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By the method of microarc oxidation of technically pure aluminum and aluminum
doped with copper, vanadium and zinc (in an alkali silicate electrolyte at a current density
of ~20 A/dm?), the resulting coating is about 100 pm thick. The nonmonotonic depend-
ence of the phase composition and hardness on the doping level of aluminum (Al + Cu, Al
+ Zn, and Al +V systems) is revealed. It was established that the degree of influence of
alloying elements on the transformation process of y-Al,O; — -Al,O is determined by their
crystal-chemical characteristics (charge, ionic radius). Therefore, the mechanism of forma-
tion of the phase composition should be associated with the stabilization and destabiliza-
tion of the y-Al,O phase. The results indicate that Cu?* cations contribute to destabiliza-
tion of the y-Al,O, phase, while Zn?* and V°* cations stabilize the y-Al,O, phase (with a Zn
and V content of more than 3 wt.%). A model is proposed for explaining the results
obtained, which is based on the formation of the y-Al,O phase in the initial period of time
and the appearance of the y-Al,O; phase in subsequent periods (as a result of an increase
in the power of microdischarges). It is shown that the highest hardness of coatings on
aluminum alloys (about 16 GPa) is achieved with a copper content in the range of 3—4 wt.%.

Keywords: microarc oxidation, corundum, structural engineering, anode-cathode re-
gime, coating thickness, phase composition, properties.

MeTomoM MUKPOZYTOBOTO OKCUAVPOBAHUA TEXHUYECKU YMCTOTO AJIOMUHUA U aJIOMUHUA
JIETUPOBAHHOTO Me[bI0, BAHAAMEM U IMHKOM (B I[EJOYHO-CUJIUKATHOM 9JIEKTPOJUTE TPU
mmotHoeT ToRa ~ 20 A/nM2) MONydYeHEBl TOKPHITHS TONIMHON oxoio 100 mMxM. BeiaBmena
HEMOHOTOHHOCThL 38BUCHUMOCTeHl (DasoBOTO COCTABA W TBEPAOCTH OT CTENeHU JerupOBaAHUS
amovuanda (cucremsl Al + Cu, Al + Zn u Al + V). VYeTagoBIEHO, YTO CTENEHDL BIAMAHUA JIETH-
PYIOIUX 2JeMeHTOB Ha Iponecc npeobpasosanusa Y-Al,O5 — a-Al,O5 ompenensercsa mx Kpuc-
TAJIOXUMUYECKUMHU XapaKTeprucTUKamMu (3apsj, MOHHBIN paguyc). Ilokasano, uTo MeXaHU3M
dopMupoBanusa (HPasoBOTO COCTABA CHeIyeT CBA3BLIBATL CO crabuiusanueil u gecrabunusanmeit
daser y-Al,O5. PesyrpTaTsl paboTEl CBUAETENILCTBYIOT O TOM, UTO KATHOHEI Cu?* crocoGersy-
10T fgecrabunusanun Paser ¥-Al,O5, a KaTHOHBI Zn?* u V5 crabmmmsamnum y-Al,O5 daser (1pu
comepokauuu Zn u V Gomee 3 % ). Ilpepnoskena Mojenb [Jisi OOBACHEHWS MOJYUYEHHBIX pe-
3yJILTATOB, KOTOpas OasupyeTcs HA (POPMUPOBAHUU B HAUAJABLHBIN MepPHUO] BpeMEHU B OCHOB-
moM (aser y-Al,O; u moaBaenunm ¢assr o-Al,O; B mocrezyromue mepuofsl (Kak clIeJcTBUe
yBeJIHUYeHNe MOIIHOCTU MHKpopaspAnoB). Iloxazano, uTo HambOJBIIAA TBEPAOCTh HOKPBITHI
Ha aJIOMHUHUEBBIX citaBax (oxoso 16 I'lla) mocTuraeTcs Upu COAep:KAHMN MeoUd B MHTEPBaje
3—-4 macc.%.
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36insmenna smicty dasu o-Al,O 8 MJIO-nokpuTTi IUIAXOM ONTHMI3AIIl CKIAaTy OKCH-
xyemoro aawminiesoro cmaasy. B.B.Cy6omina, U.F Al-Qawabeha, O.B.Cobonv, B.B.Binose-
pos, B.B.IITnaiidep, T.A.-Tabaza, S.M Al-Qawabar.

MeTogoM MiKpOAyroBoro OKCHAYBAHHS TEXHIUHO 4MCTOro ajoMiHiro i amrominiio jgerosa-
HOro Mifio, BaHamieM i MUHKOM (Y JIYKHO-CHUJIKATHOMY €JEKTPOJiTi nmpu UiiabHOCTI cTpyMy
~ 20 A/nm2) OTPUMAHO MOKDPUTTH TOBIIMHOK 6ausbko 100 MrM. BHSBIEHO HEMOHOTOHHICTBH
sajiesxHocTell pasoBoro craamLy i TBepmocTi Bij cTymems jgeryBauusa agominiio (cucremu Al +
Cu, Al + Zn i Al + V). Beranosaeno, 1o CTymiHb BIUIMBY JIETYIOUWX €JeMEHTIB HA Iporec
nepersoperHa Y-Al,O; — a-Al,O; BusHauaernca iX KpmcTaNOXiMiYHMMM XapaKTePUCTUKAMU
(Bapsan, iomnuit paxiyc). Ilokasanod 1o mMexanism (opmyBaHHa (a30BOTO CKJAALY CHifl OB’ A3Y-
BaT! 3i crabinisarieio i mecrabimisariero pasu y-AI203. PesysabTaT podoTH cBiAUATH PO Te, IO
rarionn Cu?* cupusors necrablaisanii dasn ¥-Al,O5, a kaTioHn Zn2* i V% _craGimisanii Y-Al,O4
tdasu (mpu Bmicri Zn i V Gineme 3 mac.% ). 3aIpoIOHOBAHO MOMAENb IS IOACHEHHA OTPHMAHUX
pesyabratiB, gxa 0asyeTbcsa Ha (DOPMYBAHHI y IIOYATKOBUII Iepiog uacy B OCHOBHOMY (hasu
v-Al,O; i moasi dasm o-Al,O; y macrynmi meplogu (aK HacHifok s6iiblIeHHA NOTYXHOCTI
mikpopospsazxis). Iloxkasano, o HaOijabIIA TBEPAICTL MOKPUTTIE Ha aJOMiHIEBMX CILIaBax

(6nuspko 16 I'Tla) pocaraerbea npu Bmicti mixi B imreprani 83—4 mac.%.

1. Introduction

At present, structural engineering is the
basic method for creating materials with
high functional properties [1, 2]. This is de-
termined by a significant expansion of the
possibilities of managing the structural
state in non-equilibrium conditions (which
is characteristic of modern methods for ob-
taining materials) [3, 4]. At the same time,
the highest functional properties were
achieved by deposition of ion-plasma coat-
ings of the injection phase [5]. In this case,
the system "solid surface — plastic base
material” was created. The use of such a
composite allowed to achieve even higher
functional properties in the formation of
multiperiod structures on its basis [6, 7].

However, to obtain highly solid protec-
tive coatings on valve materials (Al, Ti, Mg,
Ta, Nb, Zr), the use of the anodic spark
discharge phenomenon (anodic spark elec-
trolysis [8, 9]) has shown greater efficiency.
This process is often referred to in articles
as microarc oxidation (MAOQO) [10]).

Microarc oxidation is an electrochemical
process that takes place at a high electric
field intensity [11] and is accompanied by
the formation of microplasma [12] and mi-
croregions with high pressure due to the
resulting gases [13]. This leads to the occur-
rence of high-temperature chemical trans-
formations [14], and the transport of mat-
ter in the arc [15].

Aluminum, titanium, and magnesium al-
loys are most frequently treated with MAOs
[12, 16-18]. The MAO method allows form-
ing ceramic-like coatings with high hard-
ness, wear resistance, dielectric properties,
corrosion-resistant. The oxidation process
spontaneously undergoes successive stages
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of spark, microarc, and arc oxidation. The
characteristic view of the MDO process is
shown in Fig. 1.

Ceramic coatings based on aluminum
oxide, depending on the conditions of the
process, may consist of different phases
having a significant difference in the physi-
comechanical properties.

If the MAO treatment was carried out in
an alkali silicate electrolyte, the coatings on
aluminum alloys mainly consist of the me-
tastable y-Al,O5 phase with inclusions of the
high-temperature o-Al,O3 phase [17, 18].
Note that coatings containing a large amount
of the 0-Al,O5 phase have high hardness (HV
> 15 GPa) and wear resistance. This makes
them indispensable in the manufacture of
various parts of the friction.

It should be noted that in the process of
forming MAO coatings, the physicochemical
effect of microdischarges has a decisive in-
fluence on the final characteristics of the
modified surface [16, 17].

It is possible to change the phase compo-
sition and control polymorphic transforma-
tions based on aluminum oxide not only due
to changes in the electrolysis conditions,
but also by optimizing the composition used
to produce coatings. The presence of direct
contact of the metal and the breakdown area
allows to expect a large influence of the
chemical composition of the aluminum alloy
on the properties of the coatings. Studies
show that the phase composition of coatings
on different grades of aluminum alloys is
different, which is apparently due to the
incompleteness of the transformation of low-
temperature modification of aluminum oxide
v-AlbO5 to a stable o-AlO; modification.
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Fig. 1. View of micro-arc oxidation process.

At the same time, the important proc-
esses that determine the formation of the
coating are the adsorption of cations on the
surface of the coating, their redistribution
during the growth of the coating, the proc-
esses of crystallization and melting. How-
ever, these processes have so far been little
studied.

The aim of this work is to study the
effect of aluminum doping on the phase for-
mation processes, structure and hardness of
the coatings formed in an alkali silicate
electrolyte during the anodic-cathodic mode
of the microarc oxidation process.

2. Experimental

Micro-arc processing was subjected to
technically pure aluminum and aluminum
alloyed with copper (from 3 to 9 wt.%),
with zine (from 1 to 10 wt.%) and vana-
dium (from 1 to 5 wt.%). The composition
of aluminum alloys is given in Table 1.
Note that copper and zinc are the main com-
ponents of wrought aluminum alloys, hard-
ened by heat treatment. The treatment was
carried out in an alkaline electrolyte with
the addition of technical liquid glass
(NaySiO3). An electrolyte of composition
1 g/1 KOH + 6 g/1 Na,SiO5; was used, which
is the most universal for the organization
of the anodic-cathodic process in the mode
of microarc discharges.

The MAO treatment was carried out in a
20 liter stainless steel bathroom, sparging
and cooling of the electrolyte was provided.
The body of the bath served as a counter-
electrode. A 10 kW power supply was used.
The oxidation was carried out in the anode-
cathode mode at a current density of 20—
25 A/dm2, the processing time was 1 h. All
samples were processed under identical elec-
trolysis conditions.
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Table 1. Chemical composition of alumi-
num alloys

No Alloy | Chemical composition, wt. %
sample Cu Zn \;
0 100 % Al
1 Al + Zn 1
1 2
2 2
3 3,5
4 4
5 5
6 6
7 7
10 10
13 Al + Cu 3
14 4
16 6
19 9
20 Al+V 1
21 2
22 3
23 4
24 5

Determination of the phase composition
of MAO coatings was carried out according
to the results of X-ray phase analysis in
comparison with the data of the "Powder
Diffraction Files” [19]. The studies were
carried out on a DRON-3 installation (Bure-
vesnik, Russia) in monochromatic K, ¢, ra-
diation. The survey was carried out in the
pointwise mode with a step of 26 = 0.1°.

For carrying out quantitative phase
analysis, the method of reference mixtures
was used [20].

The coating thickness was determined on
the instrument (vortex thickness auge) VT-
10 NC (Kontrolpribor, Russia). Measuring
range of thickness 0—2 mm.

Microhardness was determined on the de-
vice PMT-3 (LOMO, Russia).

3. Results and discussion

The control of the coating thickness
showed that a coating with a thickness of
100-110 um is formed in one hour of proc-
essing. No significant effect of the chemical
composition of the processed sample on the
oxidizing ability was revealed.

The microstructural feature of the coat-
ing on the samples under study is a layered
structure — the technological and main lay-
ers are clearly revealed (Fig. 2). The techno-
logical layer is porous, non-wear-resistant,
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technological
layer

base layer

aluminum

Fig. 2. The microstructure of the cross-section
of the coating on the alloy Al + 9 wt.% Cu.

easily removed by stripping on abrasive
paper. The share of the technological layer
is 30-40 % of the total coating thickness.
The results given below will be related to
the base layer, which thickness is ~ 60—
70 pm.

It is known that the properties of coat-
ings (base layer), first of all, are determined
by their phase composition. The X-ray phase
analysis performed in this work made it
possible to reveal the effect of doping on
the phase composition of the coatings. Typi-
cal diffraction patterns of the coatings are
shown in Fig. 3.

On the basis of the X-ray diffraction
data obtained and their processing, patterns
can be distinguished that are characteristic
of all types of coatings. Such characteristic
patterns include the fact that the hardened
layer on all samples studied has a crystal-
line structure. The relative intensity of dif-
fraction peaks for the identified phases is
close to tabular, which indicates the absence
of a pronounced texture, i.e. chaotic orien-
tation of crystals of the hardened layer. The
hardened layer has an identical phase com-
position, but the quantitative ratio is deter-
mined by the degree of aluminum doping.

The results of the phase analysis are
summarized in Fig. 4.

The analysis of the XRD patterns (Fig. 3)
and concentration dependences of the phase
composition shown in Fig. 4 makes it possi-
ble to distinguish some regularities. Thus,
it was found that the coatings formed in an
alkali silicate electrolyte consist of «-Al,O5
(PDF 02-1878), y-Al,O5 (PDF 02-1420), alu-
minum oxides and 8Al,03:25i0, mullite
(PDF 15-0776). The greatest decrease in the
percentage of mullite with increasing con-
tent of the alloying element is observed in
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- base material (Al)

400 - Al x - mullite
2 -y-AlL O

350{ | T AF2%Zn S
—— A+10% Zn 203

Fig. 8. X-ray diffraction patterns of materials
after MAO treatment: I — aluminum, 2 — Al
+ 2 wt.% Zn, 3 — Al + 10 wt.% Zn.

the Al + Cu system. The content of y-Al,O4
phase at a concentration of alloying ele-
ments of about 4 wt.% goes to a stationary
value (about 55 % for Al +Zn and about
40 % for Al + Cu and Al + V). The maxi-
mum content of o-Al,O5 (high hard corun-
dum) corresponds to an alloying element
content of about 2 wt.%, in Al + Zn and Al
+V systems and about 4 wt.%, in Al + Cu
systems. For the Al + Cu system, this corre-
sponds to a maximum o-Al,O5 phase content
of about 60 %.

As shown by precision studies, the lattice
period of the «-Al,O; phase varies depend-
ing on the doping level of pure aluminum
(Fig. 5). For coating on pure aluminum, the
lattice period is 0.790 nm, which corre-
sponds to the table value. With an increase
in the degree of doping, an increase in the
lattice period is observed, both in the case
of doping with copper and doping with zine.

The obtained results indicate that the
v-Al,05 phase is doped with the base compo-
nents. The change in the lattice period in
this case will be determined, on the one
hand, by the difference in the ionic radius
of AIB* (r = 0.067 nm) and the ionic radii of
Cu?* (r=0.087 nm) and ZnZ* (r=
0.086 nm), and on the other hand, by the
difference in valence and dissolved element
concentration. Comparing the ionic radius
of Al with the ionic radius of the cations of
the additive, it can be concluded that the
Cu and Zn cations should lead to an increase
in the lattice period of the y-Al,Oj; phase.
The addition of V cations practically does
not change the lattice period.
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Fig. 4. Phase composition of MAO coatings:
a — composition of mullite, b — composition
of y-Al,O5, ¢ — composition of o-Al,O05. 1 —
Al+V,2 — Al+Cu, 3 — Al+Zn.

The most universal characteristic of
physical and mechanical properties is hard-
ness. Therefore, in the work, the identifica-
tion of general patterns of structural engi-
neering was based on a comparison of the
revealed patterns of phase analysis with the
hardness of the material. Corresponding de-
pendences of hardness on the composition of
alloys are shown in Fig. 6.
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E 079121

alloying elements, wt.%

Fig. 5. Effect of aluminum doping on the y-Al,O,
lattice period: 1 — Al+V, 2 — Al+ Cu, 3 —
Al + Zn.

01 2 3 4 5 6 7 8 9 10 11

alloying elements, wt.%

Fig. 6. The concentration dependences of the
hardness of the alloy after the MAO treat-
ment: I — Al+V,2 — Al + Cu, 3 — Al + Zn.

As can be seen from the data in Fig. 6,
the maximum hardness in the case of Al +
Cu alloy is ensured when the Cu content is
in the range of 8—-4 wt. %. In the case of Al
+ Zn and Al +V alloy, the maximum hard-
ness is when the content of alloying ele-
ments is in the range of 2—3 wt.%.

The main effect of microdischarges (dur-
ing the formation of the oxide layer) is
thermal. This effect causes the thermolysis
of chemical compounds, melting and remelt-
ing of the coating material, diffusion and
redistribution of the elemental composition,
phase formation, polymorphic phase trans-
formations, etc. [21].

The conditions for the phase transitions of
the low-temperature modification of y-Al,O4
to high-temperature o-Al,O5 and the propor-
tion of the phases in the resulting coatings
are variable [17, 18]. The content of o-Al,O4

Functional materials, 26, 4, 2019
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Table 2. Characteristics of added cations and properties of MAO coatings

Cations Atomic Ion Concentration of Phase, % Microhardness®,

radius radius additive, wt.% o y m GPa

AR+ 1.48 0.67 - 14 61 25 12.2
Cu?* 1.28 0.87 3 50 30 20 16.0
4 61 30 9 15.5

6 55 40 5 15.4

9 55 40 5 13.0

v5* 1.34 0.68 1 30 47 23 14.2
2 55 30 25 15.2

3 40 40 20 15.4

4 35 35 30 13.2

5 25 40 35 12.0

ZnZ* 1.89 0.86 1 38 43 19 18.5
2 44 32 24 14.2

3.5 28 50 22 15.8

4 19 48 33 14.7

5 13 50 37 13.5

6 14 52 34 13.0

7 12 55 33 12.3

10 15 55 30 10.3

*Hardness before MAO treatment did not exceed 0.3 GPa.

strongly depends on the conditions of the
formation of coatings and cannot be pre-
dicted in advance.

Analysis of the results shows that the
mechanism of formation of the phase com-
position should be associated with stabiliza-
tion and destabilization of the y-Al,O4
phase. The results indicate that Cu2* cat-
ions contribute to destabilization of the
y-Al,O; phase, while Zn?* and V5* cations
stabilize the y-Al,O3 phase (with a Zn and V
content of more than 3 %).

Generalized data characteristics of added
cations, phase composition and hardness of
MAO coatings are shown in Table 2.
Note that in the mechanism of the influence
of additives on the formation of o-Al,O4
from y-Al,O3, the adsorption of impurities
on the surface of aluminum oxide particles
significantly affects. At the same time, the
determining factor is the regulation of the
rates of nucleation and grain growth of new
phases.

Ensuring high hardness and wear resis-
tance of MAO coatings on aluminum alloys
is associated with the need to ensure a high
content of the a-Al,O; phase (corundum).
The results of this work indicate that dop-
ing with copper contributes to the forma-
tion of the a-Al,O5; phase in the coating. In
the case of aluminum doping with zinec and
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vanadium, an extreme dependence of the «-
Al,O3 phase content on the concentration of
zinc and vanadium is observed. The maxi-
mum content of the ,$E alpha-Al,O; phase
corresponds to 2 wt.% Zn and 2 wt.% V.

These results can be explained if we pro-
ceed from the fact that, at the initial stage
of oxidation, the y-Al,O; phase is mainly
formed, and the o-Al,O; phase appears in
subsequent periods (as a result, the power
of microdischarges and temperature in-
creases [21]). This defines two stages of the
process. At the first stage, the formation of
aluminum oxide occurs as a topochemical
reaction, and at the second stage, as a solid-
phase polymorphic transformation of y-Al,O5
to Oﬂ-A|203.

Naturally, if there are silicates in the
electrolyte, then the silica formed from
them can form aluminosilicates when heated
with AlLO; (in our case, mullite
3Al,05-2Si0,).

4. Conclusions

The method of microarc oxidation of
technically pure aluminum and aluminum
doped with copper, vanadium and zinc (in
an alkali silicate electrolyte at a current
density of ~ 20 A/dm?) was obtained coat-
ings with a thickness of about 100 um.
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Data of X-ray structural analysis of the
base layer (about 60—-70 um thick) of the
coatings indicate the crystalline structure
of the coatings. The phase composition of
the coatings includes aluminum oxides o-
Al,O3 (corundum) and y-Al,O3, as well as
mullite (8Al,05-28i0,), which provide high
hardness (HV > 10 GPa) of the surface
layer.

The nonmonotonic dependence of the
phase composition and hardness on the dop-
ing level of aluminum (Al + Cu, Al+ Zn,
and Al + V systems) was revealed.

It was established that the degree of in-
fluence of alloying elements on the trans-
formation process of y-Al,O3 — a-Al,O5 is
determined by their crystal-chemical charac-
teristics (charge, ionic radius).

An explanation of the phase formation
processes of coatings during MAO — treat-
ment in an alkaline — silicate electrolyte is
proposed. For practical use, you should
choose those alloying elements that affect the
destabilization of y-Al,O3, which ensures the
formation of the a-Al,O; phase (corundum).

In explaining the mechanism of the ef-
fect of additives on phase transformations
occurring during the formation of MAO
coatings, it was proposed to proceed from
the topochemical mechanism of transforma-
tion associated with the formation of nuclei
of new phases on the surface of particles
caused by adsorption of impurities on the
surface of aluminum oxide particles.

An explanation of the effects observed in
the work based on two stages of the process
has been proposed. At the first stage, the
formation of aluminum oxide occurs as a
topochemical reaction, and at the second
stage, as a solid-phase polymorphic trans-
formation of y-Al,O3 to 0-Al,O3.

It is shown that high hardness of coat-
ings on aluminum alloys is provided with a
copper content in the range of 3-4 wt.%,
and zinc and vanadium in the range of 2 to
3 wt.%.

On the basis of the obtained results, it is
shown that, in order to ensure maximum
hardness of coatings, it is necessary for
each type of aluminum alloys to conduct
preliminary phase — structural studies
(structural engineering), allowing to opti-
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mize the technological modes of microarc
processing.
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