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Influence of FeCO3 and FeSO4 Layers on Corrosion in Sulfuric Acid Medium of Eutetoid Steels
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This work addresses the corrosion resistance of Riser steels used in submarine pipelines for oil 
production, making it crucial to evaluate the variables related to corrosion in the marine environment. 
Three types of wires with spheroidized, lamellar and discontinuous cementite microstructure were 
tested in 0.1M H2SO4 with and without the use of CO2, in addition to a different ambient temperature 
(80 °C). Thus, electrochemical tests, including OCP and linear potentiodynamic polarization, revealed the 
corrosion resistance of each material. The analysis of the polarization curves through Tafel extrapolation, 
obtained the current density, correlating with the potential of the sample in the medium, indicating the 
polarization resistance. The LC wires demonstrated greater resistance to corrosion (769.23; 2,544.79 
and 4,790.87 Ω.cm2) compared to spheroidized cementite (502,40; 1,038.99 and 902.95 Ω.cm2) and, 
which, in turn, obtained lower resistance values in two of the solutions. The FeCO3 and FeSO4 salts 
were formed in different areas, including the most degraded ones identified by Raman spectroscopy.

Keywords: Tensile armatures, H2SO4, CO2, Corrosion, Raman spectroscopy, FeCO3, FeSO4.

1. Introduction
Steels for subsea applications are intended for application 

in aggressive and highly degraded environments—especially 
those with petroleum applications intended for producing 
and extracting offshore oil. Several structures are present 
in the oil fields, among which the production pipelines are 
exposed vertically, making the connection between the oil 
platform and the seabed, called risers, stand out1. These are 
divided into several layers that support the structure to resist 
the weather, as shown in Figure 1. However, some of these 
layers have already failed during their operation, which 
poses a risk to the installed structures2.

The media in which risers are inserted is rich in NaCl, 
present in seawater, and other degrading compounds, 
especially those with sulfur3,4, such as H2SO4, H2SO3, 
and H2S. The objective of this work was to evaluate and 
compare the corrosion resistance of 3 wires used in the 
tensile reinforcement of risers using electrochemical tests 
of OCP and linear potentiodynamic polarization, observing 
the relationship of their microstructural morphologies with 
corrosion resistance, using H2SO4 and CO2 as electrolyte. 
It was possible to evaluate oxides and salts formed on the 
surface of these materials, thus identifying the action of the 
medium in which it is inserted with the possible formation 
of protective layers, which can reduce corrosion in these 
materials5,6.

2. Materials and Methods
The materials used were pearlitic eutectoid steels, used 

in tensile reinforcement in the form of wires, with different 
geometric profiles, as shown in Figure 2.

The chemical compositions of the wires are identified in 
Table 1. These data were obtained by means of the optical 
emission spectrometer.

2.1. Microstructural characterization of wires
Micrographs of the wires were obtained using the 

scanning electron microscope (SEM) Quanta 450 FEG – 
FEI. They were initially inserted in bakelite and sanded 
from 100 to 1200. They were then polished with 3 to 1 μm 
diamond paste. They were then washed with alcohol and 
dried. Nital 2% was used as a developing agent to develop 
their microstructures.

2.2. Electrochemical tests
The electrochemical tests were conducted in an 

electrochemical cell in an H2SO4 electrolyte medium with a 
concentration of 0.1 M, with and without the CO2 atmosphere 
(99.99% purity), at a flow rate of 1 x10-4 m3/s. Before the 
use of CO2 the samples had been deaerated with N2 and with 
the use of 80 °C and at room temperature. The samples used 
had a dimension of around 40 mm2. They were embedded 
in epoxy resin, with a copper conductor wire attached to *e-mail: mauro.cerra@ufc.br
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them so the electrical contact necessary for the tests could 
be performed. The samples were sanded with 100, 220, 320, 
400, and 600 sanding sheets and then sprayed with alcohol 
and dried. The techniques of OCP (Open Circuit Potential) 
and LPP (Linear Potentiodynamic Polarization) were used 
in order to correlate this information with the Polarization 
Resistance (PR), which serves to identify the one that suffered 
the most corrosion damage under the indicated conditions. 
The reference electrode Ag/AgCl KCl (sat), platinum counter 
electrode, and the samples were used as working electrodes 
for these assays. The OCP time was set for 15 min when the 
samples were stabilized at their potential. Other relevant data 
used in the test were the cut-off current, which was 1 mA, 
and the curves were scanned from -0.1 V to 2.0 V of the OCP 
at a rate of 1 mV/s. Below is a summary of the operations 
performed with a table for preparing the tests — a different 
test condition for each wire, as shown in Table 2. From there, 
wires 1, 2, and 3 are termed spheroidized (SC), lamellar (LC), 
and discontinuous (DC) structured, respectively. These data 
were obtained according to information reported by an oil 
company that made the material available.

2.3. Raman spectroscopy
Raman spectroscopy was performed on the Witec 

Alpha 300 equipment with a gratin of 600 grooves/mm. 
The wavelength of the laser used to excite the material was 
532 nm. The sample that obtained less severe corrosion 
resistance results was used for this technique. The peaks 
of Raman intensity evaluated were from 200 to 2000 cm-1, 
included in references and databases, where oxides and 
salts are identified.

3. Results

3.1. Characterization of wires
The wires’ microstructure was identified as pearlitic 

with varied cementite morphologies. Figure 3 shows the 
micrographs evaluated in this study. Figure 3a shows the 
wire with spheroidized cementite, classified this way by 
the presence of its globules. Figure 3b was classified as 
lamellar cementite due to lamellae alternating with the ferritic 
matrix. Finally, in Figure 3c, cementite has discontinuous 
characteristics with intermediate pro-files between balls 
and lamellar.

3.2. Eletrochemical tests
Graphs were obtained for OCP and linear potentiodynamic 

polarization due to the electrochemical tests. These are 
presented in Figures 4-9. These experiments used wires 
(spheroidized, lamellar, and discontinuous). The process 
was developed in 0.1 M H2SO4 medium mixed with and 
without CO2 and at room temperature and 80 °C. During 
the tests, the pH was recorded using a pH meter, obtaining 
the following values for the respective solutions; saturated 
with CO2 at 80 °C: pH 1–2; saturated with CO2 at room 
temperature: pH 2–3; airy and at room temperature: pH 3–4.

3.2.1. Spheroidized cementite wire
Figures 4 and 5 below indicate OCP and linear 

potentiodynamic polarization for the spheroidized cementite 
wire, respectively.

Figure 5 shows the LPP data for the PCE wire.
Figure 4 shows the potentials of the spheroidized wire 

for each solution. The programmed time for OCP was 900 s 
(15 min), and the potential for this material in the evaluated 

Figure 2. Wires in condition as received. 1 – straight (1.30 cm × 
0.70 cm); 2 – twisted (1.20 cm × 0.60 cm) and 3 – curved (1.22 
cm × 0.72 cm).

Figure 1. Identifying the Layers of a Flexible Riser1

Table 1. Chemical composition (%wt) of wires. Source: author.

wire C Mn Si S + P Cr + Ni +V Al Mo +Ti Fe
1 0.77 0.50 0.20 0.013 0.054 - 0.006 bal
2 0.76 0.56 0.18 0.015 0.040 - 0.005 bal
3 0.73 0.58 0.26 0.009 0.039 0.032 0.004 Bal

Table 2. Conditions for the execution of the experiments. Source: author.

Cementite condition Condition in 0,1 M H2SO4

1 (SC), 2 (LC) and 3 (DC) Saturated with CO2 at 80 °C

1 (SC), 2 (LC) and 3 (DC) Saturated with CO2 at room temperature

1 (SC), 2 (LC) and 3 (DC) Aerated and at room temperature
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solutions was stabilized for other tests. The values obtained 
were between -0.4 and -0.5V.

In order to better show the corrosive power of these 
samples, in Figure 5, the linear potentiodynamic polarization 
graph was plotted, where it was possible to identify data about 
the current density. For spheroidized wire, the condition that 
obtained the lowest current densities7.

Evidence exists to evaluate lower corrosion tendencies 
in spheroidized steels subjected to heat treatments, using 
H2SO4 as an electrolyte for the test8. However, when CO2 is 
used, H2CO3 can be formed9, an inorganic acid that helps to 
potentiate the corrosion process along with H2SO4, as shown 
in the reaction below.

2 2 2 3   CO H O H CO+ ↔  (1a)

2 3 2 32  2    2H CO e H HCO−+ → +  (1b)

2
3 2 32  2    2HCO e H CO− −+ → +  (1c)

22   2   H e H−+ + →  (1d)

2   2Fe Fe e+ −→ +  (1e)

In reaction 1, an oxy-reduction is denoted, and in 
Equations 1b-1d, there are cathodic reactions (reduction) and 

Figure 4. OCP curves for SC wire in the aqueous solution of 0,1M 
H2SO4 saturated with CO2 at 80 °C, saturated CO2 at room temperature 
(23 °C) and aerated at room temperature (23 °C).

Figure 5. Potentiodynamic polarization curves for SC wire in the 
aqueous solution of 0,1 M H2SO4 saturated with CO2 at 80 °C, 
saturated CO2 at room temperature (23 °C) and aerated at room 
temperature (23 °C).

Figure 3. Microstructure of a) Spheroidized Cementite (SC), b) 
Lamellar Cementite (LC) and c) Discontinuous Cementite (DC).
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1e) anodic (oxidation). Evidence of this corrosion increase 
can be identified by comparing the pH of the tested solution. 
The sulfuric acid solution with saturated CO2 presented a pH 
between 1-2 when used at a temperature of 80 °C, while when 
no CO2 was used, pH values between 2 and 3 were reached.

3.2.2. Lamellar cementite wire
Figures 6 and 7 denote, respectively, graphs of open-

circuit potential and linear potentiodynamic polarization. 
As in the curves for the PCE wire, no notable difference 
was identified between the potentials of these wires, leaving 
the current density data in Figure 7 as a way to differentiate 
them. The aerated solution at room temperature was the one 
with the lowest current density, so it was the least corroded. 
The aerated solution at room temperature continued to be 
the one in which there was less susceptibility to corrosion, 
denoting the medium as being less aggressive for the 
materials evaluated.

3.2.3. Brittle cementite wire
For discontinuous wire, the differences between the 

potentials were most remarkable (Figures 8 and 9). This 
information becomes more apparent when we compare the 
result of these potentials in solutions of CO2 saturated at 
80 °C and aerated at room temperature. This difference be-
comes even greater for potentiodynamic polarization since 
the less acidic solution (pH between 3-4) reaches current 
density values almost of the order of 1E-6.

3.3. Corrosion product characterization by 
Raman spectroscopy

Several characterization techniques can be applied 
to obtain information about the surface of a material, 
especially when it is subjected to corrosion. Among them, 
EDS (Electron Dispersive Spectroscopy) stands out10, XRD 
(X-ray Diffraction)11 and Raman Spectroscopy5,12.

Figure 6. OCP curves for LC wire in aqueous solution of 0,1M H2SO4 
with saturated CO2 at 80 °C, saturated CO2 at room temperature 
(23 °C) and aerated at room temperature (23 °C).

Figure 7. Potentiodynamic polarization curves for LC wire in aqueous 
solution of 3.5% NaCl with saturated CO2 at 80 °C, saturated CO2 at 
room temperature (23 °C) and aerated at room temperature (23 °C).

Figure 8. OCP curves for the DC wire in aqueous solution of 0,1M 
H2SO4 with saturated CO2 at 80 °C, saturated CO2 at room temperature 
(23 °C) and aerated at room temperature (23 °C).

Figure 9. Potentiodynamic polarization curves for the DC wire in an 
aqueous solution of 0,1M H2SO4 with saturated CO2 at 80 °C, saturated 
CO2 at room temperature (23 °C) and aerated at room temperature (23 °C).
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The main objective of this technique was to characterize 
salts and oxides located on the surface of the material after 
the corrosive process, especially FeSO4 (ferrous sulfate) 
and FeCO3 (siderite), which, according to the literature13,14, 
to reduce the corrosive process.

3.3.1. LC sample in aqueous H2SO4 medium
The LC sample, as the one that obtained the best results 

in terms of corrosion resistance, was the wire submitted to the 
Raman spectroscopy characterization technique. Figure 10a 
indicates a region of the sample where distinct forms of 
corrosion are observed and which help to differentiate 
possible formation of oxides according to the morphology 
presented15,16.

The square symbology inscribed in red in Figure 10a 
denotes a region of generalized corrosion where it is possible 
to obtain data on oxides or salts superimposed on layers in 
this sample17. Figure 10b indicates the Raman peaks in (cm-
1) of the salts and oxides. Siderite (FeCO3) and hydrated 
iron (II) sulfate (FeSO4. 7H2O) reported in the literature as 
minimizing corrosion levels stand out13.

Figure 10a, in the region identified by a red circle, 
characterizes an area without apparent corrosion or at least 
where there was no considerable formation of corrosion 
products. However, in Figure 10c, Raman oxides and a salt, 
namely FeCO3, are revealed using the peaks. An interesting 
particularity is that in this region, there was no formation 
of S-based salt, which leads us to believe that these salts 
would be the main oxidant layers.

Also, in Figure 10a, a second symbology of the triangular 
type is observed, in which localized corrosion is observed18. 
Notably, it is a darker region amidst the region of widespread 
corrosion. In this region, ferrous sulfate was formed, and 
siderite was also found19, and oxides relevant to the oxidation 
process, indicated in the wavelength peaks in Figure 10c.

4. Discussion
In this topic, the approach will compare the information 

identified in the results and point out solutions for the 
evaluations. Table 3 shows the information obtained in 
Figures 4-9 curves, considering the value of its corrosion 
potential and current density. For this last data, Tafel 
extrapolation was used20-22. This information is graphically 
represented in Figure 11 as a way to facilitate comparisons. 
Polarization resistance was calculated by the ratio between 
the electrochemical potential of the material and its current 
density, in what is called polarization resistance (PR).

The table also has statistical information such as the 
mean and deviation of the standard of the tests to identify 
the dispersion between each of the tests and their level of 
reproducibility.

From Table 3, it is possible to compare the three samples 
with their various solutions in OCP, current density, and, 
finally, their polarization resistance. For example, in the 
solution with saturated CO2 at 80 °C, the highest resistance 
obtained was from the LC sample, although there was 
remarkable similarity between the calculated PRs. However, 
the lowest strength obtained was for SC wire. In solution 
2, in line with the result of solution 1, the LC still had the 
highest PR value, but this time, with a very considerable 

Figure 10. a) Scanned region of the LC sample with 3 distinct 
corrosion morphologies: generalized (□), no apparent corrosion 
(Ο) and localized (∆); Raman peaks and their respective oxides for 
each type of corrosion: b) generalized; c) no apparent corrosion e 
d) localizaded.
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jump in PR about the other samples, keeping the SC wire as 
the one with the lowest resistance to polarization. Finally, 
in the solution aerated at room temperature, the DC wire 
was the one with the lowest resistance, presenting less than 
1/4 of the PR value of the LC wire.

The results of Table 3 state that the PCL were obtained the 
highest results for the three solutions evaluated. In contrast, 
the PCE wire presented low PR in 2 of the solutions, 
raising the question about the contribution of the different 
morphologies in a corrosive process. In addition to these, 
as stated by Ferhat et al.23.

Other arguments evaluated and already addressed by 
other authors deal with the low corrosivity of lamellar 
microstructures. The lamellar structure corrodes at a relatively 
low rate because lamellar cementite forms preferential sites 
with less overpotential, favoring hydrogen evolution24. This 
leads to microgalvanic cells between the ferrite and cementite 
phases, providing a selective dissolution of the ferrite and 
influencing the kinetics of the reaction by the galvanic effect. 
This fact is not repeated in spheroidized structures because 
they have a high density and can more easily form galvanic 
pairs due to their reduced dimensions25.

Ways to reduce this corrosion can be approached or 
at least minimized, such as forming passive films using 
adhesion when subjected to sulfuric media24. Carbon steels 
can form a protective layer of FeSO4 on their metal surface 
when tested in sulfuric acid26,27. This reaction can be briefly 
summarized as indicated below:

2 4 4 2    H SO Fe FeSO H+ → +  (2a)

This reaction can be further explained by electron 
exchange and divided into metal oxidation (anodic reaction) 
and hydrogen reduction (cathodic reaction)28.

Anodic reaction: 2    2Fe Fe e→ + + −  (2b)

Cathodic reaction: 22   2   H e H+ + − → ↑  (2c)

The mechanism of anodic dissolution of iron helps to 
explain the presence of SO4

2- anions in aqueous solutions29, 
shown in the reaction 3a-3d down.

( ) ( )2 2
2 4 2 4    ads ads

H O SO H O SO− −+ ↔ +  (3a)

Table 3. Statistical data from the electrochemical tests in H2SO4 for the three samples in the 3 tested solutions (MD = mean and SD = 
Standard Deviation).

W
IR

ES

ST
AT

IS
TI

C
S

Solutions (0,1 M H2S04)

(1) Saturated CO2/80 °C (2) Saturated CO2/R.T. (3) Aerated/R.T.

Eletrochemical parameters

OCP  
(V vs Ag/AgCl)

I  
(A/cm2)

PR 
(Ω.cm2)

OCP  
(V vs Ag/AgCl)

I  
(A/cm2)

PR 
(Ω.cm2)

OCP  
(V vs Ag/AgCl)

I  
(A/cm2)

PR 
(Ω.cm2)

SC
MD -0.50 9.89E-04 502.40 -0.42 4.21E-04 1,038.99 -0.41 4.72E-04 902.95

SD 0.04 3.15E-05 0.00 8.40E-05 0.00 9.20E-05

LC MD -0.47 6.33E-04 769.23 -0.45 1.79E-04 2,544.78 -0.44 9.19E-05 4,790.87

SD 0.00 1.18E-04 0.01 2.45E-05 0.01 0.00

DC MD -0.51 8.00E-04 686.67 -0.43 1.88E-04 2,309.14 -0.41 6.37E-04 685.84

SD 0.02 2.00E-04 0.01 1.35E-05 0.00 1.58E-04

Figure 11. PR values calculated from the ratio between OCP and current density of the samples tested under each of the evaluated conditions.
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( )2 2
4 4   

ads
Fe SO FeSO− −+ ↔  (3b)

( ) ( )2 2
4 4   2

ads
FeSO FeSO e− −↔ + −  (3c)

( )2 2
4 2 4   

ads
FeSO Fe SO− −↔ + +  (3d)

The above reactions indicate the formation of (FeSO4
2-)

ads when Fe is in contact with SO4
2- ions, helping to explain 

the deposition of this salt in the assay samples.
The other Raman peaks evaluated in this sample and 

identified in Figures 10b-d are indicated below generalized 
corrosion region (26530; 39031-35; 69736); region without 
apparent corrosion (30037,38; 40037,38; 70036); region of localized 
corrosion (38230,39; 66736; 156936). The spectra obtained here 
were individualized by the three regions distinguished in the 
sample regarding the degree of corrosion, and their peaks 
were surveyed according to the literature.

5. Conclusions
Based on the information obtained in the results and 

discussions, some conclusions can be indicated based on 
the electrochemical tests and characterization techniques 
ap-plied to the wires.

Under temperature conditions at 80 °C and with the use 
of CO2, the lamellar micro-structure wire obtained higher PR 
results and, therefore, lower corrosion indexes, which can 
be admitted that for this result, there was a direct influence 
of siderite and ferrous sulfate as protective layers.

The influence of the formation of a FeSO4 layer seems to 
be directly influenced by the siderite, since where the latter 
formed, the peak of FeSO4 was greatly reduced compared 
to FeCO3.

The Raman peaks, in addition to identifying the 2 salts 
addressed in the literature (FeCO3 and siderite), also found 
several important oxides such as lepidocrocite, hematite 
and goethite.

The spheroidized microstructure in sulfuric medium 
showed lower results of PR and, therefore corrosion 
resistance, leading to the fact that its use should be limited 
in a sulfurous environment.

In a region of localized corrosion, siderite and ferrous 
sulfate salts were also found, which raises the question about 
the reduction of corrosion with these salts, which does not 
seem to have occurred in this area.
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