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The electrochemical behavior of API X80 pipeline steel in 3.5% of NaCl solution containing different 

concentrations of H2S at different temperatures was investigated. Corrosion behavior of the API X 80 

steel material was evaluated using electrochemical impedance spectroscopy and potentiodynamic 

polarization measurements. The profilometry, X-ray diffraction, and scanning electron microscopy 

were employed to characterize the corroded API X 80 steel surfaces. The results showed that the 

corrosion rate of API X80 steel increased with increasing temperature. Pitting corrosion was observed 

at lower temperatures, while cracks and sulfide layers of mackinawite and cubic FeS were observed on 

the corroded steel surface as the temperature increased. Displacement of iron oxide film with a non-

protective iron sulfide film was found to be responsible for the pitting corrosion of the API X80 steel. 
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1. INTRODUCTION 

The presence of H2S in both natural gas and crude oil has resulted in restricted selection of steel 

pipelines material used in petroleum product transportation due to corrosion involved [1-3]. The 

pipeline steels are often susceptible to severe corrosion or combined action of erosion-corrosion [4-7]. 

Industries have continued to develop new higher strength steels with the aim of identifying materials 

that can withstand the prevailing corrosive environments [3, 8, 9]. To address this objective, higher 

grades of carbon steels with improve strength and good corrosion resistance have been developed [9-

11]. API X80 steel is considered one of these higher strength steel materials that are widely used as 

pipeline material for crude oil and natural gas transportation. Regrettably, corrosion of some of these 
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higher strength steels is often observed [12-14]. Hence, better understanding of the corrosion 

mechanisms of the API X80 steel is required, especially in sulfide environment.  

Corrosion of carbon steel pipelines can occur in different forms [15, 16]. Studies have shown 

that natural gas, crude oil, industrial waste discharge, and bacteriological process in the seawater 

contain significant quantities of hydrogen sulfide which affect the integrity of carbon steel [17, 18]. 

Amongst all, the main source of sulfide is aqueous solution through industrial waste and biological 

process.[19]. The sulfide attacks materials through physical and chemical nature of the products 

resulting from their metabolism process [20, 21]. Hydrogen-induced cracking, sulfide stress cracking, 

and stress-oriented hydrogen induced cracking have been identified as primary sources of pipeline 

materials failure in sulfide environment [22].  

The sulfide corrosion of the carbon steel can be protective or non-protective depending on the 

environmental conditions and formed corrosion products [18, 23]. These corrosion products are often 

weak and influenced by iron dissolution and atomic hydrogen diffusion [24, 25]. A recent study by 

Sherar et al. [15] on the corrosion of API X65 carbon steel in aqueous solution containing NaHCO3 

and Na2SO4 as electrolyte showed that a switch from aerobic to aerobic-with-sulfide corrosion 

significantly increased the relative corrosion rate. Another attempt made by Ma et al. [26] using AC 

impedance and steady-state polarization curves to study the anodic dissolution of iron in sulfuric acid 

solutions with H2S, showed that H2S can increase both the anodic dissolution and cathodic hydrogen 

evolution. In another study, Ma et al. [24] studied the inhibition effect of H2S on iron corrosion. The 

results revealed that the inhibition property exhibited by H2S was due to formation of FeS protective 

film on the electrode surface. 

Formation of sulfide layers on the steel surfaces as a corrosion product is often influenced by 

pH, temperature and exposure time [24, 27]. Yin et al. [28] studied the effect of temperature on the 

corrosion products formed on carbon steel exposed to a CO2-containing solution. The results revealed 

that increasing the temperature increased the corrosion rate of carbon steel. In a similar study, Qi et al. 

[29] studied the effect of temperature on the corrosion behavior of flange forging A350LF2 steel. Their 

results showed that the maximum corrosion rate occurred at 40°C and gradually decreased as the 

temperature was increased. Despite the several attempts to understand the corrosion behavior of high 

carbon steel grade [27, 30], only few studies have investigated the corrosion behavior of these steel 

materials in sour environment [31, 32], especially at low temperature. To the author’s knowledge, 

there is no literature related to the understanding of the corrosion mechanism of API X80 steel in the 

temperature range and sour environment considered in this study. Understanding of corrosion behavior 

of API X80 steel in moderate temperature and sulfide environment is important, as this phenomenon 

accounts for greater percentage of losses incurred in the petroleum industry. Detailed knowledge of 

H2S corrosion mechanisms of API X80 steel is not yet clear. Furthermore, general understanding of the 

sulfide layer formation on surface of the newer higher carbon steel grades used as pipeline material is 

lacking, especially for the moderate temperatures prevailing in most coastal regions. Therefore, this 

study investigates the effect of temperature on corrosion of API X80 steel in sulphide environment. 
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2. EXPERIMENTAL PROCEDURE 

2.1 Material 

A commercial API X80 pipeline steel purchased from Hebei Yineng Pipeline Group Co., Ltd, 

China was used in this study. The chemical composition of studied steel is listed in Table 1.  

 

Table 1. Chemical composition of API X80 steel (wt. %) 

 

Element C Mn P S Cr Mo Ni Cu V Fe 

wt. % 0.214 0.522 0.020 0.005 0.043 0.001 0.018 0.014 0.028 Bal. 

 

The specimens for corrosion tests were cut in a cylindrical form of 20mm in length and 15mm 

in diameter. Before each test, the specimens were ground on 320, 600 and 1200 grit carbon silicon 

papers, degreased with ethanol, washed with water and then dried in air in order to remove impurities 

and oxides from the surface. 

 

2.2 Electrochemical measurement tests 

All experiments were conducted in a special device glass cell at various temperatures (20, 30, 

40, 50 and 60°C) using a GAMRY 600 potentiostat/galvanostat/ZRA.  Open Circuit Potential (OCP) 

was monitored until it became stable. Potentiodynamic polarization (PDP) and electrochemical 

impedance spectroscopy (EIS) tests were performed following stable OCP profiles for each condition. 

The test solution was 3.5% of NaCl as a baseline testing environment for all experiments. API X80 

steel under investigation was used as the working electrode while graphite was used as the counter 

electrode. A saturated calomel electrode (SCE, +0.241 VSHE) isolated in a salt bridge and in contact 

with the polarized electrode was selected as the reference electrode. The specimens were embedded in 

the glass cell and cross sectional area of 0.785cm
2 

was exposed to electrolyte contact. A deoxygenating 

process was carried out prior to the introduction of H2S into the test solution.  

For polarization tests, the samples were placed in an open circuit condition for 1hour to 

stabilize the OCP. The potentiodynamic potential was swept at a scan rate of 0.16mV/sec between -

0.15V to 0.5V after steady state open circuit potential was reached. H2S gas was then continuously 

bubbled into the solution and a positive pressure of 0.5MPa was maintained for the entire test duration 

using a flow meter. A Julabo F12 thermostat was used to heat up the temperature of the solution to the 

desired temperature and maintain the temperature throughout the duration of the tests. AC disturbance 

signal of 10mV, frequency range between 0.00001 - 20 KHz, and sampling acquisition rate of 10 

points/decade were used in the tests. A JENWAY 3510 pH meter was used to measure the pH of each 

test solution prior and after each test. The actual concentration of H2S in the solution after the test was 

determined by iodometric titration method as specified in NACE standard [33]. 
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Field-emission scanning electron microscopy (SEM, FEI NOVA NANOSEM 450, 

Netherlands) coupled with energy dispersion X-Ray analysis (EDX), were applied to examine the 

morphology of the corroded samples. D8 Focus Bruker diffractometer X-ray diffraction (XRD) was 

used to characterize the corrosion layers formed on the API X80 steel specimens after potentiodynamic 

tests at different temperatures. 

 

3. RESULTS AND DISCUSSION 

The initial test medium consists of 3.5% of NaCl solution at 20°C temperature. Introduction of 

H2S into the solution at different temperatures of 30°, 40°, 50°, and 60°C significantly shifted the 

medium more into the acidic region as displayed in Fig.1.  
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Figure 1. pH variation at different temperatures. 

 

Increasing the temperature of the solution resulted in an increase in the concentration of H2S in 

the solution, due to the increase in the rate of chemical reaction; thereby increasing the acidity of the 

solution. Many studies in the literature have revealed that pH plays a significant role on the corrosion 

rate of materials in different conditions [1, 2, 34]. Manfredi et al. [35] classified the corrosion behavior 

of carbon steel using polarization into acidic, neutral and alkaline based on the pH of medium solution. 

As expected, bubbling of the H2S into the solution decreased the pH level of the solution and may 

affect the corrosion mechanism of the API X80 steel under investigation. 

 

3.1 Electrochemical impedance spectroscopy (EIS) 

EIS technique was used to study the resistance ability of the API X80 steel to corrosion at 

different temperatures of 20°, 30°, 40°, 50° and 60°C. Nyquist curves of specimens immersed in 280 
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mg/L containing 3.5% NaCl bubbled with H2S at various temperatures are shown in Fig. 2a. It was 

observed that both real and imaginary impedances decreased with increasing temperature from 20°C to 

60°C.  
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Figure 2. Nyquist and (b) Bode plots of API X-80 steel for different temperatures. 
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There is a distinct trend in the overall shape of the plots as the temperature of the solution was 

increased. At 20
o
C, the Nyquist plot of the steel (Fig.2a) displays a defined single semicircular shape. 

The test conducted at 30°C showed a decrease in semicircular shape of the curve. When the 

temperature of the solution was increased to 40 and 50 °C, resistance of 210 and 200 ohms were 

observed, respectively, which shows a further decrease in the corrosion resistance. Moreover, when the 

temperature of the solution was increased to 60°C, the resistance of the sample decreased to 150 ohms. 

It is evident to conclude that corrosion resistance of the API X80 steel significantly decreased as the 

temperature was increased in such media. This observations is in a good agreement with the published 

work on SAE-1020 carbon steel subjected to sour environment [36]. Bode plots were also employed to 

study the corrosion behavior of API X80 steel in H2S environment at different temperatures, as shown 

in Fig.2b. The results showed that the corrosion resistance of the specimens gradually decreased by 

increasing the temperature of the solution. It can be seen that the phase angles tend toward zero at low 

frequency which indicate the appearance of corrosion products on the specimens [37].  

 

3.2 Potentiodynamic polarization (PDP) 

To assess the influence of H2S and temperature of API X80 steel immersed in NaCl Solution, 

PDP scans were conducted. Table 2 shows measured values of the corrosion potentials (Ecorr), Tafel 

slopes (ba and bc represent anodic and cathodic, respectively) and corrosion currents (icorr) obtained 

from the polarization curves in the 3.5% of NaCl solution bubbled with H2S at different temperatures. 

The Ecorr and icorr were calculated using the Tafel extrapolation method described elsewhere [38]. 

 

Table 2. Corrosion parameters obtained from potentiodynamic polarization curves 

 

Temperature 

(°C) 
icorr (mA cm

−2
) 

E corr (V) Beta A(V dec
−1

) Beta C (V dec
−1

) 

20 -4.95 -0.9400 0.1215 0.5047 

30 -4.82 -0.8930 0.1218 0.4208 

40 -4.60 -0.8940 0.1140 0.3403 

50 -4.51 -0.8980 0.1190 0.2394 

60 -4.37 -0.8960 0.1185 0.1890 

 

It can be seen that the values of ba (anodic Tafel slopes) shown in Table 2 are closed with ~ 

0.12 V per decade for all experiments, regardless of the temperature of the solution. This observation 

indicated that the temperature of the solution has less significant influenced on the anodic process, 

while the slopes of the cathodic branch, bc (Table 2), are significantly depended on the temperature of 

the solution.  

 

http://www.sciencedirect.com/science/article/pii/S0010938X10000636#tbl2
http://www.sciencedirect.com/science/article/pii/S0010938X10000636#tbl2
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Figure 3. PDP curves of API X80 steel immersed in NaCl solution bubbled with H2S at different 

temperatures. 

 

Figure 3 shows the linear polarization behavior of API X80 steel material in 3.5% of NaCl 

solution bubbled with H2S at different temperatures. Potentiodynamic polarization was also used to 

investigate the corrosion rates of the API X80 steel in different hydrogen sulphide solutions at different 

temperatures. It can be seen that the test conducted at 20°C has the low corrosion rate compared to 

other temperature tests, as shown in Fig.3. However, the corrosion rate of the sample increased when 

the temperature of the solution bubbled with H2S for 1 hour was increased to 30°C.The increased in 

current density can be attributed to the increase in the pitting mechanism observed on the steel surface 

at this test condition. At 40°C, the increase in the corrosion rate was evident (Fig.3). These results are 

in good agreement with the previous finding of  Hamdy et al.[23], that revealed that the presence of 

soluble sulphide in sulphide medium may be responsible for the overall increasing corrosion rate. 

It can be seen that hydrogen permeation into 3.5%NaCl solution continued to increase as the 

temperature increased to 50°C. The same results were observed at 60
o
C. According to John et al. [2], 

the overall increase in corrosion rate of the specimens immersed in 3.5% NaCl solution can be 

attributed to H2S dissociation into H
+
 and HS

- 
which enhances anodic dissolution process at steel 

surface (equations 1-3). 

H2S(g)              H2S(aq)  ---------------------------------------------------------------------------(1) 

H2S               H
+
+ HS

- 
----------------------------------------------------------------------------- (2) 

HS               H
+
 + S

2-
 ------------------------------------------------------------------------------ (3) 

This process is also assisted by cathodic hydrogen evolution which accelerates steel oxidation 

[39]. It may be concluded that the corrosion current density (icorr) and corrosion rates increased with 

increasing H2S concentration and temperature. 
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3.3 X-ray diffraction (XRD) 

Figure 4 shows the XRD patterns of the API X80 steel specimens after potentiodynamic tests at 

different temperatures. In order to observe the spectral peaks in the tested samples, scanned range from 

20
o
 to 100

o
 and a step width of 0.02° were used in the analysis. The test conducted at 20°C temperature 

(Fig.4), shows two peaks typical of common carbon steel [40]. Using the ambient temperature test as a 

reference, key quantitative measurements were obtained from each of the profiles. The results show 

that the corrosion product layers was composed of iron sulfide at 30°C, 40, 50, and 60°C temperatures. 

Although no sulfide corrosion peak was detected at 20°C, iron oxide products are generated at this 

temperature conditions. However, when the temperature of solution was increased to 30°C, different 

crystallographic planes of iron oxides and iron sulfide were found (Fig.4). It can be seen that 

Mackinawite has formed on the API X80 steel when the temperature of the solution was increased to 

30°C. These results are in consistent with the Nyquist plots shown in Fig.2a, where the steel sample 

resistance to corrosion dropped significantly as the temperature was increased to 30°. 

Closer examination of the general shape of the XRD pattern formed at 40°C revealed similar 

iron sulfide peak behavior for the 40°C, 50°C and 60°C test temperatures (Fig.4). It has been shown 

that Mackinawite is the initial product of sulphide formed in the presence of ferrous ions and it is 

responsible in decreasing the protection potential on metal surface [41]. Shoesmith et al. [1] showed 

that Mackinawite is formed by both solid‐state and precipitation processes with cubic ferrous sulfide 

and troilite formed as precipitates.  

 
 

Figure 4. XRD patterns of the API X80 steel conducted at different temperatures. 
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Their detailed study also revealed that kinetics often necessitates the formation of cubic FeS 

during short term exposures to sour environment. Their result further showed that temperature plays an 

important role in the transformation of cubic FeS after its formation either into mackinawite or 

pyrrhotite at lower or higher temperatures, respectively [1]. Several authors have reported formation of 

different iron sulfide layers on steel surface at different test conditions [24, 42, 43]. However, most 

authors believe that Mackinawite is first formed at the electrode surface, which is further transformed 

into more stable species [44, 45]. The protective nature of the formed sulfide and the composition of 

the corrosion products significantly depend on the pH, the concentration of H2S and the temperature of 

the solution. The metastable mackinawite can transform into other forms of sulfides which are more 

protective. Furthermore, mackinawite and other sulfide phases such as troilite, pyrrhotite, and pyrite 

can be formed as corrosion products on the surface of steel depending on the concentration of sulphide 

present in the solution [46, 47]. 

 

3.4 Profilometry analysis 

  

  



Int. J. Electrochem. Sci., Vol. 10, 2015 

  

10255 

 
 

Figure 5. 2D profilometry images of API X80 steel surface at different temperatures. 

 

The corrosion scar depth was measured by drawing a profile from a point within the 

uncorroded surface to the corroded surface of the API X80 steel using a 2D optical profilometry 

technique, as shown in Fig.5. It is interesting to observe that there is distinct trend in each profile 

between the uncorroded and corroded surfaces as the temperature was increased. Fig.5a shows the 2D 

profilometry images of the corroded and uncorroded surface at 20°C temperature test condition. The 

image shows corrosion scar depth of approximately 0.001mm at this temperature test condition. At 30, 

40°C and 50°C temperature test, the corrosion scar increased to 0.002, 0.003 and 0.0035 mm, as shown 

in Figures 5b, 5c, and 5d, respectively. This observation indicates that material removal due to 

corrosion process increased with increased temperature. 

Fig. 5e shows profile drawn across the corroded and uncorroded surface of the API X80 steel 

surface after 60°C temperature test. Increased corrosion scar depth is also evident at this test condition. 

There is obvious increased in the overall slope of the curves as the temperature was increased. This 

trend indicates possible increase in the severity of the prevailing corrosion mechanism or existence of a 

dormant corrosion mechanism  as the temperature was increased [34]. 

 

3.5 SEM characterization 

The SEM micrographs of the corroded surfaces of the API X80 steel after each corrosion test 

are shown in Fig.6.  

The SEM results reveal that the surfaces of steel samples were corroded at all test temperatures. 

At 20
o
C, a relatively rough surface with corrosion products was observed as shown in Fig 6a. When 

the test temperature was increased to 30°C, pits located across the entire surface of API X80 steel 

surface were observed. This could be attributed to decrease in the corrosion scar depth observed at this 

test condition (Fig.5b).  
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Figure 6. SEM micrographs of the corroded API X80 steel samples  at (a) 20°C, (b) 30°C,(c) 40°C, (d) 

50°C and (e) 60°C. 

 

These pits appeared to be formed at the white ferrite orientation. The pitting corrosion further 

increased when the temperature was increased to 40°C (Fig.6c). It is evident that the number of pits 

observed on the API X80 steel at 40°C is more than that of 30°C. Hamdy et al. [23] reported that 

presence of sulfur could be responsible for the corrosive attack resulting from local acidification of 

iron sulfide formation. The results further revealed that localized replacement of protective iron oxide 

film by non-protective iron sulfide film may be responsible for the formation of pitting corrosion 

observed between 30 and 40°C. The micropits observed on the API X80 steel surface offer ‘transfer 

tunnel’ for aggressive species in bulk solution, which enhances the solution species to readily penetrate 

the metal surface, leading to an increase in the corrosion rates. This results in material removal of the 

sample surface through corrosion process as observed in this study. The EDX analysis of the corroded 

API X80 steel surface at 30 and 40°C temperature tests shows evidence of this sulfur element (Figs.6b 

and 6c). It therefore becomes obvious that the presence of sulfur contributed to the pitting mechanism 

observed in this study. It is clear that the pits formed on the API X80 steel surface (Figs.6b and 6c) 

belongs to the first iron sulfide product layer type as was shown in the XRD results (Fig.4). 

Fig.6d clearly shows that sulphur layers formed on the API X80 steel increased as the 

temperature was increased to 50°C. However, examination of the corroded surfaces at 50 and 60°C 

shows that the corroded surface exhibits some cracks on the sample surface which is in close 

agreement with the  increasing corrosion scar depth trend observed as the temperature was increased 

(Fig.5). It is well known that the pitting corrosion is one of the main potential sites for surface crack 

formation. This indicates that increasing the temperature to 50°C resulted in the change from pitting to 

crack formation on the API X80 steel surface, as seen in Fig.6d. Increasing the temperature of the 

solution to 60°C also showed that cracking of the API X80 steel surface was a dominant corrosion 

mechanism. Increase in the stress concentration in the pit will result in possible crack nucleation and 

subsequent propagation as observed in this study. There is a notable change in the cracks for the 60°C 

tests, when compared to the 50°C tests. The corroded surface of the API X80 steel at 60°C temperature 

test shows obvious large cracks on the sample surface compared to that of 50°C temperature test and 

could be attributed to increasing temperature effect on the sulfide formation (Figs.6d and 6e). It is clear 
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from the EDX analysis that Fe/S ratio slightly decreased with increasing temperature, indicating 

increasing concentration of sulfur with temperature. With respect to potentiodynamic data in Table 2 

and Fig.6, it could be seen that the pitting corrosion increased with increase temperature from 30 to 

40°C, whereas hydrogen-induced cracking was a predominant mechanism at 50 and 60° temperatures. 

 

 

 

4. CONCLUSIONS 

The corrosion behavior of API X80 steel was investigated in 3.5% of NaCl solution bubbled 

with H2S at temperature range of 20°C - 60°C, using potentiodynamic, EIS, XRD, profilometry and 

SEM techniques were used to characterize the corrosion mechanism. The following conclusions may 

be drawn: 

1. There is a significant increase in corrosion rates of API X80 steel immersed in NaCl 

solution and in the presence of H2S. Formation of corrosion pitting and hydrogen induced cracking 

occurred at lower and higher temperatures, respectively. 

2. Combined observations using XRD, SEM and EDX showed the presence of iron sulfide 

at different temperatures above the 20°C temperature. 

3. The increase in the corrosion rate was attributed to the formation of iron sulfide layers 

on the API X80 steel surface which builds up, cracks, breaks up and re-builds as more H2S was 

introduced in the solution. 

4. Profilometry analysis showed that corrosion of the API X80 steel resulted in material 

removal displayed by the trend in the corrosion scar depth profile as the temperature was increased. 
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