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CORROSION RESISTANCE OF PLASMA-ELECTROLYTIC LAYERS  
ON ALLOYS AND COATINGS OF THE AL–CU–MG SYSTEM FOR  
VARIOUS MODES OF HEAT TREATMENT 
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Ya. Ya. Sirak,1  and  R. A. Yatsyuk3 UDC 620.193:620.194:1620.197 

We study the influence of its microstructure of an Al–Cu–Mg alloy sprayed by the electric-arc method 
in the intact state and with oxide-ceramic coating on its corrosion resistance in synthetic weakly acid 
media.  It is shown that the increase in the temperature of annealing the electric-arc coating results in the 
growth of Al2Cu  intermetallic inclusions acting as cathodic inclusions and increasing the sizes of pores 
in the oxide-ceramic coatings.  These changes promote a significant increase in corrosion currents both 
in the electric-arc coating and in the oxide-ceramic layer on it.  It is shown that the corrosion currents 
formed in the electric-arc coatings without oxide-ceramic layer are stronger by an order of magnitude. 
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The procedure of electric-arc spraying of the coatings is one of the most efficient and inexpensive methods 
for the surface protection of products, including the products made of light alloys.  However, these coatings not 
always guarantee the reliable protection of the surfaces of metal products against wear and, due to their high po-
rosity, against the influence of corrosion media.  Hence, the problem of finding the possibilities of increasing the 
wear and corrosion resistances of the coatings of this kind is an urgent engineering task.  However, it should be 
emphasized that the quality of aluminum coatings strongly depends on the method of their creation and the 
chemical composition.  Only after the heat treatment of the products, the protective action of sprayed coatings 
significantly increases due to the changes in their structures.  However, the relationship between the changes in 
the structure of coatings made of aluminum alloys and the parameters of corrosion is insufficiently well studied 
and poorly discussed in the literature.  

The works aimed at the improvement of the corrosion and corrosion-erosion resistances of structures by the 
electric-arc deposition of the layers sprayed from aluminum wires with various compositions with the subse-
quent plasma-electrolytic oxidation (PEO) are now extensively carried on at the Karpenko Physicomechanical 
Institute of the Ukrainian National Academy of Sciences. 

The multifunctionality of the PEO coatings promotes their applications in various branches of industry.  
However, the currently existing understanding of the possibilities of this method is far from being complete.  
The structure and composition of oxide layers are determined not only by the nature of the treated metal  
(and some other less important internal factors) but also by the external conditions of their formation; first of all, 
by the composition of electrolytes whose components may appear in the structure of the coating and by the  
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parameters of the mode of treatment affecting the thermal, time, and other characteristics of microdischarges.  
Therefore, the aim of the present work is to study the influence of the mode of heat treatment (annealing) of Al–
Cu–Mg alloys sprayed by the electric-arc method in the intact state and with oxide-ceramic coatings on the mi-
crostructure and corrosion resistance of these coatings in the environment of weakly acid rain. 

Materials and Methods of investigations 

We studied electric-arc coatings (EAC) sprayed from continuous electrode wires of the Al–Cu–Mg grade 
(3.8–4.5% Cu;  1.2–1.8% Mg;  balance Al) with subsequent synthesis of oxide-ceramic layers on its surface in 
an electrolytic plasma.   

The coatings were applied to a pipe 40 mm in diameter made of 20 steel.  For the high-quality application of 
the metal layer of aluminum alloy, the pipe surface was preliminarily activated by its cleaning by the sand-
blasting method.  As a result, the surface roughness was equal to  32 ± 3 µm. 

The microstructure of electric-arc coatings (EACs) was changed as a result of annealing at tempera-
tures  200–600°C.  The oxide-ceramic coatings were synthesized in an IMPELOM installation in an electrolytic 
plasma with the following composition:  3 g/liter KOH + 2 g/liter nNa2O ⋅mSiO2  (the balance is distilled water) 
by the method described in [1].  The current density was  20 A/dm2,  the ratio   Іc /Ia  = 1,  and duration of syn-
thesis was 50 min.  Prior to the application of the coatings, the specimens were ground up to the appearance of 
metallic luster.  Then they were washed in distilled water and degreased with ethyl alcohol.  After the synthesis 
of oxide-ceramic coatings, the specimens were washed in distilled water and dried.  

The characteristics of corrosion processes were studied in the potentiodynamic mode with the help of  
an SVA-1B-M voltammetric system.  The role of reference electrode was played by a silver/silver-chloride elec-
trode of the ÉVL-1M1 type.  The rate of changes in the potential was  2 mV/sec.  The polarization curves were 
used to find the corrosion rate and obtain information about the parameters of corrosion processes.  The corro-
sion rate was found by the extrapolation of linear sections of the polarization curves to the corrosion potential.  
In the electrochemical studies, the working part of the specimen surface was split into cylindrical cells 2 cm2   
in area.  

The role of corrosive environment was played by a weakly acid rain with the following composition:  

 3.18 mg/liter H2SO4  + 4.62 mg/liter (NH4 )2SO4  + 3.20 mg/liter Na2SO4  + 1.58 mg/liter HNO3   

 + 2.13 mg/liter NaNO3  + 8.48 mg/liter NaCl (pH 4.5).   

In this solution, the specimens were held for 40 days.  The ambient temperature was  18–25°C. 

Results and Discussion 

In the course of spraying, the alloying components are completely or partially dissolved in aluminum with-
out separation of the intermetallic phases (in particular, iron-containing), which are always present in the Al–Cu–
Mg monolithic alloy.  The microstructure of the coating made of Al–Cu–Mg alloy after heat treatment is formed 
by a solid solution of copper in aluminum and secondary inclusions of various intermetallic compounds, such as 
CuAl2 , Al2CuMg , Mg2Si , (Mn, Fe)Al6 , and AlSiMnFe, which was confirmed by the data of X-ray spectral 
microanalysis (see Table 1 and Fig. 1). 
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Fig. 1. X-ray spectral microanalysis of the characteristic structural components of the annealed Al–Cu–Mg coating at different tem-
peratures:  (a) 200°C;  (b) 300°C;  (c) 400°C;  (d) 500°C;  (e) 600°C. 

Table 1. Chemical Compositions of the Structural Components of the Coating Annealed  
at Different Temperatures (Fig. 1) 

Element 

Annealing temperature,  °C 

200 300 400 500 600 

Spectrum 1 Spectrum 2 Spectrum 1 Spectrum 2 Spectrum 1 Spectrum 1 Spectrum 1 

O K  – 1.76 – 1.28 1.09 2.29 2.19 

Mg K  – 1.50 2.48 1.03 – 1.4 0.46 

Al K  99.75 90.96 75.62 93.28 60.87 43.51 41.68 

Mn K  – 0.57 – – – – – 

Fe K  0.25 0.12 – – – – – 

Cu K  – 5.21 2.90 4.41 38.04 52.80 55.67 

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

After the formation of primary crystals of the aluminum solid solution, the Al2Cu  phase is separated.  The 
concentrations of iron and silicon admixtures are on a quite low level.  Therefore, they have practically no effect on 
the microstructure.  

Note that, as the temperature of annealing of the coating increases within the range  200–600°C,   
the amount of the Al2Cu  phase increases and its morphology changes.  On the basis of the results of metallo-
graphic investigations, we plotted the dependence of the size of intermetallic inclusions on the annealing tem-
perature (Fig. 2). 
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Fig. 2.  Dependence of the size of Al2Cu  intermetallic compounds on the annealing temperature. 

 

Fig. 3. Corrosion resistance of an Al–Cu–Mg coating sprayed on the substrate in an environment of weakly acid rain: (1) without an-
nealing;  (2) annealing at 200°C; (3) 300°C; (4) 400°C; (5) 500°C; (6) 550°C; (7) 600°C. 

The open porosity of EAC is a significant factor affecting the corrosion behavior of both EAC and the sub-
strate material.  Thus, the corrosive medium penetrates through pores to the substrate and creates favorable con-
ditions for corrosion under the film.  The corrosion products are accumulated on the EAC–substrate interface 
and lead to the exfoliation of the coating. 

The increase in the annealing temperature  (200–600°C)  results in the heterogeneity of the structure due to 
the increase in the sizes of intermetallic inclusions in the alloy (Figs. 1 and 2).  In the presence of electrolytes, 
numerous microgalvanic couples start to operate on the surface, which causes the corrosion and fracture of the 
anodic phases.  

At the onset of interaction of the annealed EAC with a corrosive medium (3 h), the corrosion resistance is 
lower than after the long-term holding in the medium (Figs. 3 and 4).  However, the character of corrosion pro-
cesses does not change.  

It was discovered that, as the duration of holding of the EACs annealed at different temperatures (Fig. 3) in-
creases, the corrosion currents become twice weaker and the maximum decrease was observed for the coating 
annealed at  600°C.   

In the course of long-term investigations (Fig. 4), we established that, for 40 days, the stationary potential  
of  the  coatings  annealed  at  different  temperatures  does  not  attain  the  potential of 20 steel equal to  –540 mV  in  
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Fig. 4. Dependences of the corrosion potential (E ) of the Al–Cu–Mg EAC sprayed on the substrate on the duration of its holding in a 
corrosive medium:  (1) without annealing; (2) annealing at 200°C; (3) 300°C; (4) 400°C; (5) 500°C; (6) 550°C; (7) 600°C. 

 

Fig. 5. Structure of the oxide layer on the Al–Cu–Mg electric-arc coating:  (1) substrate (20 steel); (2) intermediate layer (EAC); (3) 
compact layer; (4) porous layer. 

a weakly acid rain.  In other words, the sprayed coating shifts the potential to the negative side and, hence, cre-
ates the cathodic protection of the substrate.   

The oxide-ceramic layers formed on thick  (400–500 µm)  Al–Cu–Mg EACs formed on the steel substrate 
have a typical structure depicted in Fig. 5.  

It is clear that, in the course of PEO, the electrolyte penetrates into the coating and is accumulated in its 
pores.  Hence, the formation of the oxide-ceramic layer runs as if from the inside [2]. 

By analyzing the results of potentiodynamic investigations of the PEO coatings without and with annealing 
at 200°C  (Fig. 6, curves 1 and 2), it was established that the electrochemical corrosion runs with an insignificant 
predominance of the anodic control  (ba  ≥ bc ).  Then, after annealing at 400 and 500°C (Fig. 6, curves 3 and 4), 
the corrosion process runs under the mixed control  (bc  ≈ ba ) and, finally, after annealing at 600°C (Fig. 6, 
curve 5), the corrosion process occurs with the cathodic control  (bc  > ba ). 

Moreover, a gradual shift of the potential toward the anodic region is accompanied by a quite slow increase 
in the rate of dissolution without clearly manifested domain of passivation.  

In Fig. 7 in the form of a histogram, we present the results of corrosion-electrochemical studies of the PEO 
coatings on Al–Cu–Mg EAC for different temperatures of annealing. 
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Fig. 6. Electrochemical behavior of the Al–Cu–Mg EAC annealed at different temperatures with PEO coatings in a medium of synthet-
ic weakly acid rain:  (1) without annealing;  (2) annealing at 200°C;  (3) 400°C;  (4) 500°C;  (5) 600°C. 

 

Fig. 7. Histogram of corrosion resistance of the oxide-ceramic coating formed on the Al–Cu–Mg EAC in a synthetic acid rain at differ-
ent temperatures of annealing:  (1) without annealing;  (2) annealing at 200°C;  (3) 400°C;  (4) 500°C;  (5) 600°C. 

It was established that the corrosion currents for specimens with EAC and PEO layers are weaker than for 
the intact alloy by an order of magnitude.  The oxide-ceramic layers are electrochemically inert [3–5].  In this 
case, the metallic substrate, i.e., 20 steel, suffers corrosion fracture due to the penetration of aggressive media 
through the pores of the oxide-ceramic layer and EAC.  The decrease in the corrosion rate in these systems is 
explained by the fact that the total porosity of oxide-ceramic layers formed in the plasma-electrolytic mode does 
not exceed  5%  and the diameters of pores are small [5–8].  Thus, the pores become closed with corrosion prod-
ucts, which decreases the access of aggressive media to the substrate.

CONCLUSIONS 

We study the influence of the temperature of annealing on the corrosion behavior of electric-arc Al–Cu–Mg 
coatings both in the intact state and with PEO coatings.  We establish the relationships between the changes in 
the sizes of structural components of the Al–Cu–Mg coating and the corrosion resistance of PEO layers in the 
environment of synthetic weakly acid rain (pH 4.5).  It is shown that the increase in the temperature of annealing 
of EAC causes an increase in the size of Al2Cu  intermetallic inclusions playing the role of cathodic inclusions 



CORROSION RESISTANCE OF PLASMA-ELECTROLYTIC LAYERS ON ALLOYS AND COATINGS OF THE AL–CU–MG SYSTEM 795 

and leading to an increase in the sizes of pores in the oxide-ceramic coating.  As a result of these changes,  
we observe a significant increase in corrosion currents both in the EAC and in the oxide-ceramic layer covering 
the EAC, although the EAC without oxide-ceramic layers is characterized by corrosion currents higher by  
an order of magnitude.  
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