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Abstrakt 
 Př íspě vek je vě nován hodnocení difúzního koeficientu vodíku v trubkách z 
mikrolegovaných ocelích jakosti X52 a X60 podle př edpisu API. Oceli byly studovány ve dvou 
rozdílných strukturních stavech, jednak ve stavu po válcování, kdy mě ly př evážně  ř ádkovitou 
feriticko-perlitickou strukturu, jednak ve stavu po kalení a popouště ní, kdy mě ly strukturu 
tvoř enou smě sí popuště ného martenzitu a bainitu. Vzorky, které mě ly charakter tenkých disků , 
byly odebrány ve dvou rozdílných smě rech – kolmo, resp. rovnobě žně  s povrchem trubky. 
 Koeficient difúze vodíku studovaných ocelí byl stanoven metodou elektrochemické 
permeace. Permeač ní testy byly provedeny za pokojové teploty ve dvojité skleně né permeač ní 
cele, jejíž dvě  č ásti byly oddě leny zkušebním vzorkem, který tvoř il pracovní elektrodu. Vstupní 
povrch vzorku byl podroben katodické polarizaci v roztoku 0,05M kyseliny sírové. Výstupní 
povrch vzorku byl polarizován anodicky konstantním potenciálem 0,28V vzhledem k normální 
vodíkové elektrodě . Zkušebním roztokem na výstupní straně  byl 0,1M roztok hydroxidu 
sodného. Př ed vlastním experimentem byl výstupní povrch vzorku pokryt tenkou vrstvou 
paladia. Ke stanovení  difúzních koeficientů  vodíku bylo využito č asové změ ny anodického 
proudu ve výstupní č ásti zkušební cely. 
 Zjiště né hodnoty difúzního koeficientu vodíku ve studovaných ocelích ležely 
v intervalu (0,3 – 10,2).10-6 cm2.s-1. Nižší hodnoty difúzního koeficientu odpovídaly stavu po 
kalení a popouště ní. Role orientace se ukázala jako významná jen u vzorků  ve výchozím stavu, 
kdy byly zjiště ny vyšší hodnoty difúzního koeficientu vodíku u disk ů  orientovaných rovnobě žně  
s povrchem oceli. Zde existovala př ímá souvislost s ř ádkovitou strukturou ocelí a hodnotami 
difúzního koeficientu vodíku. 

 
 

Abstract 
 The presented work was focused on the evaluation of hydrogen diffusion coefficient 
in micro alloy X52 and X60 API steels (tubes) having different microstructures - banded ferrite 
and pearlite after hot rolling and the mixture of tempered  bainite and martensite after quenching 
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and tempering. The specimens, which had the form of thin discs, were taken in two distinct 
orientations – perpendicular or parallel to the tube surface.  
 The hydrogen diffusion coefficient was evaluated by the electrochemical permeation 
method. The permeation tests were performed at ambient temperature in a permeation cell 
composed of two glass compartments separated by the specimen (working electrode). The 
hydrogen entry side of the cell was polarized galvanostatically at a constant current density in 
0.05 M H2SO4. The hydrogen exit side of the cell was held at a constant potential of 0.28 VNHE 
in 0.1 M NaOH. The exit side of specimens was previously coated with a thin layer of Pd. The 
anodic current recorded at the hydrogen exit side was the measure of hydrogen permeation rate.  
 The calculated values of hydrogen diffusion coefficient varied from (0.3 to 10.2).10-6 

cm2.s-1. Lower values were found for the specimens after quenching and tempering. The role of 
orientation was important only for specimens after hot rolling, where higher values of hydrogen 
diffusion coefficient were detected for the specimens perpendicular to the tube surface. These 
results could be correlated to the band orientation. 

 

Keywords: Micro alloy steels, hydrogen diffusion, electrochemical permeation method, 
microstructure, banded structure 

 
 

1. Introduction 
 Petroleum and natural gas systems can be contaminated with wet H2S. This 
environment is very aggressive to the steels used in the transport and processing of these 
products and it can result in various forms of hydrogen embrittlement. The reaction between wet 
H2S and the steel generates atomic hydrogen, which can be, at least partially, absorbed into the 
steel. In the absence of applied stress, the diffused hydrogen can cause hydrogen induced 
cracking (HIC). The resistance of steels to HIC is closely related to the microstructure features: 
non-metallic inclusions, hard phase constituents, banded structures etc. [1-3]. In the presence of 
applied or residual stress, the failure process can occur by sulphide stress cracking (SSC) or 
stress oriented hydrogen induced cracking (SOHIC). In the case of SSC, steel resistance is 
commonly derived from its strength level. It is generally accepted that steels having tensile 
strength less than 690 MPa approx. are resistant to SSC [4,5]. The role of microstructure is not 
emphasized although there are some works showing that microstructure can also play an 
important role in the case of SSC [6,7]. In the previous works [8,9], it was proved that even in 
case of SSC the resistance of the steels can be improved by the heat treatment – quenching and 
tempering, if the banded structure of ferrite and pearlite is replaced by the tempered martensite 
and/or bainite. The resistance of the steel to the hydrogen embrittlement is affected by both the 
microstructure and hydrogen concentration. To understand the hydrogen embrittlement it is 
necessary to characterize also the hydrogen transport – diffusion. In this work hydrogen 
diffusion coefficient in micro alloy X52 and X60 API steels (tubes), having different 
microstructures - banded ferrite and pearlite after hot rolling and the mixture of tempered  
bainite and martensite after quenching and tempering, is evaluated. The role of specimen 
orientation is also taken into account. 

 
 

2. Materials and experimental procedure 
 The materials used in this study were tubes made of X52 (255/20 mm) and X60 
(500/12 mm) steels meeting requirements of API 5L standard. The chemical composition of the 
studied steel is given in Table 1.  
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        Table 1  Chemical composition (mass %) 
Steel C Mn Si P S Cr Ni V Nb Ti 
X52 0.09 0.92 0.28 0.007 0.010 0.02 0.01 0.01 0.04 0.01 
X60 0.21 1.52 0.19 0.012 0.003 0.16 0.15 0.05 0.03 0.01 

 
 

 API steels were studied in two different states: 
• in as-received state (AR) -after hot rolling; 
• after laboratory quenching and tempering - (QT) 870°C/40 min/water + 600°C/2 

hours/air.  
 The hydrogen diffusion coefficient was evaluated by the electrochemical permeation 
method originally developed by Devanathan and Stachurski [10]. The specimens, which had the 
form of thin discs (thickness<1 mm), were taken in two distinct orientations – perpendicular 
(LONG) or parallel (TT) to the tube surface. The corresponding schema is shown in Fig. 1.  

 

 
Fig.1 Depiction of specimen taking for permeation tests 

 
 

 Specimen surfaces were prepared by grinding and polishing up to 1200 grade emery 
paper. The exit side of specimens was coated with a thin layer of Pd. Permeation tests were 
performed at ambient temperature in a permeation cell composed of two compartments 
separated by the specimen (working electrode). The hydrogen entry side of the cell was 
galvanostatically polarized in 0.05 M H2SO4. The hydrogen exit side was held at a constant 
potential of 0.28 VNHE in 0.1 M NaOH. At the exit side, the anodic current was continuously 
recorded. For the X52 steel, the first built-up transient was recorded at a current density of  –5 
mA..cm-2. After achieving the steady-state conditions, the entry side was polarized anodically at 
a current density of +10 mA.cm-2 for approx. 15 to 30 minutes to refresh the specimen surface. 
After that, two or three successive build-up transients were recorded at current densities of -5, - 
10 and –20 mA.cm-2. The diffusion coefficient of hydrogen (DH) was calculated from all present 
built-up transients. In the case of X60 steel, three successive build-up transients were recorded at 
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the beginning, before the anodic polarization. After the anodic polarization of the specimen 
surface, the other successive build-up transients were recorded. 

 
 

3. Results and discussion 
3.1  Microstructure  
 Examples of microstructure of API steels are shown in Fig. 2. In both X52 and X60 
API steels ferrite and some bands of pearlite were observed in longitudinal sections for AR 
conditions (Fig. 2a,b). The banded structure was much more pronounced in X52 steel. After 
laboratory quenching and tempering microstructure corresponded to the tempered bainite with 
some amount of ferrite (X52) or to a fully tempered martensite (X60) regardless to the specimen 
orientation (Fig. 2c,d). The banded structure disappeared after QT. 

 

 

 

 
a) X52 steel – longitudinal section - AR b) X60 steel – longitudinal section - AR 

  
c) X52 steel – longitudinal section - QT c) X60 steel – longitudinal section - QT 

Fig.2 Microstructures of the studied steels 
 
 

3.2  Hydrogen permeation tests 
 The examples of the hydrogen permeation cycles are given Fig. 3 for X52 steel (AR 
state) and Fig. 4 for X60 steel (QT state). The obtained results are presented in the form of 
diagrams showing the relation between the elapsed time and the anodic current (at the exit site) 
for the longitudinal orientation of the specimens. 
 The Fig. 3 is a typical example of the anodic current evolution for both X52 and X60 
steels it the AR condition. The well defined first build-up transient corresponding to the first 
permeation could be observed as well as the drop of the current during the anodic polarization. 
After that, the hydrogen did not pass through the specimen any more. Despite the fact that the 
anodic polarization was performed to facilitate the hydrogen permeation it blocked it in a certain 
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manner. That is why the hydrogen diffusion coefficient could be calculated only from the first 
build-up transient. The situation was different in the HT condition. In this case, hydrogen passed 
through the specimen even after anodic polarization, which can be seen in the Fig. 4. Hydrogen 
diffusion coefficients could be calculated from all build-up transients. The values of hydrogen 
diffusion coefficient were calculated using the following equation [11]: 
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where Id0, Id1, Id2 represent values of anodic currents for the corresponding times t0, t1, t2 and e is 
the specimen thickness. The results of hydrogen diffusion coefficient are given in the Table 2 for 
X52 steel and in the Table 3 for X60 steel. 

 

 
Fig.3 Permeation cycle – anodic current vs time – X52 steel, AR condition 

 

 
Fig.4 Permeation cycle – anodic current vs time – X60 steel, QT condition 
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 Table 2  Values of hydrogen diffusion coefficient for X52 steel 

state AR HT 
X52 

direction LONG TT LONG TT 

1. perm. 
I c=-5 mA 

DH  
[m2.s-1] x 

1010 
4.0 1.5 2.6 1.3 

Anodic pol. 
+10 mA 

      

2. perm. 
I c=-5 mA 

DH  
[m2.s-1] x 

1010 
- - 2.3 - 

3. perm. 
I c=-10 mA 

DH  
[m2.s-1] x 

1010 
- - 7.4 - 

 
 

 It is evident that the lowest values of hydrogen diffusion coefficient DH were found 
for the first permeation. It is due to the presence of hydrogen traps in the steels. After the anodic 
polarization, the values of DH were even lower than during the first permeation. It may indicate 
that nearly all hydrogen could escape from the specimen during the anodic polarization. It can be 
assumed that only rather weak traps are present in the steels. As already mentioned, the anodic 
polarization hindered the subsequent hydrogen passage, at least in AR condition. It can be 
attributed to the microstructure attack during the anodic polarization. The successive transients 
(if present) give higher values of DH. It may result from the fact that nearly all the hydrogen 
traps were filled up by hydrogen during the first permeation. In the case of X52 steel, the lower 
values of DH were found for the TT orientation of the specimens. It can be attributed to the 
presence of heavily banded structure in this steel, especially in the AR condition. The passage of 
hydrogen was probably more difficult if it passed perpendicularly to the bands of pearlite and 
ferrite. Much more information about the hydrogen diffusion coefficient evaluation in X52 and 
X60 steels can be found in [12]. 

 
Table 3  Values of hydrogen diffusion coefficient for X60 steel 

state AR HT 
X60 

direction LONG TT LONG TT 

1. perm. 
I c = - 5 mA 

DH [m2.s-1] x 1010 0.9 1.3 1.0 0.8 

2. perm. 
I c = - 10 mA 

DH [m2.s-1] x 1010 5.1 6.5 12.6 8.7 

3. perm. 
I c = - 15 mA 

DH [m2.s-1] x 1010 4.1 10.2 10.8 7.4 

Anodic pol. 
 +10 mA 

      

4. perm. 
I c = - 5 mA 

D [m2.s-1] x 1010 - - 0.4 0.3 

5. perm. 
I c = - 10 mA 

D [m2.s-1] x 1010 - - 8.0 6.1 

6. perm. 
I c = - 15 mA 

D [m2.s-1] x 1010 - - 10.2 7.6 

 
 

4. Conclusions 
 The presented paper was devoted to the evaluation of hydrogen diffusion coefficient 
in X52 and X60 API steels by means of the electrochemical permeation. The results can be 
summarized as follows: 
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• The first build-up transients give the lowest values of hydrogen diffusion coefficient; 
• Only the weak hydrogen traps are present in the steels; 
• The anodic polarization did not facilitate the subsequent hydrogen passage through the 

specimens. On the contrary, it hindered it, at least in AR conditions. 
• In the case of the banded structure, the diffusion of hydrogen is more difficult 

perpendicularly to the bands.  
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