuoe
anioOMUHUA, OCHOBAHHASL HA YNOPAOOYEHUU MEMALIUYECKOU KAMUOHHOU NOOCUCHEMbl 8 OKMAdIOpUYecKux u mempa’opuiecKkux
MEACOOY3NUAX U YCULeHUe IMO20 NPoYyecca npu o0caabaeHul CeA3U «(Memaii—Kuciopooy @ pesyivmame 3ameujenus uonos Al uonamu
Cu, umerowumu HU3KYH 3HEPeUIo C6Aa3U C KUCIOPOOOM. Buviasnena Kopperayus medcoy omuocumenvruim cooepocanuem a-AI203
@aszer u meepoocmuio MJ]O-nokpeimus. IIpu naubonvuem cooepacanuu 0-AI203 ghazer meepoocmv docmuzaem 16000 MIla.
Knrouesvie cnosa: muxpooy2o8oe okcuoupogatue, amoMUHUESbI CHAA8, WEeNOYHO CUTUKAmHbIL dnekmpoaum, y-Al20s; snemenmol
JIe2UPOBAHUSA, OMAUCUS, MENHCOOY3NUSAX, MeMmPAOHATbHOCIb, NOIUMOPPHOE npespaujerue
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