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Abstract 

Besides customers and environmental requirements such as safety increase, the weight and emission 

reduction, and the life-time improvement, huge role plays corrosion resistance of the car-body components. 

This is improved by applying Zn-based coatings on the steel sheets. In the article are presented results of 

corrosion tests performed on the steel sheets with Zn-Al-Mg coatings applied. These are compared to the 

standard Zn coating. Samples were deformed by Erichsen stretching test and by 3-point bending tests to the 

angle of 90° and 180°. After that, these were exposed to salt spray in the corrosion chamber. The limit criteria 

were time to red corrosion appearance and percentage of corroded surface evaluated on time. The results 

showed the small amount of Al and Mg improved the corrosion resistance of Zn-Al-Mg coatings when 

compared to the conventional Zn coating. 
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1. INTRODUCTION 

The life of the car is largely limited by the life of the body. Car manufacturers strive to prevent perforation 

corrosion for ten years and cosmetic corrosion of the car body for five years. In order to meet these 

requirements, materials with multifunctional coatings of zinc, tin, aluminum, lead, nickel and chromium are 

being developed. Due to the relation between customer requirements and price, zinc-based coatings, which 

can be made by various processes, have an irreplaceable place among coated steel sheets in the automotive 

industry [1,2]. Improvement of the corrosion resistance of the zinc layer can be achieved by modifying the 

chemical composition (Zn-Al-Mg coatings) or by annealing the zinc coating (galvaannealed coatings) [3,4]. 

Galvaannealed (Fe-Zn) zinc coatings are made by annealing galvanized steel sheets for several seconds at a 

temperature of 500-565 °C in a furnace located at the end of the galvanizing bath [5,6]. Zn-Al-Mg coatings are 

made by hot dip galvanizing of steels in zinc alloy, containing 0.5÷1.0% Mg and 0.8÷1.0% Al. The Mg and Al 

elements form a protective stabilizing layer on the surface of the coating, thus enabling the natural protection 

of the coated material and thus slowing down the corrosion process of the material. Fe-Zn and Zn-Al-Mg 

coatings are harder, more scratch resistant, have better weldability, compressibility, paintability and reduce 

zinc consumption compared to pure zinc coatings [7,8,9]. Weldability and formability are important 

characteristics of Tailored Welded Blanks for car body parts, especially when different steels are welded [10]. 

The car-body parts – closure (roof, door, trunk lid, fender, deck) and body-in-white – are made by deep 

drawing, stretching or bending processes. These involve different stress-strain mode and plastic flow due to 

forces applied when material is deformed. Thus, in the case of coated material, plastic strain causes: thinning 

the both, base material and coating; failure the coating integrity at the tool-steel sheet surface boundary; cracks 

formation in the coating when it is not plastic enough; flaking the coating if there is imperfect adhesion to the 

base material. [11] 
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2. METHODS OF EXPERIMENTS 

The aim of the experiments was to compare the corrosion resistance of hot-dip galvanized sheets with 

conventional Zn coating and annealed Zn-Al-Mg coatings of new concepts with different Al and Mg contents.  

Steel sheets were passivated before coating by 40÷50 mg/m2 of Cr3+. Chemical composition of coatings and 

one side surface weight of coating is presented in Table 1. 

Table 1 Chemical composition of coatings  

Coating 
Al 

(wt%) 
Mg 

(wt%) 
One side coating weight 

(g/m2) 

Zn 0.63 - 82 

A1 1.53 1.26 70 

A2 1.85 1.68 68 

Samples were tested as received and after plastic deformation with different amount of stress and strains 

made by bending and stretching. During the production of car-body parts by bending and stretching 

technologies, tensile stresses (tension or tension-tension) are applied. Thus, unwanted events in the coating 

may occur, such as thinning the coating, abrading the coating on contact surfaces, cracks in the coating due 

to insufficient plasticity of the coating and peeling the coating off. Bending stresses (tension) were modeled by 

a three-point bending test up to angle of 90° and 180° - (Figure 1 b, c). Stretching stresses (tensile-tensile) 

were modeled by the Erichsen test (Figure 1 d). 

 

Figure 1 Modelling the stress-strain on the samples 

 a) as received, b) bending to 90°, c) bending to 180°, d) stretching by Erichsen test 

The amount of strains involved in the material by bending and stretching was numerically simulated. 

Constitutive equations of Hill 48 yield locus and Krupkowski hardening curve were defined for the base material 

DX54D with thickness 0.8 mm. Results of major and minor strains are shown in (Figure 2) for bending tests 

up to 90° and 180° and Erichsen test. These are shown and compared to the limit strains for base material 

DX54D in (Figure 3) and possible strains in the car-body components are shown in (Figure 4). As it comes 

out from numerical simulations of stretching by Erichsen test, the strains were localized and the fracture 

occurred due to tensile-tensile stresses in the critical cross section. Major and minor strains in this section 

reached the limit strains (ɛ1 = 0.33 and ɛ2 = 0.15) and plastic properties have been totally utilized. As it comes 

out from numerical simulations of bending, lower amount of strains has been reached when bending to 90°  

(ɛ1 = 0.07) within the uniform deformation and plastic properties have been utilized only to 23 %. The same 

values were found for bending to 180°, but the wider area has been deformed. 
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 Bending to 90° Bending to 90° Stretching (Erichsen test) 

Major 

strain 

ɛ1 [-] 

   

Minor 

strain 

ɛ2 [-] 

  
 

Figure 2 Strain amount in bending and stretching calculated by numerical simulation 

  

Figure 3 Strains compared to the limit strains for 

base material DX54D 

Figure 4 Strains at car-body components 

The corrosion resistance of the coated samples before and after deformation was tested according to STN EN 

ISO 9227 in a corrosion chamber SKBWF - 1000A TR and using salt spray (sodium chloride solution with a 

concentration of 50 g/l) at a temperature of 35 °C. The samples in the corrosion chamber were not exposed to 

direct spraying of the salt spray solution. The corrosion resistance of the investigated coatings was monitored 

depending on the time of red rust appearance and the area of the corroded surface after 24, 48, 72, 120, 144, 

216, 312, 408, 624, 724 and 864 hours spent in the corrosion chamber. Samples after removal from the 

SKBWF-1000A TR corrosion chamber were cleaned of salt deposits by rinsing. The surface area of the 

samples affected by corrosion was evaluated using image standards and photographs at different angles. 
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3. RESULTS AND DISCUSSION 

The results of testing until the first formation of the red rust are shown in (Figure 5). The percentage of corroded 

surface as a function of the time in the corrosive atmosphere is shown in (Figure 6) for Zn coating and in 

(Figure 7) and (Figure 8) for Zn-Al-Mg coatings. The surface condition after 864 hours is shown in (Figure 9). 

Figure 6 shows that the kinetics of corrosion growth have S-shaped curves and can be divided into three 

phases. The increase in corrosion is more intense in the second phase, when corrosion attacked from about 

10% to about 80% of the sample area than in the first phase when attacked to about 10% of the sample area 

and the third phase when 80 to 100% of the surface area is corroded. 

 
 

Figure 5 Time until the formation of the red rust Figure 6 Graph corroded area-time for Zn coating 

It can be seen in (Figure 6) that the onset of red rust on as received pure zinc coating was recorded on 

approximately 2% of the sample area after 216 hours in the corrosion chamber. With increasing time from 216 

hours to 408 hours, the red rust grows more intensively from 2% to 60%, and from 408 to 864 hours the growth 

intensity gradually decreases. For samples after bending to 90° and 180 °, the onset of red rust growth was 

recorded after 72 hours, while for 90° bending samples, the area affected by corrosion was about 2% and for 

180° bending was about 4%. In the second phase from 144 to 408 hours, the corrosion spread more intensively 

on the samples after bending to 180° and on the samples after stretching by the Erichsen test. The area of the 

specimens after stretching by the Erichsen test was already 100% corroded after 312 hours, at a bend to 180° 

the area was 100% infested after 408 hours, at a bending to 180° the area was corroded to 100% after 864 

hours and in the case of as received samples, even after 864, there was no 100% corrosion of the surface. 

This means that the corrosion resistance of hot-dip galvanized Zn steel sheets depends on time, deformation 

and deformed surface at a comparable coating thickness. 

  

Figure 7 Graph corroded area-time for A1 coating Figure 8 Graph corroded area-time for A2 coating 

Figure 7 shows the results of corrosion resistance for A1 coating. It can be seen that the onset of red rust on 

as received A1 samples was recorded on approximately 2% of the sample area after 624 hours in the corrosion 
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chamber. With increasing time from 624 hours to 864 hours, the red rust grows more intensively from 2% to 

8%. A similar tendency was observed for the samples after bending at 90° and 180°, with the difference that 

in the samples after bending to 180° the red rust growth was more intense than in the samples without 

deformation and after bending to 90°. In the samples after stretching by the Erichsen test, the onset of corrosion 

attack was recorded after 72 hours, and after 624 hours, 100% corrosion attack of the samples occurred. 

Figure 8 shows the results of corrosion resistance for A2 coating. It can be seen that the onset of red rust on 

as received A2 samples and samples after bending to 90° was the onset of red rust formation after 864 hours 

in the corrosion chamber. On the samples after bending to 180° was the onset of red rust formation after 724 

hours. When stretched by the Erichsen test, the onset of red rust was recorded after 216 hours and after 864 

hours the corroded area of the samples was about 75%. This means that the corrosion resistance of galvanized 

GA sheets with Zn-Al-Mg coating depends on time, the amount of strain, on the deformed surface with a 

comparable coating thickness and on the Al and Mg content in the coating.  

 As received Bending to 90° Bending to 180° Stretching 

Zn 

    

A1 

    

A2 

    

Figure 9 Surface of samples after 864 hours in spent in the corrosion chamber 

The results of the experiments show that the onset of the S curves and the time to reach 100% of the corroded 

surface shifts to shorter times due to the plastic deformation of the coated steel sheets – for Zn coating the 

corrosion resistance deteriorated about 67% after bending and about 78% after stretching; for Zn-Al-Mg 

coatings the corrosion resistance deteriorated about 35% to 16% after bending and about 88% to 35% after 

stretching, depending on the amount of Al and Mg in the coating. The increase of corrosion resistance for Zn-

Al-Mg coating is more visible for different amount of plastic strain:  

− for as received samples about 188% to 300%, 

− for samples after bending to 90° about 767% to 1100% and after bending to 180° about 467% to 905 %, 

− for samples after stretching by Erichsen test up to 350%. 

It follows from the above that the effect of plastic deformation was less pronounced in the samples with Zn-Al-

Mg coating. The higher the content of Al and Mg in the zinc coating, the more corrosion resistant the material 
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is. The different behavior of Zn-Al-Mg coatings compared to conventional Zn coatings in a corrosive 

environment can be explained by the fact that the corrosion products form a very thin stable layer of aluminum 

hydroxide, zinc carbonate Zn6Al2, (CO3), (OH) 16.4 H2O on the surface. This protective layer ensures increased 

corrosion resistance of coated sheets based on Al-Mg even after their deformation compared to the coated 

sheets with conventional Zn coating [12,13,14]. This means that if designers avoid multiple bends in the design 

of body components, minimize the limit deformations on pressings and will make greater use of galvanized 

sheets with magnesium-aluminum coatings, it is assumed that a significant increase in corrosion resistance of 

body components. 

4. CONCLUSION 

The results of the experiments show that the onset of the S curves and the time to reach 100% of the corroded 

surface shifts to shorter times due to the plastic deformation of the coated steel sheets, depending on the 

amount of Al and Mg in the coating. Zn-Al-Mg coatings improved the corrosion resistance of as received steel 

sheets 2 to 3 times, but it is more improved after plastic deformation - after bending it is improved about 5 to 

10 times and after stretching up to 3.5 times. Thus, it may be concluded the Zn-Al-Mg coated steel sheets 

preserve the corrosion resistance of the car-body components after plastic deformation.   
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