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Abstract: This work deals with corrosion measurements of galvanized steel HCT600X+Z subjected to progressively increasing plastic strain. 

The corrosion resistance measurements were carried out by non-destructive EIS (electrochemical impedance spectroscopy) test and 
destructive LP (linear polarization) test. As a result of the work, the measured data were analyzed and the results were processed using 

Nyquist diagram and Tafel analysis. 
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1. Introduction 

Galvanized steel sheets are used in many industries due to their 
good corrosion resistance. This is particularly the case in the 

automotive industry where the base steel sheet is protected by a Zn 

coating.  As many parts are processed by forming and plastic strain 
occur in various forming processes, it is important for the 

automotive industry that the Zn coating exhibits good formability 
and adhesion. Zn coating during the forming process can be 

disrupted, the base material revealed and exposed to the aggressive 
surrounding environment [1]. The Zn coating in the forming process 

adapts to compressive stresses without peeling away from the base 
material, which is an advantage of such a coating [2]. 

The corrosion resistance of deformed galvanized steel was 
investigated by Sacco et al. [3] who studied the linear polarization 

of deformed galvanized steel. They found an increased corrosion 
rate at different strain levels [3]. Other studies [4-6] have been 

carried out to find out the behaviour of Zn coating on steel sheets in 
the forming process, but these investigations were focused on the 

limiting plastic strain during forming, changes in coefficient of 
friction, lubrication characteristics, etc. and not on the corrosion 

resistance after the forming process. 

This work deals with the corrosion behaviour of galvanized 

steel sheet that has been deformed by uniaxial tension at four 
different strain rates. The aim was to investigate the corrosion 

resistance of the Zn coating and to determine the dependence of the 
corrosion rate on the level of plastic strain. Accelerated corrosion 

laboratory measurements such as electrochemical impedance 
spectroscopy (EIS) and linear polarization (LP) were used to obtain 

the specified characteristics.  

2. Materials and Methods  

Materials 

High strength low alloy steel HX340LAD+Z with a thickness of 

0.8 mm and a Zn layer of 100 g/m2 was used for the experiment.  
The chemical composition and mechanical properties of the 

material are shown in Tables 1 and 2.  

Table 1: Chemical composition of the material wt. % 

C Mn Si P S Al min Nb Ti Fe 

0.070 0.600 0.007 0.016 0.007 0.034 0.025 0.001 Bal. 

 

Table2: Mechanical properties of the material 

Rp 0.2 [MPa] Rm [MPa] A80 [%] 

351±1.3 427±1.7 26±0.1 

 

 

 

Plastic strain of samples 

The specimens for static tensile testing, of appropriate shape 
and dimensions, manufactured in accordance with EN 10002-1, 

were deformed by uniaxial tension on a TiraTest 2300 tensile test 

machine. The strain rate was 10 mm/min. Before the test, the 
complete stress-strain curve was recorded, and then, four strain 

rates (5%, 10%, 15% and 20%) were selected on the curve for 
observing the corrosion behaviour of the materials, Fig. 1. 

 

Fig. 1 Stress-strain diagram of the material with four strain levels marked   

Corrosion studies 

The BioLogic SP-150 potentiostat was used for experimental 
determination of corrosion resistance. The tested area of the 

samples was 0.636 mm2. The ambient temperature during the tests 

was 23±1°C. The preparation of the samples consisted of 
degreasing with nitrocellulose solvent C 6000 and subsequent 

rinsing with demineralised water. The electrolyte chosen was a 
3.5% NaCl solution to simulate an aggressive environment.  The 

samples were placed in this solution for 24h (i.e., the stabilization 
period). A three-electrode setup was used for the measurements. As 

counter electrode was used platinum, reference electrode was 

supersaturated calomel electrode (SCE), as working electrode was 
the measured material. The beginning of each test was stabilization 

of the working electrode, i.e., stabilization of the open circuit 
potential (OCP).  

For electrochemical impedance spectroscopy, the following 

parameters were used: frequency range from 10mHz to 100kHz, 
sinusoidal amplitude ±10mV. The number of frequencies per 

decade was 10 (51 different frequencies in total).  

The settings for linear polarization were ±0.2 V from Ecorr and the 

scan rate was 0.5 mV/s. 

Each measurement was repeated until a minimum of three stable 
results were obtained. Measurements were processed using the EC-

Lab v11.27 software. 
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3. Results 

EIS 

An equivalent circuit, shown in Fig. 2, was used to process the 
measured results. In this circuit, R1 represents the resistance of the 

electrolyte, R2 represents the resistance of the zinc layer, and R3 
represents the resistance of the base material. The variable 

capacitance Q1 is located at the interface between the electrolyte 
and the zinc layer, the variable capacitance Q2 is located at the 

interface between the zinc layer and the base material.  

 

Fig. 2 Equivalent circuit for analysis of measured PEIS results 

The measured results were processed in the Nyquist coordinate 

system. Fig. 3 shows the analysis of the measured data with an 
iterative curve (Z-fit). 

 

 

Fig. 3 Principle of analysis of PEIS results 

The course of the PEIS measurement is shown in Figure 4. The 
main parameter that indicates the resistance of the deformed 

samples in our case is the value of R2 (Tab. 3), which represents the 

polarization resistance of the zinc layer. It was found that the R2 
value for all the strain levels varied in the minimum range. In 

Fig. 3,4 it is this value represented by the first impedance loop, and 
it can be concluded that, the zinc layer protects the base material at 

strain levels  up to 20%. 

 

Fig. 4 PEIS measurements at different strain levels 

Table 3: Measured values by the PEIS method 

Strain level 

[%] 
R1 [Ω] R2 [Ω] R3 [Ω] Q1 [F.s] Q3 [F.s] 

Initial state 28±1 492±198 1827±207 0.221±0.018 2.284±0.253 

5 28±1 460±14 1675±95 0.135±0.120 1.494±0.968 

10 27±2 437±63 886±142 0.151±0.010 1.270±0.300 

15 26±1 415±95 639±182 0.186±0.014 5.059±2.231 

20 25±1 423±21 230±85 0.191±0.044 5.416±3.071 

 

Linear polarization 

The analysis of the measured LP data is presented in Fig. 5 

using Tafel fit. In processing the measured data, emphasis was 
placed on ensuring that the tangents βa and βc were superimposed 

over the measured data in strongly linear regions. 

 

 

Fig. 5 Principle of analysis of LP results using Tafel curves 

The measured curves are shown in Fig. 6. The decisive 

parameters in this case are the potential Ecorr, Icorr and corrosion 

rate. As the strain level increases, the Ecorr potential becomes more 
and more negative. Also, Icorr increases with increasing strain 
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level. So we can say that, with increasing strain rate, the corrosion 
process accelerates while a thin layer of Zn corrosion products is 

formed on the surface.   

 

Fig. 6 Curves obtained by the linear polarization method after different 
strain levels 

In Table 4, the measured data are analyzed using the Tafel 
method. As the strain level increases, Icorr increases thereby the 

evolution of H2 is accelerated (H+ + e→ (1/2) H2).  

 

Table 4: Results obtained by linear polarization 

Strain 
level [%] 

Ecorr 
[mV] 

Icorr 
[uA] 

c 

[mV] 

a 

[mV] 

corr. Rate 
[mmpy] 

Initial 
state 

-1042.5±23.3 4.6±0.6 307±65 22±3 0.168±0.024 

5 -1073.9±9.3 9.1±0.2 125±21 316±20 0.257±0.027 

10 -1078.1±9.6 7.2±0.4 176±70 70 ±1 0.262±0.150 

15 -1088.8±6.2 11.3±0.1 252±15 30±1 0.413±0.003 

20 -1126.5±22.4 10.6±0.5 109±20 100±3 0.484±0.017 

 

Fig. 7 shows the dependence of the corrosion rate on the strain 

level. After including the measurement deviations, it can be said 

that this is a linear dependence. The conclusion is that an increase in 
the strain level leads to the revealing of the steel base material and 

its reaction with the electrolyte.  

 

Fig. 7 Dependence of the corrosion rate on the strain level 

 

 

 

 

 

 

4. Conclusion 

Analysis of the results of corrosion measurements proved 
following facts: 

• EIS measurements showed high durability of the Zn layer 

after all strain levels. This can no longer be said for the base 
material, where the polarization resistance of the base material 

decreased significantly with increasing strain level.  

• A linear dependence between the strain level and the 

corrosion rate was found by linear polarization analysis. It was also 
found by measurement that Icorr and corrosion rate increased with 

increasing strain level. 

Acknowledgements: This research was funded by the 
Scientific Grant Agency of the Ministry of Education, Science, 
Research and Sports of the Slovak Republic under project VEGA 
1/0154/19: Research of the combined technologies of joining 
dissimilar materials for automotive industry. 

5. References 

1. J. Gronostajski, W. J. Ali, M. S. Ghattas, J. Mater. Process. 

Technol, 23, 21-28, (1990) 
2. J.M Matainge, SEA Trans., volume 5, 29, (2001) 

3. E.A. Sacco, N.B. Alvarez, J.D. Culcasi, C.I. Elsner, A.R. 
DiSarli, Surf. Coat. Technol, 168, p. 115-122, )2003) 

4. M.R. Lovell, Z. Deng, Tribol. Int, 35, 85-95, (2002) 

5. H.M. Jiang, X.P. Chen, H. Wu, C.H. Li, J. Mater. Process. 
Technol., 151, 248-254, (2004) 

6. K.L. Lin, C.H. Chue, B.C. Kou, Mater. Chem. Phys., 50, 82-87, 
(1997) 

INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES. TECHNOLOGIES. MATERIALS" WEB ISSN 1314-507X; PRINT ISSN 1313-0226

223 YEAR XVI, ISSUE 6 , P.P. 221-223 (2022)




