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ABSTRACT

Currently, modern manufacturing industries impose special requirements on structural materials such as
aluminum, titanium, and their alloys. Various methods are used to improve the physicomechanical and
corrosion properties of these materials. One of the promising ways to modify the surface in order to give it
multifunctional properties is the treatment of micro-arc oxidation. A distinctive feature of the process is the
formation of the oxide coatings on valve metals because of exposure to micro-arc discharges. At the same
time, coatings with unique properties are formed. However, the effect of the micro-arc oxidation process on
the properties of the base material has been little studied. The purpose of this work is to study the effect of
the micro-arc process, implemented in pulsed mode, on the properties of oxide layers, and the base
material. Modification of the alloy surface was carried out in the anode mode, with small values of the
duration of the anode current pulse. An alkaline electrolyte solution was used as the electrolyte. Studies of
the microhardness of the oxide layer, as well as the metal layer from the interface — oxide layer /metal deep
into the metal, have shown that micro-arc discharges affect not only the properties of the oxide layer but
also structural changes in the thickness of the metal. It is shown that the formed oxide coating is
characterized by high microhardness. The oxide coatings obtained at the duration of the anode current
pulse of 100 pus — 200 us are wear-resistant, the coatings do not collapse, and do not wear to the ground
under the accepted test conditions.
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Introduction

Structural materials are widely used in many
industries. Improvement of the physical and
mechanical properties of materials can be carried
out in various ways. The method of plasma spraying
(PS) is used to create multifunctional coatings in
various industries [[1], [2]]. With PS, the coating is
formed by the impact of molten particles on the
surface of the material. As a result, there are
changes in the structure of the surface layers of the
metal, and its mechanical characteristics [[3], [4]].
However, a low adhesive strength of the coating is
observed while using this method. Currently, the
micro-arc oxidation (MAO) method is increasingly

used to modify the surface of various alloys. A
distinctive feature of this process is the formation
of many microplasma discharges on the surface of
the processed material, which have a significant
effect on the properties of the coating [[5], [6], [7]].
The oxide-containing coatings formed during MDO
are characterized by high wear resistance [[8], [9]],
corrosion resistance [[10], [11], [12], [13]], heat
resistance [14]. Biologically active coatings
obtained by this method are also well known [[15],
[16], [17]]. When applying this method, close
attention is paid to the effect of microplasma
discharges on the formed oxide coating. At the
same time, it should be noted that microplasma
discharges can affect the processed material from
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the interface of the oxide layer-metal deep into this
material. It is known that high temperatures of
6000 °C and higher can develop in the area of the
base of the combustion of micro-discharges [[18],
[19]].

The MAO method, which is carried out in pulse
mode, is also energy-saving. At the same time, the
properties of oxide layers in their
physicomechanical and other characteristics are
not inferior to the properties of coatings obtained
under stationary conditions [[20], [21]]. This work
aims to study the effect of the micro-arc process,
implemented in pulsed mode, on the properties of
oxide layers, the base material.

Experimental part

Flat samples made of aluminum alloy AO were
used for the research. The samples were processed
in pulse mode. The duration of the anode current
pulse was: 50 microseconds, 100 microseconds,
150 microseconds, and 200 microseconds. The
frequency of the anode pulses was maintained at
50 Hz. The polarizing voltage was equal to 300 V;
the current density was about 115 A/dm?2
Pretreatment of samples included the following
operations: grinding, degreasing, and drying. Since
the MAO process proceeds with the release of heat,
it is necessary to ensure the cooling of the
electrolyte solution. Various types of cooling are
used for this purpose. In this work, during the
research, the electrolyte in the bath was cooled by
a water cooling jacket (Figure 1). Running cold tap
water flowed through the cooling jacket.

Figure 1 - Electrochemical bath with water cooling jacket

The bath body was used as the cathode, the
anode served as the processed samples. Processing
time 1200 sec. The electrolyte temperature was
maintained within 20 °C — 25 °C. A solution of the
composition was used as an electrolyte solution:
sodium phosphoric acid 2- substituted, 12 aqueous
(40 g/1), sodium tetraborate 10 aqueous (30 g/l),

boric acid (22 g/l), ammonium fluoride (10 g/l). To
prepare the electrolyte solution were used
chemicals of the brand "chemically pure", and
"pure for analysis". Electrolytes were prepared in
distilled water.

The thickness of the oxide coatings was
measured using a NOVOTEST TP-1 thickness gauge
with an NF2 sensor. This work shows the arithmetic
mean value of the coating thickness based on the
results of seven measurements on both sides of the
sample.

The microhardness of the oxide layers and the
transition layer deep into the metal was studied on
a NanoHardness Tester on pre-prepared grinds.
When testing samples with an oxide coating,
indentation of the indenter with a diamond tip
occurred at a load of 20.0 mN. After the load
reached the maximum value, the indenter began to
unload. That is, the load acting on it was gradually
reduced to zero, and it returned to its original
position. The experimental data were processed
based on the measurement results of at least 3
prints obtained under the same experimental
conditions.

To evaluate the tribological characteristics were
obtained the friction quotient curves on the THT-S-
AX0000 tribometer. Conditions for tribological
tests: load 1.0 N; number of revolutions 1000;
linear velocity 2.5 cm/s; temperature 25°C; air
humidity 50%.

Morphological studies were carried out on a
Quanta 200 3D scanning electron microscope. The
porosity of the coatings was determined by the
number of pores per surface unit, and the
planimetry method was used to evaluate their
shapes by processing micrographs of the surface of
oxide coatings [22].

Results and discussion

The structure of the oxide layers formed at
different durations of the anode current pulse is
porous (Figure 2). The pores are predominantly
rounded and oval in shape. The thickness of the
oxide layers is 8.0 microns, 11.0 microns, 20.0
microns, 27.0 microns, obtained respectively at the
duration of the anode current pulse of 50.0
microseconds, 100.0 microseconds, 150.0

microseconds, 200.0 microseconds. The coatings
are dense, evenly distributed in thickness over the
entire surface of the sample.

— 40 ——



KomnnekcHoe Mcnonb3oBaHne MuHepanbHoro Coipbs. Ne2(325), 2023  ISSN-L 2616-6445, ISSN 2224-5243

50 P e —50 pm— —50 pm — —50 pm——

50.0 microseconds 100.0 microseconds 150.0 microseconds 200.0 microseconds

Figure 2 — Microstructure of the surface layer of coatings at different values of the duration of the anode current pulse

Table 1 - Microhardness measurement data for samples processed at different durations of the anode current pulse

Depth along the transverse | Microhardness of the oxide | Depth along the transverse Microhardness of metal,
section, microns layer, MPa section, microns MPa
1. MAQO at the duration of the anode current pulse of 50 microseconds

(the thickness of the oxide layer is 8.0 microns)

0 1523.0 15 1899.0
1622.0 20 1997.0

10 1032.0 25 1936.0
30 1636.0

40 1372.0

2. MAO at the duration of the anode current pulse of 100 microseconds
(the thickness of the oxide layer is 11.0 microns)

0 1894.0 15 1467.0
5 1889.0 20 1470.0
10 1887.0 25 1046.0
30 964.0
40 884.0

3. MAO at the duration of the anode current pulse of 150 microseconds
(the thickness of the oxide layer is 20.0 microns)

0 3776.0 25 1997.0
5 3808.0 30 1689.0
10 4891.0 40 1230.0
15 5330.0 55 978.0
20 2863.0

4. MAO at the duration of the anode current pulse of 200 microseconds
(the thickness of the oxide layer is 27.0 microns)

0 33344.0 30 1914.0
5 30579.0 40 1493.0
10 29661.0 55 1167.0
15 33744.0 60 1004.0
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The coatings are characterized by a surface
porosity of 6% to 14%. Pores are known to form
because of exposure to microarc discharges [23].
Figure 2 shows that as the result of the thickness of
the coating increases with an increase in the
duration of the anode pulse, some pores become
overgrown, and the coating becomes more
uniform. This trend is in good agreement with the
earlier research conducted by the references [[24],
[25]]. When studying the microhardness of the
transverse section of the treated samples along the
thickness of the coating and from the coating/metal
interface deep into the metal, the effect of micro-
arc discharges was found not only on the properties
of the oxide layers formed but also on structural
changes in the thickness of the metal from the
oxide/metal interface. Table 1 shows the results of
measuring the microhardness of the transverse
section of samples from the zero surface (the oxide
layer) deep into the metal during the processing of
MAO, depending on the duration of the anode
current pulse. For comparison, the microhardness
of an uncoated aluminum sample was
experimentally established, which was 261 MPa.

According to the available model concepts [26],
during the microplasma process, both the coating
and the metal are exposed to temperature.
Structural changes occur in the oxide layer and in
the thickness of the metal. High current densities in
the micro-arc channel lead to phase structural
changes in the surface layers of the metal, to metal
melting. At the same time, a part of the metal can
be ejected through the channel (pore) to the
outside. Then the ejected metal is converted into
oxide and embedded in the coating. With the
termination of the combustion of the micro-
discharge, the oxides formed because of the
process fill the breakdown channel. The pores
become overgrown, their diameter decreases, and
in some cases, they are completely closed by the
products of plasma chemical reactions. The molten
metal at the bottom of the pores undergoes a
crystallization process.

Structural changes also depend on the
thickness of the coating in the oxide layer. The thin
oxide layers are formed at short durations of the
anode pulse. In thin coatings, the cooling rate is
higher, so the structural changes under the
influence of temperature are less. In thicker
coatings, temperature influences act for a longer
time. Significant structural changes occur both in
the oxide layer and in the metal. Comparative
microhardness data (Table 1) confirm this. Thus, at

the duration of the anode current pulse of 200
microseconds, the thickness of the oxide layer is
27.0 microns, and the microhardness is significantly
higher than that of the oxide layer obtained at the
duration of the anode current pulse of 50
microseconds, in which the coating thickness is 8.0
microns.

Part of the heat released because of micro-
discharge penetrates deep into the metal. As a
result, the tension in the metal is removed and the
metal is released. As a result of structural changes
in the aluminum alloy, under the influence of MAO,
its microhardness from the oxide layer/metal
interface deep into the metal is higher than the
microhardness of aluminum not treated with MAO.
As the distance deep into the metal from the oxide
layer/metal interface increases, the microhardness
decreases and eventually will be equal to the
microhardness of the aluminum alloy (Figure 3).

Oxide layer

Epoxy resin

The oxide/metal interface

Figure 3 — Microplate of the sample processed by MAO

In previous studies, the effect of the micro-arc
process on the crystal structure of the metal from
the coating into the depth of the base material was
observed [27]. According to the authors, a bath of
molten metal is formed in the zone of thermal
impact of microarc discharges at the interface of
the metal oxide layer. With the termination of the
micro-discharge, the process of metal
crystallization begins. The metal bath cools down,
while the bulk of the heat is withdrawn deep into
the metal, affecting its structural changes [27].

Studies in the field of mechanics of contact
interactions in the surface layers of rubbing
materials show that the material in these layers
changes its physical state during friction, the
process of wear occurs. Three stages of wear are
known (Figure 4). The first section of the curve
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Figure 5 — Curves of the quotient of friction of coatings obtained at different durations of the anode current pulse:
a - 50 microseconds, b — 100 microseconds, ¢ — 150 microseconds, d — 200 microseconds

(stage 1) represents the initial wear period during
which the rubbing surfaces adapt to each other,
and this stage is called the burn-in stage. At this
stage, there is a high intensity of wear. After the
run-in stage, there comes a stage of steady wear
(stage 1), which has the longest duration. This stage
is characterized by stable friction conditions and
almost constant and relatively low wear intensity.
During its development, wear gradually increases,
which is accompanied by damage to the surface.
Eventually, there is a significant change in the
friction conditions, the intensity of wear increases
sharply and catastrophic wear occurs (stage Ill).

Analysis of the curves of the friction quotient of
oxide layers on aluminum obtained by the MDO
method at different values of the duration of the
anode current pulse shows that there are zones of
run-in of the tribosystem, as well as a period with a
stable friction condition (Figure 5). The oxide layer
obtained at the duration of the anode current pulse
of 50 microseconds is characterized by all stages of
wear up to the wear of the coating (Figure 5 a). For
other coatings, there is no sharp change in the
quotient of friction characteristic of the destruction
of the coating (Figure 5 b, c, d). The coatings don’t
break down and don’t wear to the ground under
the accepted test conditions.

Conclusions

The oxide coatings on aluminum alloy AO were
obtained in the pulse mode of the MAO. It is shown
that structural changes under the influence of
microplasma processes in the oxide layer make it
possible to obtain wear-resistant coatings. When
analyzing the friction quotient curves, it was found
that the oxide coatings obtained at the duration of
the anode current pulse of 100 pus — 200 ps are
wear-resistant, the coatings don't collapse, don't
wear to the ground under the accepted test
conditions. The study of microhardness has shown
that the microplasma process affects structural
changes not only in the oxide layer, but also in the
metal thickness. As a result of the thermal effect
during the combustion of the microarc, an
aluminum layer is formed with excellent physical
and mechanical properties from aluminum that
wasn’t subjected to MAO treatment.
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ANIOMUHMIA KOPbITNACbI YATiNEPiHiH KacneTTepiHe MUKPO A0FaNbIK,
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TYWNIHAEME

Kasipri yakbiTTa 3amaHayu eHAjipic cananapbl aJIOMUHWUIA, TUTAH XKaHE ONapAblH, KOPbITNanapbl CUAKTbI
KYPbINbIMAbIK, MaTepuangapfa epekwe Tanantap Koagpl. byn matepuangapabiH, GU3nKa-MmexaHWKanbiK,
KOPPO3UANBIK KAacMeTTEPIH KAKCapTy YLWIiH apTypAi aaictep KonAdaHblnagabl. Onapfa Ken ¢yHKLMANbI
KacuetTep bepy yWiH BETTi TypNeHAipyAiH NepcnekTUBTI dA4iCTePiHiH, 6ipi — MUKPO A0FanbiK TOTbIKTbIPY
apKbinbl eHAey. lpouecTiH, alpbIKWwa epeKlweniri — MUKPO [ofa PaspAATapbiHbIH, SCepiHEH KnanaH
MeTangapbiHAa oKcuA, KabbiHAapbIHbIH Naiaa 6oybl. byn Kafaanaa epekwe KacueTTepi 6ap xKabbiHAap
naiga 6onagpl. Ananaa, MMKpPO AOFanblK TOTbIFY NPOLLECIHiIH, Heri3ri maTepuangplH, KacueTTepiHe acepi a3
3epTTenreH. Byn XKyMbICTbIH, MaKcaTbl MMMNYALCTIK PeXMMAE »Ky3ere acbipbinaTblH MUKPO AOFaNbIK
npoueciHii, oKkcug, KabaTTapbiHblH, KacMeTTepiHe »aHe Herisri maTepuansa acepiH 3eptrey 60/bin
Tabbinagpl. KopbiTnaHbiH, 6eTiH moauduKauManay aHOL PeXUMIHAE, TOKTbIH, aHOATbIK MMMYAbCI
Y3aKTbIfbIHbIH, a3 M3HZAepiHAe KYPrisingi. INeKkTponuT peTiHAe 3N1eKTPOAUTTIH, CinTini  epiTiHgici
KongaHbinapl. OKcua KabaTbiHbIH MWKPO KaTTblIblFblH, COHAAW — akK MeTann KabaTblHblH, — OKCUA
KabaTbl/meTannablH, iwki GeniriHgeri metann KabaTblH 3epTTey MMKPO AOFa PaspAATapbl TEK OKCUA
KabaTbiHbIH, KacuMeTTepiHe faHa €Mec, COHbIMEH KaTap METaAN KalblHAbIFbIHAAFbI  KYPbINbIMABIK,
e3repictepre e acep eTeTiHAiriH KepceTTi. Ty3ineTiH OKcuA, KabblHbl XOfapbl MUKPO KaTTblIbIKMNEH
cunatranagbl. 100 mkc — 200 MKC TOKTbIH, @HOATbl MMNY/bCIHIH, Y3aKTblfbl Ke3iHA4e anblHFaH OKCUATI
abblHoap To3yfa Te3imai 6onbin Tabblnagbl, KabbliHaap 6y3blAMaigpl, CbIHAKTbIH, KabblagaHFaH
)KafFganblHAA COHbIHA AeliH To36anabl.

TyiiiH ce30ep: BeHTUNbA] MeTanaap, NiasmanblK INEKTPONUTTIK OKCUATEY, MUKPONAa3manblk paspaarap,
OKCUATIK abblH, MUKPOKATTbI/IbIK, aybliCrasbl Kabat
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AHHOTALUMUA

B HacToswee Bpems COBPEeMEeHHble MPOM3BOACTBA MNpeabaBaaloT ocobble TpebosaHuA K
KOHCTPYKLMOHHbIM MaTepuanam, TakuM Kak antoMUHWUIA, TUTAH U UX cnaasbl. s yaydweHus ¢usmko-
MeXaHMYECKMX, KOPPO3UOHHbIX CBOWCTB 3TUX MaTePUasoB MPUMEHAIOT PasinyHble MmeToabl. OgHUM U3
nepcreKkTMBHbIX CNOCO60B MOANPUKALMM MOBEPXHOCTU C LeNbIo MPUAAHMA el MHOMOdYHKLMOHANbHBIX
cBoicTB  fABNAeTcA 06paboTka METOAOM  MMKPOAYrOBOrO  OKCMAMPOBaHWUA.  OTAWuYUTENbHOM
0cobeHHOCTbIO Mpolecca ABAAETCA 06pa3oBaHWE OKCUAHbLIX MOKPLITUIA HA BEHTW/bHbIX METannax B
pesynbTaTe BO34EMCTBMA MUKPOAYrOBbIX Pa3paaoB. Mpu 3Tom 06pasytoTca MOKPLITUA C YHUKANbHBIMM
cBoiictBamu. OAHAKO BAMAHWME MPOLECCa MWKPOAYTOBOrO OKCUAMPOBAHWMA Ha CBOMCTBA OCHOBHOMO

Moctynuna: 14 mapma 2022 maTtepuana usyyeHo mano. Llenbio faHHoM paboTbl ABAAETCA UCCNef0BaHME BAUAHUA MUKPOZAYrOBOro
PeLeH3npoBaHme: 27 utons 2022 npouecca, peasM3yemMoro B MMMNYNbCHOM pPEXMMe, Ha CBOMCTBA OKCUAHbLIX C/0EeB, OCHOBHOrO

MpuHATa B nevatb: 12 ceHmabpsa 2022

matepuana. MoanduKauuio MNOBEPXHOCTU CnsiaBa MPOBOAU/IM B AHOLHOM peEXUME, NpU MasbIx
3HAYEHUAX AIUTENIbHOCTU UMIMY/IbCA aHOAHOTO TOKA. B KauecTse 3/1eKTPOINTa UCNO/Ib30BAM LENOYHON
pacTBOp 3nekTponuTa. MccnepoBaHUa MUKPOTBEPAOCTU OKCUAHOIO C/0A, a TaKXKe CNos MeTanna ot
rpaHuLbl pasgena — OKCUAHbIN cnoit/meTann Braybb MeTansa Nnokasanu, YTo MUKPOAYrosble paspaabl
B/INAIOT HE TONIbKO Ha CBOWMCTBA OKCUAHOIO CNOA, HO U HA CTPYKTYPHblE U3MEHEHUSA TOJLLMHbI MeTasl.
MoKasaHo, 4To cHOPMMPOBAHHOE OKCUAHOE MOKPbITUE XapaKTepPU3YeTCAa BbICOKOW MWMKPOTBEPAOCTbLIO.
OKCMAHbIE NOKPbITUA, NOAYYEHHbIE NPU ANUTENBHOCTU UMNYyAbca aHoaHoro Toka 100 mkc — 200 mKc,
MN3HOCOCTOVKME, NOKPbITUA He Pa3pyLIAloTCsA, He M3HALLMBAKOTCA A0 OCHOBAHMWSA NPW NPUHATBLIX YCI0BUAX
MCMbITaHWUNA.

Knloueeble cnoea: BeHTUNbHble MeTanNbl, MNAa3MEHHOE 3N1EKTPOAUTUYECKOE OKCUAMPOBaHMUe,

MMKpPONNa3MeHHble Pa3pAabl, OKCMAHOE NOKPbLITUE, MUKPOTBEPAOCTb, NEPEXOAHDBIV CNIOMN.
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