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Abstract. The article presents the study results of the influence of process mode parameters
on the thickness of the oxide coating of aluminum-based products. Ceramic-like coatings were
formed by the microarc oxidation method on AD31 alloy using a capacitor process installation
with a sinusoidal current at a constant current density of 15 A/dm? in the anodic-cathode mode.
The study of oxide film growth was performed using a B7-517 thickness gauge. It is shown that
for approximating the dependence of the oxide film thickness on the processing time of products,
it is advisable to use piecewise approximation by mathematical functions of different types:
exponential and linear. The use of such an approach is due to the influence of diffusion and
chemical processes that dominate at the stages of spark and microarc discharges of the microarc
oxidation process. However, this approach is not applicable for the purpose of analyzing the
dependence of the film thickness on the concentration of sodium hydroxide and the ratio of the
anodic and cathodic current components. In this case, the approximation is made by a quadratic
function, due to the influence of nonlinear factors-impacts of the technological process. The
results of the metrological analysis confirmed that the error in the adequacy of these models
does not exceed 5%. It is advisable to use the obtained results when producing coatings with the
required functional characteristics by the microarc oxidation method.
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Annoranuga. MccinenoBaHBl KOPPENSIIUOHHBIE 3aBUCUMOCTH, ITO3BOJISIIOIINAE OLICHUTH
XapakTep BIWSHUS TapaMeTPOB TEXHOJNOTUUECKUX pPEXNUMOB (BpeMsI OKCHIMPOBAaHWUE,
COOTHOIIICHWE aHOMHOTO M KAaTOOHOTO COCTABIISIIOIINX TOKa, KOHIICHTpALMS THAPOKCHIA
HATpUsl) HAa OUHAMUKY (OPMHUPOBAHUS TOJIIMHBI MUKPOIYTOBOTO OKCHIHOIO ITOKPBITHS
Ha U3JENUSX C aJllOMUHMEBON OCHOBOM. KepamMukornomoOHble MOKPHITUS (HOPMUPOBAIUCH
Ha cruiaBe Mapku AJI31 ¢ KMCHoOJb30BaHUMEM KOHIAEHCATOPHOM TEXHOJOIMYECKOM YCTaHOBKU
npoiecca MUKPOIYTOBOTO OKCHUIMPOBAHUS Ha CUHYCOMTAIBHOM TOKE TIPU ITOCTOSTHHOM
3HAYCHWN IDIOTHOCTM ToKa 15 A/mmM? B aHOOHO-KAaTOOHOM pexume. HemocpeacTBeHHOE
HUCCIeI0BaHUE POCTAa OKCUIHOM MJIEHKH IMTPOBOAUIOCH ToJIIMHOMepoM B517-7. AHanuTuueckue
BBIPAXKCHMS 3aBUCUMOCTH KUHETUKH POCTa MUKPOIYTOBOTO OKCUIHOTO ITOKPHITHS HA U3ACTUSIX
C aJIOMMHHUEBO OCHOBHOI MOJy4YeHbl C HMCIIOJb30BaHMEM IporpaMMHoOil cpenbl MatLAB.
ITokazaHo, 4TO MJIsl aANOpPOKCUMALMM 3aBUCUMOCTM POCTA TOJIIMHBI OKCUIHOW TIUIEHKH
OT BpPEeMEHM OOpabOTKM W3AEIN, HEOOXOAWMO TNPUMEHITh KOMOWHMPOBAHHBLIN ITOAXOI,
3aKJTIOYAIOIINIACS B YACTUYHON AaINIpOKCHUMAIlMM MaTeMaTMYCCKUMK (YHKIIUSIMU Pa3HOTO
BUOA: SKCIIOHCHUMAJbHBIMU U JMHEHHBIMU. M cmoab30BaHMEe TaKOro IToaxoma OOYCIOBICHO
BIUSHUEM TUDOY3NOHHBIX M XMMUIECKUX TTPOLIECCOB, JOMUHUPYIOIINX HA CTAIUSIX UCKPOBBIX
U MUKPOIYTOBBIX pa3psiioB IIpollecca MUKPOAYTOBOro oKcuaupoBaHusi. OmHaKo, TaKoi
MOAXOJ HE MPUMEHUM C 1IeJIbI0 aHaJIM3a 3aBUCUMOCTHU TOJIIMHBI IVIEHKU OT KOHLIEHTpallUuu
TUIPOKCHIA HATPHUSI M COOTHOIICHMS aHOTHOTO M KATOMZHOTO COCTAaBJISIONINX ToKa. B 3Tom
clydae aIrmpOKCUMAIIAS TIPOM3BOINTCS KBaIpaTUIHON (PYHKILMEH, B CICACTBUU IPOSBICHUS
HEIMHEWHBIX (DAKTOPOB-BO3ACHCTBUIT HA TEXHOJOTMUYCCKMII TIpoliecc. MeTpoaormaecKuit
aHaaU3 BBIPaXXEHUI IIOKa3aJl, YTO ITOTPEIIHOCTh aAeKBATHOCTU 3THUX MOZICJICH COCTaBIISICT
He O6osee 5%. [loaydeHHBIE pe3yIbTaThl MPUMMEHUMBI KaK UISL OIpeIe/ieHUsl IMOTPEeIIHOCTEeM
U3MEPEHUI MapaMeTpOB-BO3IEHUCTBUIA Mpoliecca MUKPOIYTOBOTO OKCUAUMPOBAHMS, TaK U IS
MOJIYIEHUST TTOKPBHITUI ¢ TpeOyeMbIMU (PYHKIIMOHATBHBIMIA XapaKTEPUCTUKAMH.
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Introduction

The growth of oxide coatings formed by the microarc oxidation (MAQO) method is charac-
terized by an increase in thickness, the formation of a porous structure [1]. It should be noted
that the coating itself grows not only over the metal base, but also penetrates into the substrate
structure, modifying it. Based on studies of the dependence of the MAO coating thickness on
the factors-impacts, it is possible to identify new analytical mathematical models. For example,
in [2], it is shown that the coating thickness increases with processing time and has an exponential
dependence. In [3], at the spark discharge stage, the dependence of the MAO coating thickness
on the processing time is described by an exponential function, and at the micro-arc discharge
stage, by a linear function. With an increase in the NaOH concentration in the silicate-alkaline
electrolyte, the oxide film thickness decreases [4]. In connection with the introduction of digital
twins of various technological processes into production cycles, the task of metrological analysis
and control of the coatings, properties formed in real time and predicted during the digital twin
operation is relevant [5]. The solution to this problem will improve the MAO coatings quality,
the accuracy of reproducible performance characteristics, and technical and economic indicators
when developing new technological modes.

Materials and methods

For the purpose of metrological analysis of the growth process of microarc oxide coatings on
products with an aluminum substrate, 20 samples with a microarc coating were obtained. The test
samples have a rectangular shape with dimensions of 20x15x2 mm and a treated surface area of
5 =0.05971 dm?. The main material of the sample substrate is AD31 alloy - aluminum alloyed
with manganese, silicon, titanium. Before MAO treatment, the test samples were milled and then
polished. After, the samples that had passed the preparation stage were placed in a galvanic bath

Table 1

Parameters of the process modes for studying the influence of processing time, ratio
of current components and NaOH concentration on the formation of coating thickness

Sample No. t,s J, A/dm? C, g/l 1JI,
1 100 15 0.5 1.00
2 200 15 0.5 1.00
3 300 15 0.5 1.00
4 600 15 0.5 1.00
5 900 15 0.5 1.00
6 1200 15 0.5 1.00
7 1500 15 0.5 1.00
8 1800 15 0.5 1.00
9 1800 15 0.5 0.25
10 1800 15 0.5 0.50
11 1800 15 0.5 1.00
12 1800 15 0.5 1.25
13 1800 15 0.5 1.50
14 1800 15 0.5 1.75
15 1800 15 0.5 1.00
16 1800 15 1.0 1.00
17 1800 15 1.5 1.00
18 1800 15 2.0 1.00
19 1800 15 2.5 1.00
20 1800 15 3.0 1.00

Notations: tis the oxidation time, s, jis the current density, A/dm?, C, is the concentration
of sodium hydroxide, g/I; 1,/1.is the ratio of the anodic and cathodic current components.
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of a microarc oxidation installation with electrolyte containing C, . 80 g/l Na,SiO, and C, 0.5,
1, 1.5, 2, 2.5 and 3 g/l NaOH. The current density j in the anodic-cathode mode was constant
and amounted to 15 A/dm”. The ratio of the anodic and cathodic current components / /1 var-
ied in the range from 0.25 to 1.5 (in increments of 0.25). The duration of sample treatment ¢ was
100, 200, 300, 600, 900, 1200, 1500 and 1800 s. The thickness of the obtained oxide coatings was
measured using a B7-517 thickness gauge. Using the MatLLAB software environment, expressions
for the dependences of the coating thickness on the factors affecting the structure of the coating
itself were obtained, and graphs of the obtained dependences were constructed. Errors in indirect
measurements of the thickness of the formed oxide coating were calculated.

Table 1 shows the parameters of the process modes under which the influence of the duration
of product processing (samples 1—8), the ratio of current components (samples 9—14) and the
concentration of NaOH (samples 15—20) on the coating thickness was studied.

Results and discussion
Table 2 presents the results of measuring the thickness of the coatings obtained under different
process modes, respectively, the graphs of the influence of process parameters on the coating
thickness are shown in Fig. 1.

Table 2
Results of measuring the thickness of the formed MAO coatings
Sample No. | #,s | A(f), um | Sample No. | /I, | k(I /I ), pm | Sample No. | C,, g/l | A(C,), pm

1 100 0.68 9 0.25 29.53 15 0.5 28.64
2 200 2.07 10 0.50 19.11 16 1.0 29.32
3 300 6.68 11 0.75 12.37 17 1.5 28.27
4 600 8.98 12 1.00 7.99 18 2.0 27.76
5 900 12.17 13 1.25 5.18 19 2.5 27.39
6 1200 | 16.15 14 1.50 3.99 20 3.0 26.75
7 1500 | 22.28

8 1800 | 29.98

Notations: A(?) is the coating thickness from the oxidation time, um; 4(/,/1 ) is the coating thickness from
the ratio of the current components, um; 4(C,) is the coating thickness from the concentration of NaOH, um.

As a result of processing the measurements results of the obtained MAO coatings thickness
by the least squares method, analytical mathematical models of the studied dependencies of the
oxide coating thickness on the oxidation time (1), the ratio of the anodic and cathodic current
components (2) and the concentration of sodium hydroxide (3), respectively, were identified. The
obtained mathematical expressions are given below:

e —1; 0< 1 <300,
h(t) = (D
0.0022-¢+3.4747; 300 < ¢ <1800,
(I, /1.)=21.243-(1,/1.) —59.0496-1, /1 +43.9807, (2)
h(Cy)=-0.2643-C; +0.0107-C, +28.95. 3)

The graphs of the corresponding functions are shown in Fig. 1, a—c.

The study of the graphs (Fig. 1, a—c) showed that the dependence of the formed oxide film
thickness on the oxidation time is advisable to approximate piecewise by mathematical functions
of different types: exponential and linear according to expression (1). The use of this approach
is due to the influence of diffusion and chemical processes dominating at the stages of spark and
microarc discharges of the microarc oxidation process, which is confirmed by other studies [3].
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Fig. 1. Dependences of the coating thickness on the processing time 7 (a),
on the ratio of the anodic and cathodic current components //1, (b)
and on the NaOH concentration C,; (¢): [ is the approximating curve; 2 is the upper
and lower error limits that form the uncertainty region; experimental data works in dots

However, such an approach is not applicable for the purpose of analyzing the dependence of the
film thickness on the concentration of sodium hydroxide and the ratio of the anodic and cathodic
components of the current. In this case, the approximation is made by a quadratic function due
to the manifestation of nonlinear factors-impacts on the technological process.

A metrological analysis of the dynamics of a microarc oxide coating formation on products
with an aluminum substrate was carried out. The error in the adequacy of the obtained mathemat-
ical expressions does not exceed 5%, which is confirmed by the lower and upper boundaries of
the uncertainty regions shown in Fig. 1. It is advisable to use the obtained results when obtaining
coatings with the required functional characteristics by the microarc oxidation method.

Conclusion

The results of the metrological analysis of the MAO coatings growth and the identified math-
ematical models should be used in developing a digital twin of the MAO process. The obtained
analytical expressions are described by different mathematical functions due to the presence of
both diffusion and chemical processes dominating at the stages of arc and microarc discharges,
and the nonlinearity of the factors influencing the technological process. The dependence of the
thickness growth of the ceramic-like coating on the duration of processing of a product made
of valve metal or alloy is described by exponential and linear functions, and the dependence of
the thickness on the ratio of the current components and the concentration of sodium hydroxide
is described by quadratic functions. The error in the adequacy of the obtained models does not
exceed 5%.
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