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The hydrogen permeation behaviors of L360NCS carbon steel in different H2S corrosive media were 

studied by a high-temperature, high-pressure hydrogen permeation system. The corrosive media 

contained 5% NaCl solution, 5.0% NaCl and 0.5% CH3COOH solution(NACE-A solution), and the 

service working condition solution. The results show that the corrosion products of L360NCS carbon 

steel differ depending on the corrosive medium. SEM analysis shows that the differences among the 

morphologies of the corrosion products are significant. Bulk and needle-like crystals are very common. 

Further analyses by XRD, TEM, and other methods reveal that the crystal structures of the corrosion 

products are also different.  
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1. INTRODUCTION 

Pipeline steel failure results in oil and gas leakages, as well as in significant economic losses 

and casualties. Hydrogen-induced cracking (HIC) and sulfide stress cracking (SSC) are well-known 

hydrogen-related problems of pipeline steels exposed to hydrogen sulfide (H2S)-containing media[1-

3]. Both HIC and SSC are due to the embrittlement phenomenon related to the trapping of H atoms 

generated during the corrosion of steel in H2S-containing corrosive media. Studies on hydrogen 

permeation are highly significant in understanding the corrosion mechanism as well as in solving the 

corrosion and cracking problems[4-7]. 

The most well-accepted corrosion reactions of steel exposed to a wet H2S environment are as 

follows[8]: 
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Anodic reaction:            2Fe Fe 2e                                 (1) 

Dissociation reactions:       + -

2H S H + HS                          (2) 

                                   - + 2-HS H +S                                                              (3) 

Cathodic reaction:    
+

2 (gas)2H 2 2H(atomic hydrogen) He               (4) 

The H
+
 ions present in acidic solution or produced by dissociation reactions in neutral and 

alkali solutions combine at the cathode with the electrons released by the steel to form atomic 

hydrogen on the steel surface. The hydrogen atoms combine to form molecular gaseous hydrogen. 

However, the presence of H2S gas in acidic solution or hydrogen sulfide ions (HS
-
) in neutral and 

alkali solution reduces the rate of hydrogen gas formation on the steel surface[9]. 

Studies on hydrogen-induced damage mostly focus on the behavior of hydrogen atoms entering 

a metal, the crack propagation process, as well as the material performance degradation 

mechanism[10], and neglect the effects of corrosion product films on hydrogen permeation. Studies on 

the effects of corrosion product films in environmental media under high-pressure H2S and of the 

crystal structure of corrosion products on hydrogen permeation are limited. 

Compared with metals, crystalline compounds have lower diffusion coefficients and higher 

diffusion activation energies. Ferrous sulfide, a crystalline compound, forms a dense protective film 

layer that significantly impedes hydrogen permeation [11,12]. Therefore, research on the effects of 

corrosion product films on hydrogen permeation is very promising. In this paper, different corrosion 

product films generated in a variety of corrosive media under a high-pressure hydrogen sulfide 

environment were studied. The effects of environmental media on the morphologies and crystal 

structures of corrosion product films, as well as on hydrogen permeation, were also discussed. 

 

 

 

2. EXPERIMENTAL PROCEDURES 

2.1 Specimens 

The specimens were made of L360NCS. Their chemical composition (wt%) was as follows: C, 

0.13; Si, 0.4; Mn 1.5; P, 0.02; S, 0.003; Cr, 0.3; and Fe balance. The specimens were heated from 920 

°C to 950 °C and then air cooled. 

The samples were 15 mm in diameter and 3 mm thick. Prior to each experiment, the sample 

surface was polished with 1200-grade wet silicon carbide paper and degreased with acetone. The 

hydrogen detection side of the sample surface was nickel plated in Watt’s bath solution [250 g/L nickel 

sulfate (SO4·6H2O), 45 g/L nickel chloride (NiCl2·6H2O), and 40 g/L boric acid (H3BO3)]. Before 

nickel plating, the sample was cleaned with 3 mol/L hydrochloric acid and distilled water. The current 

density of nickel plating was 20 mA/cm
 2

, the duration was 9 min, and the plating layer thickness was 

about 1 μm. 
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2.2 Hydrogen permeation measurements 

Studies on hydrogen diffusion in steels are extensive[13]. In the current work, a dual cell called 

a “modified Devanathan–Stachurski cell”[14] that is a popular equipment for testing hydrogen 

diffusion behavior, was used. The electrolytic cell of the dual cell was replaced by a high-temperature, 

high-pressure autoclave. The sketch of the equipment for testing hydrogen permeation was described 

in reference [15]. Hydrogen permeation experiments under high pressure were performed with the 

improved device. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Hydrogen permeation curve 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Hydrogen permeation current curves in the three different corrosive media. 

 

Fig. 1 shows the hydrogen permeation curves of L360NCS carbon steel in three different 

corrosive media with 1.0 MPa H2S at 25 °C: 5% NaCl solution, 5.0% NaCl and 0.5% CH3COOH 

solution (NACE-A solution), and the service working condition solution. It was found that the 

absorbed hydrogen content reached maximum values then gradually decayed with time. The time 

dependence of the absorbed hydrogen content is attributable to the protective effect of the corrosion 

products on the steel surface[16]. Corrosion products can block hydrogen absorption because hydrogen 

diffusion is generally very slow through the non-metallic sulfide or oxide layer. Kimura et al. showed 

the hydrogen permeation rate reaches a maximum value within 10 h, then very quickly decreased at 
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high pressure H2S[17].  

The time decay of the absorbed hydrogen content in the three curves can be explained based on 

the time-dependence of the hydrogen permeation. The change trends of the three curves demonstrate 

the hindering effect of the corrosion product films [18,19], which is determined by the morphology and 

crystal structure of the corrosion products [20]. In other words, the compositions, morphologies, 

crystal structures, and properties of the corrosion products formed in different corrosive media can 

affect hydrogen permeation.  

By comparing the three hydrogen permeation curves, the service working condition solution is 

found to yield the maximum hydrogen permeation current and shortest duration. Thus, the hydrogen 

permeation ability was weakest in the service working condition solution which means that the 

corrosion productions formed on the surface of L360NCS exposed to service working condition pose 

higher protection. Some differences between the 5% NaCl and NACE-A solutions were observed in 

the hydrogen permeation curves. First, the hydrogen permeation current in the rising period is larger in 

NACE-A solution than in 5% NaCl solution, which can be attributed to the lower pH (2.7) of NACE-A 

solution. Second, the platform state in NACE-A solution has smaller volatility than 5% NaCl solution, 

which may be related to the composition of the corrosion product film. Third and last, the hydrogen 

permeation currents at the ends of the three hydrogen permeation curves decrease to a low value, 

which means that the corrosion product films have significantly hindered the process of hydrogen 

permeation. The reason is that the hydrogen product could effectively hinder the electrochemical 

reactions because the corrosion product films affect the diffusion process of ions, such as HS
-
, aqueous 

H2S, Cl
-
, etc[15].  

 

3.2 SEM image analyses 

The corrosion products on the sample surface differ with the change in corrosive media of H2S 

at an H2S pressure of 1.0 MPa and at 25 °C. Fig. 2 shows the morphology of the corrosion products of 

carbon steel L360NCS in the different corrosive media: 5% NaCl solution (Figs. 2a and 2b), NACE-A 

solution (Figs. 2c and 2d), and the service working condition (Figs. 2e and 2f).  

The morphologies of the corrosion products in the three different corrosive media significantly 

vary. The corrosion product film formed in 5% NaCl solution is very compact and dense. The surface 

morphology of the film has two basic forms: needle-like (dominant) and bulk (small amount) crystals 

(Figs. 2a and 2b). The corrosion product film formed in NACE-A solution is more compact and dense. 

The surface morphology has only one basic form, i.e., bulk crystals (Figs. 2c and 2d). The corrosion 

product film formed in the service working solution is very loose. The surface morphology also has 

two basic forms: bulk crystals (on the matrix surface) and loose needle-like crystals (Figs. 2e and 2f). 

The morphologies of corrosion productions varied with the different corrosion environments. 

Ren et al.[21] pointed out that the corrosion scale mainly composed of coarse grains in sour corrosion 

and the corrosion rate decreased slowly and pitting became slight with increasing partial pressure of 
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H2S for the formation of fine grains of pyrrhotite. The needle-like corrosion production formed in the 

5% NaCl solution was also found when the coupons were exposed in top-of-line corrosion experiments 

at 70
o
C and only 0.013mPa H2S for a 3 week exposure[22] 

 

 

 

 

Figure 2. Different morphologies of the corrosion products of carbon steel L360NCS in different 

corrosive media with an H2S pressure of 1.0 MPa and at 25 °C. (a)(b) 5% NaCl solution, (c)(d) 

NACE-A solution, (e)(f) service working condition solution. 

(a) (b) 

(c) (d) 

(e) (f) 
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3.3 XRD and TEM analyses 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. XRD spectra of the corrosion product films in three different solutions. 

 

The XRD patterns in Fig. 3 indicate that the corrosion product films all mainly consist of iron 

sulfide but differ in the crystal structures. A comparison of the curves in Fig. 3 shows that the 

compositions of the corrosion product films in the three different H2S solutions differ from one 

another. Mackinawite and troilite are the main compositions of the corrosion product films in 5% NaCl 

solution and the service working condition solution, whereas only mackinawite is contained in the 

NACE-A solution. Mackinawite is a common mineral composed of tetragonal crystals, whereas troilite 

is hexagonal. The different crystal structures of iron sulfides formed in H2S-containing corrosive 

media were described in detail in reference [23]. 

To study further the corrosion product films, the corrosion products were investigated by 

transmission electron microscopy (TEM). The TEM analysis results are shown in Fig. 4. Fig. 4(a) 

shows the TEM image of a corrosion product in 5% NaCl solution and the service working condition 

solution. The selected area diffraction pattern (SADP) in Fig. 4(b) indicates that the troilite phase 

exists in the corrosion products.  
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Figure 4. (a)(b) TEM images of the corrosion product troilite. (c)(d) HRTEM images of the corrosion 

product mackinawite. 

 

Fig. 4(c) shows the TEM image of other corrosion products formed on the surface of L360NCS 

in the three different corrosive solutions. The SADP in Fig. 4(d) indicates that the mackinawite phase 

exists in the corrosion products. The inset of Fig. 4(d) shows the high-resolution transmission electron 

microscopy (HRTEM) images of the corrosion product mackinawite. The formation of the corrosion 

product mackinawite and its lattice fringes can be clearly seen. The spacing value is 0.297 nm, which 

well agrees with the (101) planes of mackinawite. The different crystal structures of iron sulfides, such 

as mackinawite and troilite, were also analyzed in reference[24]. 

Although they are composed of iron and sulfur elements, the crystal structures of the corrosion 

product films significantly vary [24,25]. The differences of the crystal structures of iron sulfide are due 

to the corrosive medium differences [26]. Based on the abovementioned studies and SEM analyses, the 

bulk crystal is inferred to be a kind of mackinawite and the needle-like crystal is a kind of troilite. The 

three kinds of mineral have different crystal structures, which also affect the hydrogen permeation to a 

(a) 
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certain extent. The relationship between the crystal structures and their abilities to inhibit hydrogen 

permeation can also be inferred. 

 

 

 

4. CONCLUSIONS 

(1) Corrosion product films can significantly inhibit the process of hydrogen permeation. 

(2) The morphologies and crystal structures of the corrosion product films vary in different 

corrosive media. 

(3) Mackinawite and troilite are the main compositions of the corrosion product films in 

5% NaCl solution and the service working condition solution, whereas only mackinawite is contained 

in NACE-A solution. 

(4) The compositions, morphologies, crystal structures, and properties of the corrosion 

products can affect hydrogen permeation to a certain extent. 
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