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Abstract. Morphological studies of coatings were carried out on aluminum samples obtained
by microarc oxidation. The sinusoidal current density in the anodic and anode-cathode modes
was 15 A/dm?, and the processing time varied from 120 s to 960 s. The formation of oxide
coatings occurred in a silicate-alkaline electrolyte. Studies of the surface topology and mechan-
ical parameters of oxide coatings were carried out using an SEM, a laser profilometer and a
universal electrical strength meter, which, in turn, made it possible to establish a relationship
between the properties of the coatings and the sample processing time. Thus, an increase in the
processing time during the micro-arc oxidation of products made of valve group alloys leads
to a complication of the surface morphology, as well as an increase in the size and number of
pores. In addition, the coating roughness increases in the anode and anode-cathode modes.
Electrical strength tests showed that all samples with the resulting coatings withstood a voltage
of 600 V. Multifunctional coatings obtained using the developed technological modes are mul-
tilayer structures. They consist of a base layer with excellent adhesion, an intermediate layer
with porous structure and a top layer with high porosity and actively functioning surface. The
changes revealed during morphological studies are characteristic of the plasma growth model of
coatings. The results of the conducted morphological studies of coatings can be implemented
in the development of a digital twin of the microarc oxidation process.

Keywords: micro-arc oxidation, digital twin, surface morphology, roughness, electrical
strength, porosity

Funding: The work was supported by the grant of the Ministry of Science and Higher Educa-
tion of the Russian Federation “Fundamentals of the digital twin of the technological process of
forming oxide coatings with specified properties by microarc oxidation” (No. 123091800009-1).

Citation: Maksov A.A., Gurin S.A., Golubkov P.E., Pecherskaya E.A., Shepeleva J.V., Ar-
tamonov D.V., Methods and instruments for measuring surface morphology and mechanical
parameters of oxide coatings, St. Petersburg State Polytechnical University Journal. Physics
and Mathematics. 17 (3.1) (2024) 161—167. DOI: https://doi.org/10.18721/JPM.173.132

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.
org/licenses/by-nc/4.0/)

MaTepuarnbl KOHbepeHLmn
YOK 621.357.77; 620.22; 621.9.04
DOI: https://doi.org/10.18721/IJPM.173.132

MeTtoabl U cpeacTea uaMmepeHuin MoposIorMM NOBEpPXHOCTH
M MeXaHMUYeCKMX NnapaMeTpoB OKCUMAHDbIX MOKPbITUM

A.A. MakcoB'®, C.A. l'ypun ', M.E. Tony6koB ', E.A. Neuepcka',
l0.B. lLenenesa', [1.B. ApTaMoHOB''

1 TleH3€eHCKMIN rocyaapCTBEHHbIN YHUBEpPCUTET, . MeH3a, Poccus
= maksov.01@mail.ru

© Maksov A.A., Gurin S.A., Golubkov P.E., Pecherskaya E.A., Shepeleva J.V., 2024. Published by Peter the Great St. Peters-
burg Polytechnic University.

161



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2024. Vol. 17. No. 3.1

Annoramus. [IpoBeneHbl MOpPGOJIOTMYECKHE WCCIACAOBAaHUS TOKPHITHI Ha o0Opasiax
aJTIOMUHUS, TOJYUYEHHBIX MUKPOIYTOBBIM OKCHIMpOBaHUMEM. IIJIOTHOCTb CHMHYCOMIAIbHOIO
TOKa B aHOIHOM M aHOTHO-KATOOHOM peXMMax cocTaBisia 15 A/mM?, a Bpemsi 00pabOTKuU
BapbupoBanoch oT 120 ¢ 1o 960 c. dopMupoBaHUE OKCUAHBIX MOKPBITUIA MPOUCXOAUIO B
CHJIMKATHO-ILIEJIOYHOM 3JIeKTposnTe. MccienoBaHs TOTIOJIOTUH ITOBEPXHOCTH M MEXaHUUECKUX
apaMeTpOB OKCHIHBIX MOKPBITUIA TTPOBOIMINCEH TTOCPEACTBOM ITpuMeHeHUss CHOM, 1a3epHOTo
npoduaoMeTpa U YHMBEPCAIbHOIO M3MEPUTEIIs 3JIEKTPUYECKOM IIPOYHOCTH, 4YTO, B CBOIO
ouepedb, MO3BOJMIO YCTAHOBUTH B3aMMOCBSI3b MEXIY CBOMCTBAMM MOKPBITUIA U BpeMEHEM
00paboTku obpasua. Tak, yBeIuyeHue IJIUTEIbHOCTU 00pabOTKU B IMPOLECCe MUKPOIYTOBOTO
OKCUJIMPOBAHMSI W3NEIUN W3 CIUIABOB BEHTWJIBHOM TPYIIIBI IPUBOAUT K YCIOXHEHUIO
MOpP(dOJIOTUM TIOBEPXHOCTH, a TakKXKe YBEJMUYEHUWIO pa3Mepa M KojmdyecTBa mop. Kpome
TOTO, B aHOOHOM ¥ aHOZHO-KAaTOXHOM pEXMMaxX YBEJIMUMBACTCSI IIIEPOXOBATOCTH TTOKPBITHS.
HcmpiTannst Ha 2JIEKTPUYECKYIO TPOYHOCTh ITOKA3ajiyd, 4TO Bce O0Opas3lbl C ITOJYyYCHHBIMU
MOKPBITUSIMU ~ Bblaepkanu HamnpsekeHne 600 B.  MHorogyHKIMOHaJIbHBIE ITOKPBITHS,
MOJIYYeHHbIC C MCIOJb30BaHMEM pa3pabOTaHHBIX TEXHOJOTUMUYECKUX PEXMMOB, IPEICTABISIOT
c000if MHOTOCJIOIHBIE CTPYKTYphl. OHU COCTOSAT M3 0a30BOTO CJIOS C OTJAWYHON aare3uei,
TIPOMEKYTOYHOTO CJIOSI C MOPUCTOM CTPYKTYPO M BEPXHETO CJIOS C BBICOKOW TTOPHUCTOCTHIO
U AaKTUBHO (YHKIMOHUPYIOIICH ITOBEPXHOCTHIO. VI3MeHEHHUS, BBISIBJICHHBICE B XOIE
MOpGOJIOTHYECKUX UCCICIOBAaHUI, XapaKTePHBI IJII MOICIN TUIA3MEHHOTO POCTa TMOKPBITHIA.
PesyibTaThl IpoBeAe HHBIX MOP(MOJIOTMYECKUX UCCIIEA0BAHUI ITOKPBITUI MOTYT ObITh BHEAPEHBI
npu pa3paboTke LHUMPOBOro ABOMHMKA MpOLiecca MUKPOIYTOBOTO OKCHUIMPOBAHMSI.
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Introduction

Nowadays, most studies are aimed at studying the influence of heterogeneous factors of the
microarc oxidation (MAQ) process on the properties of the formed coatings, including mechanical
ones. For example, the study in [1] demonstrates that increasing the number of plasma discharges
at low current densities increases the porosity and roughness of the coating. According to the
data from [2], electron microscopy revealed that the porosity of coatings decreases during time
treatment, but the roughness increases. Adding TiO, nanoparticles to the electrolyte is also achieved
by the increase porosity, thickness and surface roughness coating [3]. In [4] it is shown that that
adding glycerol to the electrolyte leads to an increase in the number of pores and reducing their
size, which reduces surface roughness. These studies are not unified, since they were carried out
on different technological equipment under different processing modes and do not allow compare
the results of experiments with each other, which limits their use as training data for the digital
twin of the micro-arc process oxidation [5].

In addition, there is a need for a deeper study and understanding of the processes and
phenomena occurring during micro-arc oxidation. In turn, it will allow us to investigate the
modification of the coatings structure during their formation. In accordance with the studies of
coatings obtained by the MAO method and described in [6], a plasma growth model was created
for a specific coating, the structure of which includes a barrier layer, an inner layer with numerous
closed pores and an outer layer with a rough surface.

© MaxkcoB A.A., I'ypun C.A., Tonyokos I1.E., [Teuepckas E.A., lllenenesa t0.B., Apramonos /I.B., 2024. U3natens: CaHKT-
[MeTepOyprckuii moauTeXHMYeCKUii yHuBepcuteT [letpa Bemmkoro.
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Materials and methods

To study surface morphology and mechanical parameters of MAO coatings, 8 aluminum
samples, presented in the form plates measuring 20x15x2 mm (surface area 0.05971 dm?) and
whose surface was previously brought to a roughness R in the range from 0.1 to 0.2 um were
selected. At the first stage, the samples were milled on a universal machine; at the second stage
were polished on a manual grinding — polishing machine MP-100S MTDI (Korea) by sequentially
sorting sandpapers with grades from P240 to P2000 (ISO6344 marking) and final polishing with a
felt cloth using paste GOI. The treated samples were placed in a galvanic bath with silivate-alkaline
electrolyte. Coatings were obtained using a MAO installation [7, 8] at a sinusoidal current (current
density 15 A/dm?), anode (A) and anode-cathode (AC) current modes) for 120 s, 240 s, 480 s, 960
s, respectively. Table 1 shows the technological parameters and oxidation time for each test sample.

Table 1

Technological parameters and process time of the studied samples
Sample No. Mode J, A/dm? ts

1 A 15 120

2 A 15 240

3 A 15 480

4 A 15 960

5 AC 15 120

6 AC 15 240

7 AC 15 480

8 AC 15 960

Notations: A — anode mode; AC — anode-cathode mode; J — current density, A/dm?;
t — oxidation time, S.

Then, the topography of the surface of the selected samples was studied using a VEGA 3
scanning electron microscope, coating roughness measurements were carried out using a Mitaka
FS150 3D laser contourograph, and the characteristics of the electrical parameters of MAO
coatings were studied using a universal electrical strength meter. To do this, aluminum contacts
were sprayed onto the samples at the UVN-71 P3 vacuum spraying unit, as shown in Fig. 1.
Two electrodes were connected to the middle and one of the extreme contacts, between which a
gradually increasing electrical voltage was created. The electrical strength was determined by the
magnitude of the voltage at which the dielectric breakdown of the coating occurred.

< &>

N

Fig. 1. The sample on which the MAO coating and metal contacts were sprayed

Results and discussion

Fig. 2 and 3 show topological images of the formed MAO coatings obtained using a VEGA 3
scanning electron microscope. Coatings on the samples were formed at a current density of
15 A/dm? in the anode and anode-cathode modes, depending on the oxidation time.
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b)

Fig. 2. Morphology of the surface of MAO coatings obtained at current density 15 A/dm? in anode
mode for 120 s (a), 240 s (b), 480 s (¢), 960 s (d)

a)

Fig. 3. Morphology of the MAO coatings surface obtained at current density 15 A/dm? in anode-
cathode mode for 120 s (a), 240 s (b), 480 s (c), 960 s (d)

Analysis of morphology of the surface of samples with MAO coating (Fig. 2), as well as those
obtained using the anode mode with current density 15 A/dm?, confirmed that with increasing
processing time of aluminum plates, the surface development, the size and number of pores
increase. Thus, we can talk about the multilayering of the resulting ceramic coating. From
the analysis It also follows that the first sample (Fig. 2, a), processed for the minimum time,
is not porous and repeats the substrate structure. Such a coating can be attributed to the basic
adhesive sub layer. Further exposure time leads to the appearance of small pores, and the coating

Table 2
The roughness of the MAO coatings samples obtained in the anode mode

Sample No. Parameter Side 1 Side 2
R, um 2.62 233

1 R ., um 3.72 3.00
R, um 0.17 0.32

R, um 2.24 1.19

2 R . pm 3.20 1.66
R, um 0.32 0.18

R, um 2.56 12.90

3 R ., um 3.55 55.00
R, um 0.35 0.68

R, um 4.92 4.44

4 R . pm 7.64 6.88
R, um 0.55 0.43

Notations: R — the height of the irregularities at ten points, pm; R — maximum
height of irreguzlarities, pum; R — the arithmetic mean deviation, pm.
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structure gradually develops. Such layers have a well-developed structure. Thus, the fourth sample
(Fig. 2, d) has a highly porous and developed structure.

For further analysis of the MAO process, the roughness of the samples surface was studied on
a 3D laser conturograph profilometer. Table 2 contains the results of the measurements taken.

As a result of studying the values of the arithmetic mean deviation R, it was found
that samples 1 (Fig. 2, a), 2 (Fig. 2, b) have them in the range from 0.1 to 0.3 um. The
information provided demonstrates that the coatings in the initial stages of growth have the
same structure as the substrate due to the same surface roughness. Over time, the roughness
of the samples gradually increases due to an increase in porosity and relief. Roughness values
range from 0.1 to 0.7 pm.

At the second stage of the research, the following 4 aluminum plates were subjected to the
MAO process in the mode of anode-cathode current (AC) with current density 15 A/dm?.

Having analyzed the images of the surfaces of MAO coatings obtained using the anodic-
cathode mode (Fig. 3), one can reveal a similar picture as in the anodic current mode. An
increase in the processing time of aluminum plates leads to a complication of the surface structure
of the formed coatings; accordingly, an increase in the size and number of pores is observed.
Therefore, coatings obtained according to these modes can be considered multilayer, with a base
adhesive coating, an intermediate porous and highly porous layer with a developed surface. In
order to identify differences in the modes of obtaining coatings of the MAO process, an analysis
of surface roughness was performed on a 3D laser conturograph profilometer. The obtained results
of roughness measurements are presented in Table 3.

Table 3
Roughness of MAO coatings samples obtained in the anode-cathode mode

Sample No. Parameter Side 1 Side 2
R, um 8.05 2.10

5 R ., um 15.10 2.38
R, um 0.41 0.32

R, pm 3.10 2.32

6 R ,um 5.78 2.63
R, um 0.32 0.34

R, um 2.87 2.50

7 R ., um 3.56 3.36
R, pm 0.40 0.25

R, pm 2.58 2.40

8 R ,um 3.23 2.83
R, um 0.59 0.43

Notations: R — the height of the irregularities at ten points, um; R — maximum
height of irreguzlarities, um; R — the arithmetic mean deviation, pm.

Analyzing the data given in Table 3, we can conclude that with increasing time of MAO
treatment in the anode-cathode mode, the surface roughness increases, according to the arithmetic
mean deviation Ra. The values of the first two samples (Fig. 3, a, b) are within 0.3 pm. The second
two samples (Fig. 3, ¢, d) have values from 0.2 to 0.6 pm. The results obtained differ somewhat
from the anode current mode. This is most likely due to plate defects. But we should not forget
that the technological process itself contributes to the formation of oxide coatings.

Thus, the changes identified at the first and second stages of surface morphology studies are
characteristic of the plasma coating growth model.

MAO coatings obtained using technological modes can be considered multilayer. They consist
of a base layer with good adhesive properties, an intermediate porous layer and a top layer with
high porosity and an actively functioning surface.
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According to the results of data analysis, it can be concluded that with increasing the time
of MAO process in anodic and anode-cathode modes, there is an increase in surface roughness
determined by the values of arithmetic mean deviation R .

All samples with the obtained coatings, during the electrical strength tests, withstood a voltage
of 600 V.

The process is characterized by high reproducibility and is also traceable dependence of coating
properties (roughness, porosity, electrical strength) on processing time.

Conclusion

The topology of the MAO coatings surface on aluminum alloy samples, as well as their
mechanical parameters, were studied. It has been revealed that an increase in the time of
MAO treatment in the anode and anode-cathode modes leads to an increase in porosity and
roughness of coatings. Tests for electrical strength showed that all the test samples withstood a
breakdown voltage of 600 V. The research results allow the use of the plasma growth model of
oxide coatings as the basis for the development of a digital process twin of microarc oxidation.
The obtained empirical results are appropriate use as training data for intelligent algorithms as
a part of digital twin.
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