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ABSTRACT 

In the oil and gas industry, super matensitic steels have been used primarily in the manufacture of seamless 

steel pipe for use in drilling oil and gas. The objective of this work is to evaluate the corrosion resistance of 

rolled and rerolled super martensitic steels in electrolytes of aqueous solution of NaCl 35 g/L, and aqueous 

solution of NaCl 120 g/L, sodium acetate 0.4 g/L, with pH 4.5 (standard solution), saturated and unsaturated 

with H2S, simulating the service conditions of petroleum industry in the pre-salt operation. For this evalua-

tion, the electrochemical tests used are electrochemical impedance spectroscopy (EIS) and cyclic polarization 

test. The characterization techniques used are optical microscopy, scanning electron microscopy (SEM) and 

energy dispersive spectroscopy (EDS). The effect of H2S saturation of the solutions studied on the corrosion 

resistance of steels was detrimental. The super martensitic steel in the rerolled condition showed a higher 

corrosion resistance than the rolled steel in an aqueous solution of 35 g/L NaCl and in a standard solution 

saturated with H2S. In the 35 g/L NaCl aqueous solution saturated with H2S and in the standard solution, the 

rolled steel showed a higher corrosion resistance than the rerolled steel. In an aqueous solution of 35 g/L 

NaCl, the rolled and rerolled steels showed pitting diameter of 140μm and 100μm, respectively.  
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1. INTRODUCTION 

Super martensitic stainless steels have been widely used in the oil and gas industry due to their good mechan-

ical properties, good weldability and corrosion resistance acceptable in environments containing chlorides, 

CO2 and H2S. Thus super martensitic steels have increasingly replaced the duplex stainless steel that has a 

high cost of production in many onshore and offshore applications. In the oil and gas industry, super maten-

sitic steels have been used primarily in the manufacture of seamless steel pipe for use in drilling oil and gas 

[1-11].  

Compared to conventional martensitic stainless steels, the super martensitic steel contains up to 3wt.%  

higher in molybdenum (Mo) content and up to 6wt.% over nickel (Ni) content. Molybdenum is added to im-

prove corrosion resistance of steel, while Ni is added to stabilize austenite (γ) at elevated temperatures while 

avoiding the formation of δ-ferrite. Levels of carbon (C) reduced to 0.01% (w/w) contribute to improve the 

weldability [9, 10, 12-20].  

The objective of the present work is to evaluate the corrosion resistance of rolled and rerolled super 

martensitic steels in electrolytes of aqueous solution of NaCl 35 g/L, and aqueous solution of NaCl 120 g/L, 

sodium acetate 0.4 g/L, with pH 4.5 adjusted with acetic acid (standard solution), saturated and unsaturated 

with H2S, simulating the service conditions of petroleum industry in the pre-salt operation. The research has 

technological relevance because it deals with an industry demand interested in distinguishing the behavior 

against corrosion of two industrial conditions of a super martensitic steel for application in the oil and gas 

industry. For this reason, the work presents an innovative aspect. 

2. MATERIALS AND METHODS 

The electrolytes used were: an aqueous solution of NaCl 35 g/L, and of NaCl 120 g/L, sodium acetate 0.4 

g/L, with pH 4.5 adjusted with acetic acid (standard solution), saturated and unsaturated with H2S, simulating 

the service conditions of petroleum industry in the pre-salt operation. 
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The steel studied was the super martensitic steel, in industrial rolled and rerolled conditions. The 

chemical composition of super martensitic steel is shown in Table 1. 

Table 1: Chemical composition of super martensitic steel (wt.%). 

STEEL Cr Ni Mo C 

VM13CRSS 12.00 6.00 2.00 0.02 

The electrochemical impedance spectroscopy (EIS) was performed by varying the frequency of 1MHz 

to 1mHz using potential amplitude of 10mV. The open circuit potential was measured for one hour before 

each EIS measurement. Cyclic polarization curves were obtained at the potential rate of 0.167 mV/s and the 

reversal of potential was made when the current reached 5.10
-3

 A/cm
2 
 after the breakdown potential. 

All measurements were performed using a Princeton Applied Research potentiostat (Versa Stat 3). 

The collection, storage and processing of impedance and cyclic polarization data were performed using the 

Versa Studio software. Data processing was accomplished by running the program ZView. 

The surfaces of samples of super martensitic steel were analyzed by using a scanning electron micro-

scope coupled to an energy dispersive detector for X-rays. The QUANTA 200 FEG microscope (FEI) and the 

EDX spectrometer were used. The steel microstructures were analyzed using optical microscopy.   

3. RESULTS 

The steel microstructures were showed in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Microstructure of rolled super martensitic steel (a) and rerolled super martensitic steel (b). 

 

The results of electrochemical impedance spectroscopy showed one capacitive arc in Nyquist diagram 

for both steels in all media (Figure 2).   
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Figure 2: Nyquist diagram of rolled and rerolled supermartensitic steels in NaCl 35 g/L solution and equivalent circuit. 

 

Bode diagram (Figure 3) showed one maximum in phase angle versus frequency curve and one inflec-

tion point in impedance modulus versus frequency curve. Analyzing the Nyquist diagram, results of polariza-

tion resistance of steels in electrolytes studied were obtained and are shown in Table 2.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Bode diagram of rerolled super martensitic steel in NaCl 35 g/L solution. 

 

 

 

Table 2: Electrochemical parameters obtained using polarization and electrochemical impedance spectroscopy. 

Electrolytes 

Rp 

(Ω.cm2) 

Rolled Steel 

Rp 

(Ω.cm2) 

Rerolled Steel 

Epitting. 

mV(Ag/AgCl) 

Rolled Steel 

Epitting. 

mV(Ag/AgCl) 

Rerolled Steel 

Ipass. 

A/cm2 

Rolled 

Steel 

Ipass. 

A/cm2 

Rerolled 

Steel 

NaCl 35 g/L Solution 
1.37±0.08 

x104 
3.5±0.28 x104 -140±11 -50±3 9 10-6 3 10-6 

Standard Solution 
1.66±0.08 

x105 
7.83±0.24 x104 -200±13 -260±18 1 10-6 2 10-6 

NaCl 35 g/L Solution 

saturated with H2S 

9.25±0.65 

x104 
3.41±0.30 x104 -370±26 -420±33 1 10-6 1 10-6 

Standard Solution 

Saturated with H2S 

1.49±0.06 

x104 
1.79±0.16 x104 -390±23 90±8 3 10-6 6 10-6 
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Figures 4, 5, 6 and 7 show cyclic polarization curves obtained for the rolled and rerolled super mar-

tensitic steels in media of NaCl 35 g/L solution, standard solution, NaCl 35 g/L solution saturated with H2S 

and standard solution saturated with H2S, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Cyclic polarization curves obtained for the rolled and rerolled super martensitic steels in media of NaCl 35 g/L 

solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Cyclic polarization curves obtained for the rolled and rerolled super martensitic steels in media of standard 

solution. 
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Figure 6: Cyclic polarization curves obtained for the rolled and rerolled super martensitic steels in an aqueous solution of 

NaCl 35 g/L, saturated with H2S. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Cyclic polarization curves obtained for the rolled and rerolled super martensitic steels in a standard solution 

saturated with H2S. 

 

Figure 8 shows the SEM micrograph of steel surface after polarization in 35 g/L NaCl solution.  

 

  

 

 

 

 

 

 

 

Figure 8: SEM micrograph of rolled steel (a) and rerolled steel (b) surface after polarization test in 35 g/L NaCl solution. 

4. DISCUSSION 

The steel microstructures (Fig.1) were characteristic of a super martensitic steel and the martensitic phase 

was observed. It seems that a refinement of microstructure occurred after the rerolled condition. The rolled 

steels were provided by a steel manufacturer.  

The equivalent circuit fitted to the data is associated to corrosion on the steel surface. In the 35 g/L 

NaCl solution and in the standard solution saturated with H2S, both steels showed a similar value of polariza-
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tion resistance of 10
4
 Ω.cm

2
. In medium of standard solution, the rolled steels showed a polarization re-

sistance one order of magnitude (10
5
 Ω.cm

2
) higher than in other media.   

The rerolled steel showed a higher corrosion resistance (higher pitting potential and lower passivation 

current density) in 35 g/L NaCl solution than the steel in rolled condition. In NaCl solution saturated with 

H2S, the rolled steel showed a higher polarization resistance and a higher pitting potential than the rerolled 

steel.  

After saturation of 35g/L NaCl solution with H2S, the polarization resistance did not significantly 

change but the medium became more aggressive decreasing the pitting potential of steels. All media studied 

are aggressive to super martensitic steel in relation to other media reported in literature such as natural sea-

water [21]. Rodrigues et al. [21] studied the effect of phosphorus content on corrosion of super martensitic 

steels in natural seawater and found higher values of pitting potential (0.290-0.310 V) (Ag/AgCl) than the 

values obtained in this research (-0.420-0.090 V) (Ag/AgCl). 

In acidic standard solution, the rolled steel showed a higher corrosion resistance than the rerolled steel 

presenting a higher polarization resistance, higher pitting potential and lower passivation current density. 

However, in this solution, only the rerolled steel presented a repassivation process with a potential protection 

of - 393mV (Ag / AgCl).  

After saturation with H2S of the standard solution, the polarization resistance of steels and the pitting 

potential of rolled steel decreased. However, the pitting potential of rerolled steel increased after H2S addi-

tion.  

Comparing the saline solutions with 35g/L and 120 g/L, the pitting potential decreased as the content 

of chloride increases as related in literature [22]. However, in this work, the increase in chloride content was 

associated to the decrease of pH contributing to a more significant increase of electrolyte corrosivity. Wang 

et al. [23] proposed an equation for solutions containing low chloride concentrations. It has been found that 

the pit nucleation potential (Epitting) is a logarithmic function of Cl
–
 concentration. In H2S saturated solu-

tions, there is the added effect of decreasing the pH, which increases the dissolution rate of steel, rendering 

the passive film very thin with the possible presence of structural defects [24]. 

The cathodic reaction of steel corrosion in neutral 35 g/L NaCl solution is:  

2𝐻2𝑂(𝑙)+2𝑂2(𝑔) + 4𝑒− → 4𝑂𝐻(𝑎𝑞)
−  

(

(1) 

 

In NaCl solution saturated with H2S, the oxygen content decreased, an additional aggressive ion HS
- 

was added, the solution became acid occurring the predominant cathodic reaction:  

 

2𝐻(𝑎𝑞)
+ + 2𝑒− → 𝐻2(𝑔) 

 

(

2) 

The pH of the standard solution is 4.5 and the cathodic reactions of steel corrosion are Eq. (2) and (3).  

 

4𝐻(𝑎𝑞)
+ + 𝑂2(𝑔) + 4𝑒− → 2𝐻2𝑂(𝑙) 

 

(

3) 

The cathodic reaction of the saturated standard solution is mainly the hydrogen reduction since the 

oxygen content decreased.  The rerolled steel showed a higher corrosion resistance when the predominant 

cathodic reaction was the hydrogen reduction and when the cathodic reaction was the oxygen reduction. The 

rolled steel showed a higher corrosion resistance when the predominant cathodic reaction was the hydrogen 

reduction in media containing chlorides and hydrogen sulfide.  In aqueous solution of 35 g/L NaCl, the rolled 

and rerolled steels showed pitting diameter of 140μm and 100μm, respectively.  It seems that the grain re-

finement of steel restricted the pit growth.  
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 The analysis of scanning electron microscopy revealed the formation of a layer of corrosion product, 

probably iron sulfide on the surface of steels tested in solutions saturated with H2S. 

5. CONCLUSIONS 

The effect of H2S saturation of a 35g/L NaCl on the corrosion resistance of steels was detrimental, decreasing 

the pitting potential of steels. After saturation with H2S of the standard solution, the polarization resistance of 

steels and the pitting potential of rolled steel decreased. However, the pitting potential of rerolled steel in-

creased after H2S addition.  

The super martensitic steel in the rerolled condition showed a higher corrosion resistance than the 

rolled steel in an aqueous solution of 35 g/L NaCl and in a standard solution saturated with H2S. In the 35 g/L 

NaCl aqueous solution saturated with H2S and in the standard solution, the rolled steel showed a higher cor-

rosion resistance than the rerolled steel. However, in the standard solution, only the rerolled steel presented a 

repassivation process with a potential protection of - 393mV (Ag/AgCl).  

In aqueous solution of NaCl, the rolled and rerolled steels showed pitting diameter of 140μm and 

100μm, respectively.  

The analysis of scanning electron microscopy revealed the formation of a layer of corrosion product, 

probably iron sulfide on the surface of steels tested in NaCl solution and standard solution saturated with H2S.  

6. ACKNOWLEDGEMENTS 

Authors would like to thank the Fundação de Amparo à Pesquisa do Estado de Minas Gerais, FAPEMIG, and 

Vallourec to support this research. This study was funded by Conselho Nacional de Desenvolvimento Cientí-

fico e Tecnológico, CNPq, (grant number 303735/2015-5), and Coordenação de Aperfeiçoamento de Pessoal 

de Nível Superior, CAPES. The authors declare that they have no conflict of interest. 

7. BIBLIOGRAPHY 

[1] AQUINO, J. M., DELLA ROVERE, C. A., KURI, S. E. (s.d.), “Intergranular corrosion susceptibility in 

super martensitic stainless steel weldments”, Corrosion Science, v. 51, n. 10, pp. 2316-2323, 2009. 

[2] CHOI, Y.-S., KIM, J.-G., PARK, Y.-S., et al., “Austenitizing treatment influence on the electrochemical 

corrosion behavior of 0.3C–14Cr–3Mo martensitic stainless steel”, Materials Letters, v. 61, n. 1, pp. 244-

247, 2007.  

[3] GESNOUIN, C., HAZARABEDIAN, A., BRUZZONI, P., et al., “Effect of post-weld heat treatment on 

the microstructure and hydrogen permeation of 13CrNiMo steels”, Corrosion Science, v. 46, n. 7, pp. 1633-

1647, 2004. 

[4] NAKAMICHI, H., SATO, K., MIYATA, Y., et al, “Quantitative analysis of Cr-depleted zone morpholo-

gy in low carbon martensitic stainless steel using FE-78 (S) TEM”. Corrosion Science, v. 50, n. 2, pp. 309-

315, 2008. 

[5] PEREDA, M. D., GERVASI, C., LLORENTE, C. “Microelectrochemical corrosion study of super mar-

tensitic welds in chloride-containing media”, Corrosion Science, v. 53, n. 12, pp. 3934-3941, 2011. 

[6]  YE, D., LI, J., JIANG, W., et al., “Effect of Cu addition on microstructure and mechanical properties of 

15%Cr super martensitic stainless steel”, Materials and Design, v. 41, pp. 16-22, 2012. 

[7] DE-NINGL, Z., YING, H., WEI, Z., “Influence of Tempering Process on Mechanical Properties of 

00Cr13Ni4Mo Super martensitic Stainless Steel”, Journal of Iron and Steel Research, International, v. 17, 

pp. 50-54, 2010. 

[8] DELLA ROVERE, C. A., RIBEIRO, C. R., SILVA, R., BARONI, L. F. S., ALCÂNTARA, N. G., KURI, 

S. E., “Microstructural and mechanical characterization of radial friction welded super martensitic stainless 

steel joints”, Materials Science and Engineering: A, v. 586, p. 86-92, 2013. 

[9] MA, X. P., WANG, L. J., LIU, C. M., et al., “Role of Nb in low interstitial 13Cr super martensitic stain-

less steel”, Materials Science and Engineering: A, v. 528, p. 6812-6818, 2011. 

[10] MA, X.P., WANG, L.J., LIU, C. M., et al., “Microstructure and properties of 

13Cr5Ni1Mo0.025Nb0.09V0.06N super martensitic stainless steel”, Materials Science and Engineering: A, 

v. 539, p. 271-279, 2012. 



SOARES, R.B.; LINS, V.F.C. revista Matéria, v.22, n.4, 2017. 

[11] RODRIGUES, C. A. D., LORENZO, P. L. D., SOKOLOWSKI, A., et al., “Titanium and molybdenum 

content in super martensitic stainless steel”, Materials Scienceand Engineering: A, v. 460-461, p. 149-152, 

2007. 

[12] CALLIARI, I., ZANESCO, M., DABALA, M., et al., “Investigation of microstructure and properties of 

a Ni-Mo martensitic stainless steel”, Materials and Design, v. 29, pp. 246-250, 2008.  

[13] MESQUITA, T. J., CHAUVEAU, E., MANTEL, M., et al., “Corrosion and metallurgical investigation 

of two super martensitic stainless steels for oil and gas environments”, Corrosion Science, v. 81, p. 152-161, 

2014. 

[14] ZOU, D. N., LIU, X. -H., HAN, Y., et al., “Influence of Heat Treatment Temperature on Microstructure 

and Property of 00Crl3Ni5Mo2 Super martensitic Stainless Steel”, Journal of Iron and Steel Research, Inter-

national, v. 21, p. 364-368, 2014. 

[15] BILMES, P. D., SOLARI, M., LLORENTE, C. L., “Characteristics and effects of austenite resulting 

from tempering of l3CrNiMo martensitic steel weld metals”, Materials Characterization, v. 46, n. 4, pp. 285-

296, 2001. 

[16] BRIANT, C. L., RITTER, A. M., “The effects of deformation induced martensite on the sensitization of 

austenitic stainless steels”, Metallurgical Transactions A, v. 11A, p. 2009–17, 1980. 

[17] JHAABHAY, K., SIVAKUMAR, D., SREEKUMAR, K., et al., “Role of transformed martensite in the 

cracking of stainless steel plumbing lines”, Engineering Failure Analysis, v. 15, pp. 1042–51, 2008. 

[18] HAN, X., LI, J., ZHAO, K., et al., “Effect of Chloride on Semiconducting Properties of Passive Films 

Formed on Super martensitic Stainless Steel in NaHCO3 Solution”, Journal of Iron and Steel Research, In-

ternational, v. 20, pp. 74–79, 2013. 

[19] ZOU, D. N., LIU, R., LI, J., et al., “Corrosion Resistance and Semiconducting Properties of Passive 

Films Formed on 00Cr13Ni5Mo2 Super martensitic Stainless Steel in Cl− Environment”, Journal of Iron and 

Steel Research, International, v. 21, pp. 630-636, 2014. 

[20] VIRTANEN, S., SCHMUKI, P., BOHNI, H., et al., “Artificial Cr- and Fe-oxide passive layers prepared 

by sputter deposition”, Journal of Iron and Steel Research, International, v. 142, pp. 3067–3072, 1995. 

[21] RODRIGUES, C.A.D., BANDEIRA, R.M., DUARTE, B.B., et al., “Effect of phosphorus content on the 

mechanical, microstructure and corrosion properties of super martensitic stainless steel”,  Materials Science 

& Engineering A, v.650, p.75-83, 2016. 

[22] ANSELMO, N., MAY, J.E., MARIANO, N.A., et al., “Corrosion behavior of supermartensitic stainless 

steel in aerated and CO2-saturated synthetic seawater”, Materials Science & Engineering A, v.428, n.1, p.73-

79, 2006.  

[23] WANG, J-H., SU, C. C., SZKLARSKA-SMIALOWSKA, Z., “Effects of CI - Concentration and Tem-

perature on Pitting of AISI 304 Stainless Steel”, Corrosion, v.44, n.10, p. 732-737, 1988. 

[24] OLSSON, C.O.A.., LANDOLT, D., “Passive films on stainless steels-chemistry, structure and growth”, 

Electrochimica Acta, v.48, p.1093-1104, 2003.  

http://link.springer.com/journal/11661
http://www.sciencedirect.com/science/journal/13506307
http://www.sciencedirect.com/science/journal/1006706X/21/6

