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The corrosion characteristics of ferrite-pearlite steel under H2S-CO2-Cl- environment are studied by 

accelerated corrosion test and electrochemical experiment. The micromorphologies and crystal 

structures of corrosion products are analyzed by scanning electron microscopy (SEM) and X-ray 

diffraction (XRD), the mass loss and potentiodynamic polarization techniques are studied on corrosion 

rate of the test steel. The results show that H2S dominates the whole corrosion process and seriously 

affects the corrosion properties, it changes the corrosion products significant differences on structure 

with immersion time, ultimately stable corrosion products pyrrhotite can effectively reduce corrosion 

rate, and provide good protection to the steel matrix.  
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1. INTRODUCTION 

The corrosion problem of alloy steel is an increasing concern in the oil and gas field, it will bring 

great destruction [1-4]. H2S is highly soluble in water triggering the release of hydrogen ions, it can 

capture electrons and the simultaneous accelerate electrowinning of iron at the anodic [5-7]. The 

corrosion properties of material under H2S-CO2-Cl- environment are very complex due to interaction 

between the physical and chemical characteristics. At present, the mostly widely used in industry is 

ferrite-pearlite steel since it is more cost-effective. Therefore, it is very crucial to deeply understand the 

corrosion mechanism.  

Recently, H2S/CO2 corrosion has attracted more attention, some results have been proposed to 

research the effect various environments on corrosion resistance, such as temperature, pH value, alloy 

element, microstructure, and so on [8-25]. But the papers on the long period corrosion are seldom 
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reported probably because of the highly toxic of H2S. It is known that the corrosion products play an 

important role, and exist various crystal structures under H2S-CO2-Cl- environment, the detailed 

mechanism is not yet understood completely. In view of the above analysis, the work is motivated to 

study the corrosion behavior of ferrite-pearlite steel with immersion time. 

The corrosion resistance of ferrite-pearlite steel after long period immersion under H2S/CO2 

environment is investigated in this paper. The corrosion properties are systematically studied in term of 

microstructure, surface morphology, corrosion phases, cross sectional morphology, corrosion rate and 

potentiodynamic polarization curve. It is better to study the corrosion mechanism of ferrite-pearlite steel, 

which will provide great value for oil and gas field.  

 

 

 

2. EXPERIMENTAL PROCEDURE 

2.1 Materials 

The chemical composition of ferrite-pearlite steel (wt.%) is: C 0.14, Si 0.3, Mn 1.15, P 0.016, S 

0.008, Al 0.028, Cu 0.06, Nb 0.02, Ti 0.015, Cr 0.0015 and Fe balance. The raw materials are smelted 

and forged. The samples are obtained by theomo-mechanical control process with the stages of metal 

rolling including rolling temperature for 848oC, final cooling temperature for 661 oC and cooling rate for 

10.1 oC/s. The samples are machined into a size of 25 mm × 60 mm × 5 mm, and ground up to 800 grit 

abrasive SiC paper. The distilled water and ethanol are used to dust and grease, and dried by nitrogen. 

The specimens are weighted by balance with very high precision.  

 

2.2 Immersion tests 

Immersion tests are performed in autoclave with 5 L capacity to provide a high temperature and 

high pressure environment, the schematic diagram of test equipment is shown in Fig.1.  

 

 
 

Figure 1. Schematic diagram of autoclave setup for the corrosion test 
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The tested electrolyte is 3.5 wt% NaCl solution. First, the test specimens are placed in the 

autoclave, and then sealed. The temperature is controlled at 75oC by circulatory oil system. Second, N2 

gas is pumped into the corrosion medium for 2 h. Third, the H2S/CO2 is injected into the electrolyte until 

the pressure is 1.2 MPa (0.09 MPa H2S, 0.64 MPa CO2 and 0.47 MPa N2). After corrosion experiment, 

the samples are rinsed with deionized water and alcohol, dried thoroughly by nitrogen. The corrosion 

scale is removed by the chemical cleaning method using the ASTM G1-03 standard [26]. The corrosion 

rate is given according to the following equation. 

( )4

1 28.76 10 W W
v

S T 

  −
=

 
                             (1) 

where v  is the corrosion rate (mm/year), 1W  and 2W are the start and end weight of sample (g), 

respectively, S  is the surface area (cm2), T  is the immersion time (h),  is the density of sample (7.85 

g/cm3). 

 

2.3 Electrochemical measurements 

All test samples server as the work electrodes, which are cut to 10mm×10mm×3mm and 

embedded in epoxy with the area of exposed is 10mm×10mm. Before the test, it is indispensable that 

the working surface is polished with SiC waterproof abrasive papers of 1500 grits. The electrochemical 

experiments are conducted with PATSTAT2273 workstation.  

The test solutions are in use by 3.5 wt.% NaCl, it is necessary that the open circuit potential is 

stabilized and ready for 50 min prior to each electrochemical test. All the potentiodynamic polarization 

curves are measured with the potential scan rate 0.5mV/s. Each electrochemical experiment is completed 

thrice to maintain high accuracy of experimental results, and analyze the potentiodynamic polarization 

curves with the CorrWiew software. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Microstructure 

The microstructures of experimental steel are presented in Fig.2, the pearlite (P) and ferrite (F) 

microstructures are observed by the SEM. The TEM figures show that the gray white area is ferrite 

matrix, and the black strip is cementite. Meanwhile, the average grain size of ferrite and pearlite are 12.1 

microns and 11.1 microns, respectively, the content of pearlite is 23.1% using metallographic analysis 

software. 
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Figure 2. Microstructure properties of experimental steel showed by (a) and (b) SEM; (c) and (d) TEM 

 

3.2 Corrosion surface morphology  

The morphologies obtained from different immersion time of ferrite-pearlite steel under H2S/CO2 

environment are shown in Fig.3, and typical EDX results are given in Fig.4.  The results manifest that 

the atomic ratio of Fe/S between 1.02 and 1.41 as mackinawite of tetragonal, troilite with hexagonal is 

about 1, and pyrrhotite with monoclinic or hexagonal is between 0.79 and 0.95 [27].  

The mackinawite of corrosion products are found in the entire corrosion process. Fig.4a indicates 

that the mackinawite includes 52.03 % of iron atom and 47.97% of sulfur atom, Fe/S atomic ratio is 1.08, 

it is iron-rich FeS corrosion product. The ferrite-pearlite steel is soaked for 24 hours, the corrosion 

particles are larger, and the arrangement between particles is looser. The corrosion products do not cover 

the steel matrix completely, and there are corrosion cracks at the local position, which can result in pitting 

corrosion due to the immersion of corrosion particles, the behavior will be detrimental to corrosion 

resistance. As the corrosion scales thickens, it will break and fall off due to the stress caused by the 

volume effect [28].  When the steel is immersed for 48 hours, it is seen that the large particles may fall 

off or dissolve, forming fine corrosion products on the surface of the sample. After being corroded for 

96 hours, the corrosion products become more fine and compact, it will improve the corrosion rate. It is 

found that Mackinawite formed by solid-state reactions is semi-stable form of iron sulfide, other forms 

of iron sulfide are formed mainly by precipitation, which show the mackinawite forms much faster than 

any other iron sulfide [29].   

 

P 

F 

(a) (b) 

(c) (d) 
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When the experimental steel reaches the later stage of corrosion, the parts of mackinawite 

converts into the new corrosion products with troilite and pyrrhotite. Troilite is the intermediate 

corrosion product, as shown in Fig.4b, it contains 50.43 % of iron atom and 49.57% of sulfur atom, Fe/S 

atomic ratio is about 1. The pyrrhotite is characterized by a hexagonal prism-like crystal, and the 

elongated hexagonal crystals appear to be formed from the trigonal precursor.  

 

  

  

  

 

Figure 3. Surface corrosion morphology of ferrite-pearlite steel under H2S/CO2 environment at 75oC 

after different immersion time: (a)24 h (b)48 h (c)96 h (d)192 h (e)288 h (f)384 h. The illustration 

shows the enlarged form of the marked position with white dashed line. 
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Figure 4. EDX results of ferrite-pearlite steel under H2S/CO2 environment at 75oC after different 

immersion time: (a)48 h (b)192 h (c)384 h 

 

Fig.4c shows that the pyrrhotite contains 46.78 % of iron atom and 53.22% of sulfur atom, Fe/S 

atomic ratio is 0.88, it is a sulfur-rich corrosion product. The concentration of sulfide ion increases with 

immersion time, and form sulfur-richer pyrrhotite. Meanwhile, the particles become more uniform and 

dense. 

 

3.3 Corrosion phases 

Fig.5 provides XRD patterns of ferrite-pearlite steel exposed to the H2S/CO2 environment. 

According to the test data and theoretical analysis, the types of different corrosion products are observed. 

The corrosion products contain different types of iron sulfide, which indicates that H2S corrosion has an 

important role [30-31]. Fe is found when test steel is immersed for 24 and 48 hours, and the thin corrosion 

films and a few corrosion products are found. When the immersion time reaches 96 hours, Fe is not 

detected, it indicates that the surface of samples is completely covered by corrosion products. The 

corrosion products grow and adhere, the mackinawite and troilite are observed, and the number of 

characteristic peaks and height of mackinawite are more than these of troilite, the troilite is minor 

corrosion phases. The pyrrhotite is main corrosion product during the later corrosion period. The analysis 

results are consistent with the corrosion morphology as described above. 

 

10 20 30 40 50 60 70

500

1000

1500

2000

2500

3000

3500

4000

In
te

n
s
it
y
/c

p
s

2/Degree

 

 



 










  Mackinawite

   Fe 

10 20 30 40 50 60 70

500

1000

1500

2000

2500

3000

3500

4000















 

 

   Mackinawite

   Fe 

In
te

n
s
it
y
/c

p
s

2/Degree

 

(a) (b) 

Mackinawite 

(a) 

10μm 

 

Troilite 
 

(b) 

10μm 

 

Pyrrhotite 
 

(c) 

10μm 

 



Int. J. Electrochem. Sci., Vol. 15, 2020 

  

6743 

10 20 30 40 50 60 70

500

1000

1500

2000

2500

3000

3500

4000

◼
◼

  ◼ Troilite













  Mackinawite

 

 
In

te
n
s
it
y
/c

p
s

2/Degree

10 20 30 40 50 60 70

500

1000

1500

2000

2500

3000

3500

4000


◼

◼



◼

  ◼ Troilite




   Mackinawite

 

 

In
te

n
s
it
y
/c

p
s

2/Degree

 

10 20 30 40 50 60 70

500

1000

1500

2000

2500

3000

3500

4000

◼

◼ ⚫⚫

⚫

⚫  Pyrrhotite

◼  Troilite








 

 

   Mackinawite

In
te

n
s
it
y
/c

p
s

2/Degree

10 20 30 40 50 60 70

500

1000

1500

2000

2500

3000

3500

4000

⚫⚫

⚫

◼

⚫

◼

⚫

⚫  Pyrrhotite

◼  Troilite

  Mackinawite

In
te

n
s
it
y
/c

p
s

2/Degree

 

 

  









 
Figure 5. XRD pattern of ferrite-pearlite steel under H2S/CO2 environment at 75oC after different 

immersion time: (a)24 h (b)48 h (c)96 h (d)192 h (e)288 h (f)384 h 

 

3.4 Cross section morphology 

The cross section morphologies of ferrite-pearlite steel are shown in Fig.6. The corrosion scales 

have two-layer structures. As shown in Fig.6 (a), we can see that a thin inner layer about 0.6-1.0 μm and 

a sparse outer layer ranges from 7 μm to 15 μm, the particles of corrosion products are relatively large, 

and the steel substrate is seriously damaged. When the test steel is immersed for 48 hours, the inner layer 

is destroyed, a discontinuous inner layer is observed. When immersion time reaches 96 hours, the 

thickness of inner layer becomes thicker (about 27μm) and more compact. The thickness of corrosion 

product scales increases with immersion time, the steel substrate is covered about 37 μm Fe-S 

compounds after 384 hours, the inner layer is more compact and denser, the corrosion resistance is 

improved, this is due to a uniform layer of corrosion product cover the surface. 
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Figure 6. Cross-section morphology of ferrite-pearlite steel under H2S/CO2 environment at 75oC after 

different immersion time: (a)24 h (b)48 h (c)96 h (d)192 h (e)288 h (f)384 h 

 

3.5 Corrosion kinetics 

Fig.7 shows the corrosion rate of ferrite-pearlite steel with immersion time. It shows three 

distinguishable stages. In the early stages, it goes down very quickly, and changes slowly, finally the 

corrosion rate is almost constant after immersion 192 hours. It is related to the structural characteristics 

of corrosion products and thickness of corrosion product film. The results (Fig.3 and Fig.6) show the 

corrosion products are compact and the films are uniform when the steels are immersed after 92 hours, 

so the corrosion rates become small, which show our analysis is correct.  

(d) (c) 

(e) (f) 

Substrate 

Epoxy 

Inner layer   

Outer layer   

(a) (b) 

20μm 

 
20μm 

 

20μm 

 

20μm 

 

20μm 

 

20μm 

 

Epoxy 
Outer layer   

Inner layer   

Substrate 

Epoxy Epoxy 

Epoxy Epoxy 

Outer layer   Outer layer   

Outer layer   
Outer layer   

Inner layer   

Inner layer   

Inner layer   
Inner layer   

Substrate 
Substrate 

Substrate Substrate 



Int. J. Electrochem. Sci., Vol. 15, 2020 

  

6745 

 
Figure 7. The corrosion rate of ferrite-pearlite steel under H2S/CO2 environment at 75oC after different 

immersion time 

 

3.6 Potentiodynamic polarization curve analysis 

The electrochemical corrosion behavior is studied by the potentiodynamic polarization curve 

measurement to analyze the samples after different immersion time. Fig.8 describes as the typical 

polarization curves of studied samples after 24, 48, 96, 192, 288 and 384 hours.  
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Figure 8. Potentiodynamic polarization curves of the test steel under H2S/CO2 environment at 75oC after 

different immersion time  

 

The electrochemical fitting parameters are applied by Tafel extrapolation, the corrosion kinetics 

parameters such as anodic Tafel slope (ba) and cathodic Tafel slope (bc), corrosion current density (Icorr), 

corrosion potential (Ecorr), the fitting data are given in Table 2. According to research found that the 
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smaller corrosion current density, the lower corrosion rate and the less likely it is to corrode. The self-

corrosion potential of studied steel is moving into the positive direction with immersion time, implying 

good corrosion resistance [32]. The corrosion current density changes from 0.5642 mA to 0.1185 mA, 

decreasing about 0.4457 mA. the self-corrosion potential changes from -562 mV to -379 mV, increasing 

about 183 mV. Based on the above analysis, the corrosion resistance increases with the prolonging of 

immersion time. the obtained results of polarization curves measurements are consistent with immersion 

tests. 

 

 

Table 2. Electrochemical parameters of polarization curves of the test steel under H2S/CO2 environment 

at 75oC after different immersion time 

 

Immersion time (h) ba  (mV/dec) bc (mV/dec) Icorr (mA/cm2) Ecorr (mV) 

24 321 581 0.5642 -562 

48 236 273 0.2681 -507 

96 196 223 0.2345 -476 

192 179 244 0.1774 -460 

288 178 197 0.1273 -395 

384 170 193 0.1185 -379 

 

 

 

4. CONCLUSIONS 

The corrosion characteristics of ferrite-pearlite steel immersed in H2S/CO2 environment are 

studied. The corrosion properties are analyzed on the basis of microstructure, morphology, cross 

sectional morphology, corrosion phases, corrosion kinetics and potentiodynamic polarization curve. The 

corrosion behavior includes three phases according to the test results, it goes down quickly in the early 

stages, then flattens out, finally the corrosion rate is almost constant. The corrosion products change as 

follows with time: mackinawite-troilite-pyrrhotite, H2S plays an important role, and mackinawite 

crystals control the whole corrosion process. The films have two layers including inner and outer layers, 

the double-layer compact corrosion film can act as an effective barrier against diffusion. 
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