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Influence of electrical parameters of the
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The influence of different power sources of the micro-arc oxidation process on the
peculiarities of structure formation and properties of coatings on aluminum alloy AB
formed in alkali-silicate electrolyte in the anode-cathode mode is investigated. It is shown
that the pulse technology and the anode-cathode mode make it possible to form coatings
containing mainly oxides of the o—Al,O; type (corundum) with a high growth rate. It has
been established that with a small thickness of the oxide layer, the rate of heat removal
both to the metal and to the electrolyte is high; this fact promotes the formation of
alumina in the form of the y—Al,O; phase. The energy concentration in the thick oxidizing
layer causes the formation of high-temperature modification of a—Al,O5. It is shown that
the mechanism of 0—Al,O5 formation is determined by two factors: the energy difference
in the formation of y-Al,O5; and a—Al,O5 phases, and the polymorphic high-temperature
transformation of y-Al,O; — 0—Al,O5 in the high-temperature region of the arc discharge.

Keywords: micro-arc oxidation, sinusoidal and pulsed power supply, energy consump-
tion, coating morphology, phase-structural state, y-Al,O5 and o—Al,O; phases.

Bnaue eleKTpHYHHX NapaMeTpiB peXHMy MIKPOIyroBOrO OKCHIYBAHHHA HA CTPYKTYPY i
BaactuBocti mokpurTtiB. B.B.Cy66omina, B.B.Biaosepos, O.B.Cy66omin, O.€.Bapmin,
C.B.I'pueop’esa, H.B.ITucapcvra

V¥ crarti mocrimikeHO BIIUB PI3HUX [IyKepes SKUBJIEHHSA IIPOIleCy MiKPOZYTOBOTO OKCUIY-
BaHHA Ha OCOOJIUBOCTI CTPYKTYPOYTBOPEHHSA Ta BJIACTHBOCTL MOKPUTTIB Ha alroMiHieBoMy
cunaBi AB, chopMOBaHUX y JMYsKHO-CUIIKATHOMY €JIEKTPOJIITI B aHOZHO-KATOZHOMY PEKUMI.
IToxaszamo, 1o mpu BukopucTaHHI IMIOyABCHOI TexXHOJOTII # aHOZHO-KATOZHOTO PEKUMY
BAaETbCA cHOPMYBATU MOKPUTTA, 110 MIiCTATHL MepeBaxHO oxcuau TUmy o—AlL,O5 (kKopyHT) Ta
3abe3euyeThCA BeJNKA IIBUIKICTL 8POCTAHHA NOKPUTTA. BusgpieHo, 1o Ipu Majiiil ToOB-
MIMHI OKCUIHOTO Iapy 6inbIlla MIBUAKICTL TENJIOBiABeZeHHA AK y MeTaJs, TaK i B eJIeKTPOJIT
CIpUsE YTBOPEHHIO OKcHAY amoMimiro y dopmi y-Al,O; dasu. HommenTpanis emeprii s
TOBCTOMY OKICHIOBAJILHOMY IITapi BUKJINKAaE yTBOPEHHS BHCOKOTEMIIepaTypHol Mozudikariii
0—Al,O5. Tloxasano, mo MexaHism yrBoproBamHA 0~Al,O; BU3HaUaeTbea mi€lo ABOX dax-
TOpiB: pisHUIlEI0 eHeprilt yTBopenH!o Y—Al,O5 i 0—Al,O5 das, a Taxomx moniMopGHUM BHCOKO-
TeMIepaTypHUM IeperBoproBaHHAM Y-AlLO; — 0—Al,O; y BHcOKoTeMmepaTypHifi obmacTi
MiKPOZYTOBOTO PO3PAXY.
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1. Introduction

One of the effective ways to modify the
surface of valve metals is the method of
microarc oxidation (MAO). The transforma-
tion of the treated surface material into ox-
ides and chemical compounds provides
strengthening of the surface layers and in-
crease their protective properties [1].

Microarc oxidation makes it possible to
obtain multifunctional ceramic-like coatings
with a unique set of properties. The essence
of the method is to use the energy of elec-
tric discharges that cause plasma-chemical,
thermal and hydrodynamic effects acting si-
multaneously, although the degree of their
impact may be different [1-5].

The structure, composition and properties
of oxide layers are determined by the compo-
sition of the oxidizing alloy, the composition
of the electrolyte, processing time and electri-
cal parameters of the processing mode speci-
fied by the power supply [1-8]. Electrical
processing modes determine the thermal, tem-
poral and other characteristics of micro-dis-
charges. To implement the MAO process, ca-
pacitor or thyristor power supplies and
weakly alkaline electrolytes are used [2-5, 8].

In the case of a capacitor power supply
and sinusoidal signal, energy losses occur
due to electrical reactions and heating of
the electrolyte at times when the voltage in
the system “part - bath”™ is lower than the
activation voltage of the process. To reduce
the energy losses and increase the effective
burning time of microarc discharges in the
MAO process, it is advisable to change the
sinusoidal current shape to a rectangular
one [2-5, 9-20]. Changing the shape from
sinusoidal to rectangular ultimately reduces
energy consumption in the formation of
MAO coatings, and should affect the proc-
esses of structure formation [2-5].

However, previous works [1-5] do not
allow formulating recommendations for con-
trolling the structure and properties of
coatings depending on the modes of the
technological process. The aim of this work
is to study the influence of various power
sources in the microarc oxidation (MAO)
process on the features of structure forma-
tion and the properties of coatings formed
in an alkaline-silicate electrolyte in the
anode-cathode mode on aluminum alloy AB.

2. Experimental

The study was carried out using alumi-
num alloy AB samples in an aqueous solu-
tion of 1 g/1 KOH + 8 g/l Na,SiO5 (liquid
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Fig. 1. Kinetics of coating formation over
thickness (current density j=20 A/dm?2, Uu,=
560 V, U,=300 V, f=3800-400 Hz); 1 —
sinusoidal current; 2 — pulse current.

glass), provided cooling and bubbling of the
electrolyte.

The following power sources were used in
the process of microarc oxidation:

— power supply from a capacitor-type
alternating current (AC) network with a
sinusoidal voltage (voltage 380 V, fre-
quency 50 Hz, power 40 kW, ratio of anode
and cathode currents I,/I, = 1;

— thyristor-type switching power sup-
ply, consisting of two main units: an adjust-
able DC source and a power supply. The
adjustable DC power supply is a controlled
three-phase thyristor rectifier with a ca-
pacitor unit capable of adjusting the voltage
from zero to nominal. The power unit is a
thyristor inventory that allows you to
change the pulse duration and frequency,
and provide a quasi-rectangular alternating
pulse shape.

Switching power supply allows you to in-
dependently adjust the amplitude, pulse du-
ration and frequency of positive and nega-
tive voltage with the possibility of stabiliz-
ing the current amplitude in the microarc
processing. Signal pulses with a duty cycle
of 120-150us with a frequency of 60-
1400 Hz were used.

The comparative analysis of the kinetics
of coating thickness formation, their phase-
structural state, properties, energy con-
sumption for sinusoidal and pulsed molding
modes was carried out.

3. Results and discussion

The dependence of the coating thickness
on the duration of oxidation for different
oxidation regimes is shown in Fig. 1.

The linearity of the dependence indicates
that the thickness of the coating is propor-
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Fig. 2. Dependence of the coating thickness
on the amount of energy passed (current den-
sity j=20 A/dm?); I — sinusoidal current; 2
— pulse current.

Fig. 3. Morphology of the coating surface
(x300).
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Fig. 4. Surface roughness of coatings (#,,,,, = 50 um); a — pulse mode; b — sinusoidal mode.

tional to the amount of electricity passed.
However, pulsed technology provides a
greater rate of formation of the coating
thickness. In the sinusoidal mode, the coat-
ing growth rate is ~ 0.8 um/min, and in the
pulse mode, ~ 1.3 um/min, which signifi-
cantly affects energy consumption. Thus, if
the change in the thickness of the coating is
expressed depending on the energy con-
sumed or the amount of electricity passed,
then their linear relationship is detected
(Fig. 2). Estimation of the energy consump-
tion in the formation of coatings with a
thickness of ~ 100 um showed that the spe-
cific energy consumption for the formation
of the coating is ~ 14 and 8 kW-h/dm?2, re-
spectively, for sinusoidal and pulse modes.
Thus, pulse technology can reduce energy
consumption by 75 %.

Both sinusoidal and pulse modes result
in a highly developed surface morphology
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(Fig. 3). At the same coating thickness (k =
50 um) no significant differences were
found. However, the surface roughness is
different (Fig. 4). This result is due to the
different density, mobility, and power of
micro-discharges. The high density of dis-
charges in the pulsed mode provides less
roughness and stepwise irregularities in the
coating.

One of the structural features of coat-
ings is their layered structure. The two-
layer structure is revealed metallographi-
cally on transverse sections (Fig. 5). The
top layer is technological, low-strength, po-
rous, easily removed. The inner layer is
working, monolithic, wear-resistant. Its
thickness is 60—70 % of the total thickness
of the coating.

The two-layer structure of the coatings is
characteristic of both sinusoidal and pulsed
mode.

Functional materials, 29, 3, 2022
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—— technological layer

—— working layer

(htotal = 50 pm).

X-ray phase analysis of the technological
layer (Fig. 6) showed that the main phases
are mullite (8Al,032Si0,) and an amor-
phous phase; 0-Al,O3 and y-Al,O5; phases
are present in a small amount. The analysis
of the diffraction pattern (Fig. 6) gave the
following phase composition: 35 % of the
amorphous phase, 42 % mullite, 11 % o-
Al203, 12 % 'Y_A|203. The hlgh amount of
the amorphous phase and mullite in the
coating does not provide wear resistance of
the coating. The diffraction pattern of the
working layer (Fig. 7) is fundamentally differ-
ent: no amorphous phase, the main phase is
0—Al,O3, traces of mullite and y-ALO3 are de-
tected (87 % OC_A|203 , 7 % 'Y_A|203, 6 % mullbe)

Let us note the following features of the
phase composition of the working layer in
coatings formed in different modes:

1. Sinusoidal mode: with a coating thick-
ness of up to 50 um, the phase composition
is constant and consists of the Yy-Al,O3
phase. The conditions of polymorphic trans-
formation of y-Al,O3 — 0—Al,O3 are not re-
alized. The power of micro-discharges is not
enough to ensure the temperature of the
polymorphic transformation (¢ ~ 1200°C).

2. Pulse mode: phase formation starts
from the y-Al,O3 phase. At a coating thick-
ness of ~ 20 pm, the a—Al,O3 phase appears,
i.e. the polymorphic transformation y— a
occurs. With an increase in the coating thick-
ness, the content of 0a—Al,O3 phase increases,
and at the coating thickness of 50-60 pm,
the content exceeds 80 % by weight.

The phase composition of the coating de-
termines their properties. Thus, in the
sinusoidal mode, the hardness of the base
layer does not exceed 10 GPa, while in the
pulsed mode, the hardness reaches 20 GPa
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Fig. 6. Diffraction pattern of the technologi-
cal layer of the coating (Cu—Ko radiation).
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Fig. 7. Diffraction pattern of the working
layer of the coating (Cu—Ko radiation).

(when the content of 0—Al,O3 phase is more

than 70 %).
Thus, the use of the pulsed mode makes

it possible to significantly change the phase
composition of the coatings and, as a conse-

quence, their hardness (Fig. 8).
In order to optimize the modes of pulse

processing, the coatings obtained in differ-
ent modes were studied (Table 1). An analy-
sis of these results shows that at U, = 550—
580 V, U,=120-185 V, j=12-16 A/dm?
(mode 1-5, see Table 1), there is an extreme
dependence of the 0—Al,Oz content in the
coatingand hardness depending on the pulse
frequency. The maximum content of o—
Al,O3 phase in the coating is provided at f =
300-400 Hz, which corresponds to a pulse
duration of 2000 us (Fig. 9).

Regardless of the parameters of the
pulse mode MAO (Table 1), the thickness of
the coating is determined by the amount of
electricity passed (Fig. 10).
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Table 1. Parameters of microarc oxidation processing in the pulse mode of molding and proper-

ties of the obtained coatings

Regime High- Current |Frequency, [Processing Specific Coating cyt, C, HV,
voltage, V | density, Hz time, T, energy thickness, | Cm, % ‘% GPa
+ _ A/dm? min consumption, B, um
kWh/dm?
1 580 | 120 11.9¢ 60 66 13.1 50 65 35 | 10.2—
10.9
2 550 | 200 15.7 160 66 15.7 65 47 53 16
3 550 | 265 14.3 320 64 17.3 70 35 65 17
4 570 | 270 16.7 600 60 16.7 70 50 50 15
5 550 | 185 14.3 870 60 14.3 60 55 45 13
6 580 | 460 23.8 1200 50 19.8 70 32 68 18
7 580 | 360 38.1 1200 50 31.8 120 50 50 17
8 570 | 380 26.2 1400 50 21.8 80 28 72 20
9 400 | 160 25.2 1200 5 2.1 12 100 0 -
10 400 | 160 25.2 1200 10 4.2 20 100 0 -
11 400 | 160 25.2 1200 15 6.3 25 100 0 -
Ca,% HV, GPa
HV, GPa Ca%
20 | - ~4 100 100 } 1 15
Co o
10 | 150
50 110
0 1
50
h, um 0 " 1 N
0 500 1000

Fig. 8. Phase composition and hardness of
coatings (pulse mode).

4. Conclusions

Micro-arc processing of aluminum alloys
in an alkaline-silicate electrolyte using
pulsed technology and an anode-cathode
mode makes it possible to form coatings
containing mainly oxides of the o—Al,O3 (co-
rundum) type. A higher density of micro-
discharges in pulsed technology increases
the total energy released in them, which
increases the probability of the formation of
the 0—Al,O5 phase. A linear dependence of
the coating thickness on the duration of the
process was found, i.e. from the amount of
electricity passed. The pulsed technology
provides a faster growth rate of the coat-
ing. It was found that with a small thick-
ness of the oxide layer, a higher heat re-
moval rate in both the metal and the elec-
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Fig. 9. Phase composition and hardness of
coatings depending on the frequency of pulse
processing.
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Fig. 10. Dependence of the coating thickness
on the amount of electricity passed (different
modes of molding, see Table 1).
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trolyte promotes the formation of alumina
in the form of the y-Al,O3 phase. The con-
centration of energy in the thick oxidizing
layer causes the formation of the high-tem-
perature modification 0—-Al,O3. It is shown
that the mechanism of a—Al,O3 formation is
determined by two factors: the difference in
the energies of the y-Al,O; and o-Al,Oz
phases, as well as the polymorphic high-
temperature transformation of
Y-AlLO3 = 0~Al,O3 in the high-temperature
region of the micro-arc.
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