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The results of experimental studies of the corrosion resistance of aluminum and its alloys modified with ce-

ramic coatings based on the microarc oxidation method in some aggressive environments are presented. The

mechanism of destruction of the coating is considered. Recommendations on increasing corrosion resistance

are given.

Keywords: corrosion resistance, alumina-ceramic coatings, microarc oxidation (MAO), aluminum alloys,

magnetron sputtering.

INTRODUCTION

Aluminum alloys possess important operational proper-

ties such as high strength combined with low density, satis-

factory corrosion resistance, and high thermal conductivity.

Therefore, these alloys are widely used in mechanical engi-

neering, including for the manufacture of parts of modern

light engines in contact with cooling chemically active liq-

uids. In relation to the parts of engine cooling systems made

of aluminum alloys, there are several standard ways to com-

bat corrosion:

– reducing the aggressiveness of the medium by intro-

ducing corrosion inhibitors;

– surface protection with non-corrosive material.

It is known that microarc oxidation (MAO) of aluminum

alloys leads to the formation of oxide-ceramic coatings with

high functional characteristics. In particular, such coatings

are chemically inert and do not conduct electric current

[1–10]. In industrial MAO of aluminum alloys, the most

widely used is a combined silicate-alkaline electrolyte of the

KOH � Na2SiO3 type. However, due to the physical features

of the MAO process, high open porosity is inevitably formed

in the coatings [11, 12]. These may be through-pores, i.e.,

reaching the base metal of the substrate, or closed prosed.

Aluminum parts with a MAO-modified surface can undergo

corrosion damage due to the penetration of an aggressive

medium into the through-pores of the oxide-ceramic coating

[1, 5, 13, 14].

The purpose of this work is to determine the corrosive ef-

fect of some aggressive media on an aluminum alloy with a

porous protective ceramic coating formed by MAO in a sili-

cate-alkaline electrolyte.

MATERIALS AND METHODS OF RESEARCH

Microarc oxidation of aluminum alloys was carried out

using an IPT-1000 MAO unit. The installation consists of a

power source and a control unit, an electrolytic bath with a

fastening system for parts and a protective fence. The electri-

cal part of the installation includes a power unit and a unit for

control and measurement of the process parameters. For

MAO, a standard silicate-alkaline electrolyte of the follow-

ing composition was selected: potassium hydroxide with

a concentration CKOH = 2 g/L, sodium silicate with

CNa2SiO3 = 9 g/L, and the rest is water. The process was car-

ried out under constant anode current with a density of

20 A/dm2, the duration of the process was 2 hrs, and the

thickness of the protective coatings was 90 – 100 �m.

For salt fog corrosion tests, AK9ch aluminum alloy was

chosen, which is currently the most widely used for the man-

ufacture of parts for automobile engine cooling systems. The

tests were carried out in a laboratory autoclave A-10 MINI
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according to GOST 9.308. For the experiments, aqueous cor-

rosion solutions with different contents of NaCl were used

(see Table 1), as well as with the introduction of 0.5 wt.%

concentrated acetic acid CH3COOH. Samples for corrosion

tests were made according to the schematic shown in Fig. 1.

Prior to the experiment, threaded holes in the samples

were cleaned and insulated with epoxy adhesive. The sam-

ples were degreased with acetone, insulated with Teflon tape

using synthetic filaments, placed in a fixture so that they

were evenly washed by the medium and not in contact with

each other and with the autoclave, and then placed in the au-

toclave. To determine the effect of corrosive solutions on the

samples, they were removed from the autoclave once a day

for the entire duration of the experiment, which was 600 hrs.

Corrosion damage to the samples was examined using a

MIM-6 microscope, linear dimensions were monitored using

a lever micrometer MP-25 and eddy current thickness gauge

VT-201.

For corrosion tests in an alkaline medium, a high purity

aluminum alloy A5 with an aluminum content of at least

99.5 wt.% was selected. Samples with dimensions of

50 � 20 � 2 mm were tested in a 5% aqueous NaOH solution.

Magnetron sputtering was carried out on a Magna TM5 unit.

The principle of the method is cathodic sputtering of a target

in magnetron discharge plasma — a diode discharge in

crossed fields.

The phase composition of the coatings was studied using

a D8 Advance x-ray diffractometer (Bruker, Germany), and

the coating morphology was studied by scanning electron

microscopy on a TESCAN Vega research complex. The mass

of samples was measured on an AND GH-252 analytical bal-

ance with an accuracy of 10–4 g.

RESEARCH RESULTS

Corrosion resistance in salt fog

Investigations for 600 hrs in regime No. 1 showed that

the surfaces of the samples coated with a through porosity of

3 – 4% before and after the tests are practically the same. At

the same time, the onset of corrosion was noted on the sur-

face of uncoated samples (Fig. 2).

During tests conducted in regime No. 2, it was found that

after 500 hrs of testing, samples with oxide-ceramic coatings

show the smallest corrosion “pits” on the edges (Fig. 3),

which can be explained by the edge effect during coating for-

mation. Corrosion of the samples without coating was more

pronounced with the formation of corrosion pits along the

entire surface under study.

When conducting the experiment in regime No. 3, after

80 hrs of testing samples with a coating, at 10� magnifica-

tion a change in the surface relief was noted with the appear-
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TABLE 1. Autoclave Experiment Conditions

Regime NaCl concentration, % Temperature of the medium, °C

1 3 20

2 10 20

3 10 90

4 17 90

Fig. 1. The size of the samples for the study of corrosion resistance

of coatings.
Fig. 2. Onset of surface corrosion of the sample without oxide-ce-

ramic coating. 10�.

Fig. 3. Corrosion pits on the edges of the specimen with an ox-

ide-ceramic coating. 10�.



ance of small tubercles; changes in the linear dimensions of

the samples due to corrosion of the metal base and the forma-

tion of insoluble corrosion products under the oxide-ceramic

coating were distinctly visible. The greatest number of corro-

sion pits was noted on the edges of the samples, which are

stress concentrators [1, 9, 15]; at the same time, corrosion

damage was less significant in the planar regions. A further

increase in the linear dimensions of the samples was re-

corded throughout the experiment, but the destruction of the

coating did not occur. By the end of the tests in regime No. 3,

the linear dimensions of the samples increased by

44 – 52 �m.

Tests in regime No. 4 revealed an intensification of the

corrosion process of samples with an oxide-ceramic coating.

The sequence and nature of corrosion in regimes No. 4 and 3

did not differ, but corrosion rate in regime No. 4 was higher.

The beginning of the change in the linear dimensions of the

samples occurred after 48 hrs in an autoclave. After 480 hrs

of testing, a partial separation of the coating areas from the

aluminum base was recorded (Fig. 4), after 500 hrs the coat-

ing in the blistering zones was destroyed by corrosion prod-

ucts of the base (Fig. 5). Moreover, the largest increase in lin-

ear size (the height of the “meniscus”) before the destruction

of the coating was 76 – 80 �m; the diameter of delaminated

sections of the coating is an average of 1.3 – 1.8 mm. X-ray

diffraction analysis of the corrosion products of the alumi-

num base, found under the peeled coating, showed the pres-

ence of aluminum hydroxide.

Analysis of studies of aluminum oxide with ceramic ox-

ide coating shows that MAO increases its corrosion resis-

tance. The destruction of the coating occurs due to the pres-

sure created by the corrosion products of the aluminum base,

resulting from the penetration of an aggressive medium

through the pores in the coating. Thus, to increase the corro-

sion resistance of an aluminum alloy with a protective ox-

ide-ceramic coating formed by MAO, it is necessary to strive

to reduce the porosity of the coating.

Corrosion resistance in an alkaline medium

Based on analysis of [16, 17], the technological aspects

of obtaining thin fluoroplastic films on MAO coatings by

magnetron sputtering were considered. During preliminary

experiments, films were formed on flat polished silicon wa-

fers, followed by sputtering of a titanium coating. Fig. 6

shows a cleavage of a silicon wafer in cross section, on

which a fluoroplastic interlayer with a thickness of about

1 micron can be observed. The thickness of the fluoroplastic

formed on MAO coatings was similar. It should be noted that

visualization of the film by the microscopic method directly

in the cross section of the MAO coating is very difficult due

to its small thickness and high abrasion ability of the

fluoroplastic during the manufacturing and polishing of

metallographic sections. Fig. 7 shows the results of corrosion

tests of aluminum A5 without coating, as well as with pro-

tective composite coatings.

In the medium with the alkali concentration under con-

sideration, intense dissolution of aluminum is observed. The

presence of MAO coating significantly inhibits the develop-

ment of corrosion. It is evident that the interaction of alkali

with aluminum occurs exclusively through pore channels of

the oxide layer. The result is a slow etching of aluminum and

disruption of the adhesion boundary between the base and

the coating; as a result, after 3 hrs of corrosion testing, the

oxide-ceramic coating is stratified and destroyed. The best
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Fig. 4. Partial separation of regions of the coating from the metal

base. 20�.

Fig. 5. Corrosive pits on the edges of the specimen with an ox-

ide-ceramic coating. 10�.

Fig. 6. Formation of a fluoroplastic film by magnetron sputtering;

silicon wafer imaging.



results are demonstrated by an MAO coating with a

fluoroplastic film, which fills the open pores of the oxide lay-

ers and reduces the interaction zone of aluminum with alkali.

CONCLUSION

As a result of the analysis of studies of an aluminum al-

loy with an oxide-ceramic coating, it was found that the

MAO increases its corrosion resistance. The coating is de-

stroyed due to the pressure created by the corrosion products

of the aluminum base as a result of penetration of the aggres-

sive medium into the pores of the coating.

It has been experimentally determined that MAO of alu-

minum leads to an improvement in the anticorrosion proper-

ties of aluminum alloys in an alkaline medium. Additional

corrosion protection is provided by the formation of a

fluoroplastic film 1 micron thick by magnetron sputtering on

the surface of the oxide-ceramic coating.

The work was carried out in the framework of the grant

of the Russian Science Foundation under agreement

No. 18-73-00025 (second year of the project).
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Fig. 7. Dependence of the mass loss �m of samples of A5 alumi-

num alloy on the duration � of corrosion tests in an alkaline medium:

1) sample without coating; 2) with MAO coating; 3) MAO coating

and fluoroplastic film.
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