
Insight - Material Science Volume 2 Issue 1 | 2019 | 1  

ABSTRACT 
The paper deals with the effect of microstructure on the hydrogen diffusion in traditional ferritic-pearlitic HSLA steels 
and new high strength steels, with tempered martensite microstructures or banded ferritic-bainitic-martensitic 
microstructures. Diffusivity was correlated to the hydrogen embrittlement resistance of steels, evaluated by means of 
slow strain rate tests. 
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1. Introduction 
Carbon and micro-alloyed steels for buried and marine pipelines are generally protected from generalized corrosion by 
means of protective coatings and Cathodic Protection (CP). Pipelines are polarized at cathodic potentials in the range -0.8 
to -1.1 V vs SCE, but very negative values could be reached on overprotected areas close to the impressed current anodes, 
therefore the electrochemical hydrogen evolution reaction can take place[1,2]. Adsorbed atomic hydrogen, produced on the 
metal surface by the cathodic reaction, can enter the metal through a diffusion process owing to its high solubility in the 
metal lattice, with various consequences that are generally called hydrogen damage. In the presence of a susceptible 
material and an adequate mechanical stress, fracture in the metal can occur due to the occurrence of Hydrogen 
Embrittlement (HE). Different theories have been proposed to explain the hydrogen assisted cracking mechanism[3-12]. 
Due to the Hydrogen Enhanced Decohesion (HEDE) - also called Hydrogen Induced Decohesion (HID) mechanism - the 
hydrogen accumulated at a crack tip lowers the cohesive energy of the iron lattice, giving rise to a reduced fracture 
toughness[6,7], which describes the brittle fractures observed in metals caused by HE. The effect of hydrogen on ductile 
fracture can be explained by means of the Hydrogen Enhanced Localized Plasticity (HELP) theory, for which hydrogen 
redistribution occurs around dislocations and reduces the elastic interaction energy between them; consequently, the shear 
stress necessary to move the dislocations decreases and material softening arises[8]. The model of Hydrogen Enhanced 
Strain-Induced Vacancies (HESIV) proposes that the primary function of hydrogen in degradation is to enhance the strain-
induced creation and agglomeration of vacancies, thus promoting an easy formation and linking of microvoids for the 
fracture process[9,13]. HE susceptibility of steels increases with their mechanical properties[14-16]. 
 
Traditional HSLA steels are produced by means of hot rolling or controlled rolling and have ferrite-pearlite banded 
microstructures, oriented along the rolling direction, with a different ferrite grain dimension. Quenched and tempered steels 
are also used with microstructures varying from martensite to acicular ferrite depending on the tempering temperature, as 
well as carbides. On the other hand, given the increased pressure of the transported oil/gas and the decreased wall thickness
 
 
 

 

Copyright © 2019 Cabrini Marina et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial 
4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any 
medium, provided the original work is properly cited. 

http://creativecommons.org/licenses/by-nc/4.0/)


2 | Cabrini Marina et al. Insight - Material Science  

of the pipes[17], there has been a trend towards the increase in the relevant mechanical properties of pipeline steels, 
particularly as the use of high-strength steel pipelines is cost effective. In recent years, API 5L X100 grade steel has been 
developed and installed in recently constructed pipelines in northern Canada and the Japanese Sub-Sea[18-20]. 
 
Over the last few years the International Standards on CP have been modified to introduce critical values of negative 
potentials that cannot be exceeded in case high strength steels are used. The ISO 15589-1:2015 standard specifies that the 
CP potential of high strength steels (yield strength above 500 MPa) and corrosion-resistant alloys - such as martensitic and 
duplex stainless steels - shall be determined correctly in order to avoid the risk of hydrogen formation on the metal surface. 
 
HE risks, either microbiologically produced or due to CP, have also been considered in the ISO 19902:2007 standard in 
which it is specified that HE susceptibility increases with the yield strength for steels with a specified minimum yield 
strength (SMYS) values in the range of 460-500 MPa. However, field experience has demonstrated that thermo-
mechanically controlled processed steels with SMYS values between 450 and 480 MPa are not susceptible to HE[21]. 
 
In the field, the observation of HE is mainly associated with the presence of hard spots[22]. The critical role of the hard spots 
can be ascribed to the presence of martensite which is the most susceptible microstructure to HE[11,23-25]. Furthermore, 
Razzini et al -by visualizing the hydrogen distribution in an artificial hard spot on API 5L X60 steel with the use of a 
photoelectrochemical technique - demonstrated that the solubility of hydrogen in the heat affected zones of hard spots is 
higher than in the base material[26]. 
 
In the absence of microstructural alterations few cases were observed, and only in buried pipelines subject to slow plastic 
deformations[27-29] or mechanical damage and landslides[30]. Corrosion-Fatigue (CF) can occur on sea lines as a result of the 
combined action of cyclic stress and corrosive environment[21,31-33]. In this regard, there are numerous laboratory studies 
reported by different authors on HE on pipeline steels[1,34-43]. Nevertheless, some aspects of this phenomenon remain poorly 
understood. 
 
The DNV recommended practice (DNV-RP-B401) also discusses many details relating to the protection potential of high 
strength steel and suggests laboratory tests to evaluate the risk of HE that can occur under CP. For instance, constant 
extension rate testing (SSR) is applicable to compare the susceptibility of steels from the same class (i.e. hot rolled) but a 
comparison between different classes is not applicable. In HE, hydrogen must be continuously supplied at the crack tip for 
propagation, thus the crack growth rate was controlled by the hydrogen transport rate, the applied stress and the steel 
intrinsic susceptibility. 
 
This study reports the influence of microstructure on hydrogen diffusivity in HSLA steels for pipelines. Hydrogen 
electrochemical permeation tests were presented as a function of direction with respect to the rolling direction in order to 
evaluate the effect of anisotropy. The diffusivities are correlated to the hydrogen embrittlement susceptibility evaluated by 
means of slow strain rate tests. The results are compared to literature data and previous results[21,44-48]. 
 

2. Materials and methods 
The tests were carried out on three ferrite-perlite API 5L X65 steels for off-shore pipelines (Table 1 and Table 2). The 
steels show microstructures oriented along the rolling direction (Figure 1). Steel A and B were produced by means of hot 
rolling. Steel C was produced by means of controlled rolling. 
 
Hydrogen permeation tests were carried out according to the electrochemical methods proposed by Devanathan-
Stachurski[49]. A metal membrane was settled in a permeation cell between two compartments and acted as a bielectrode. 
One side (hydrogen entry side) was in contact with a NaCl 0.6 M solution and polarized at -1050 or -1500 mV vs SCE by 
means of a potentiostat and a platinum counter electrode. The opposite side (hydrogen exit side) was in contact with a 0.1M 
NaOH solution and polarized at +200 mV vs. SCE. The reference electrode was a double junction Saturated Calomel 
Electrode (SCE). The electrode surface was 1 cm2 wide. The temperature was regulated at 25 °C with a thermostat. The 
solution in the cathodic compartment (hydrogen entry side) was re-circulated in order to avoid concentration variations and 
formation of hydrogen bubbles on the metal membrane. The anodic current on hydrogen exit side was monitored during the 
permeation test until a steady state of the hydrogen permeation flux was reached[50]. The diffusion coefficient (Deff) was 
evaluated along the three principal directions: rolling direction, perpendicular to transverse section (T), transverse direction, 
across thickness, perpendicular to rolling surface (P) and transverse direction perpendicular to the longitudinal section (L) 
using the time-lag method[51]. Some tests were carried out on specimens with the anodic side electroplated with palladium. 
 
 
 
 



Insight - Material Science Volume 2 Issue 1 | 2019 | 3  

Slow Strain Rate (SSR) tests were performed on 3 mm diameter cylindrical tensile specimens at strain rates ranging from 
10-3 to 10-7 s-1 in aerated substitute ocean water (ASTM D1141-75 Standard Specification) under cathodic protection. The 
test solution flowed from a 25-liter reservoir, by means of a membrane pump, into a 200 mL cell made of glass and PTFE. 
CP was applied with a potentiostat by using a saturated calomel electrode (SCE) as reference and graphite as counter 
electrode. 
 
The hydrogen embrittlement effects were evaluated by normalizing the Reduction in Area (RA) to the value obtained after 
the test in air. Fracture analysis was also performed in order to establish brittle areas on the fracture surface and secondary 
cracks. 
 

Table 1. Chemical composition 
Steel C Mn Si P S Cr Ni Mo Nb Cu 

X65 A 0.09 1.64 0.24 0.003 0.002 0.031 0.017 0.002 0.049 0.011 

X65 B 0.08 1.60 0.31 0.009 0.003 0.053 0.034 0.006 0.046 0.043 

X65 C 0.05 1.55 0.16 0.002 0.003 0.031 0.005 0.248 0.041 0.015 
 
 

Table 2. Producing processing, microstructure and mechanical properties 

Steel Production 
processing Microstructure TYS (MPa) 

Rp,0.2 Long 

UTS 
(MPa) 

Ferrite grain size (µm) 
Longitudinal 
section1 

Transverse 
section 

Planar 
section 

X65 A Hot rolling Ferrite-pearlite 399 518 15 16 25 
X65 B Hot rolling Ferrite-pearlite 485 567 19.5 20 16 
X65 C Controlled rolling Ferrite-pearlite 507 579 11 9.4 10 

1 Longitudinal section perpendicular to rolled section 
 

 
 

Figure 1. Microstructure of the X65 steels 

 

3. Results and discussion 
Figure 2 shows the permeation curves measured across the longitudinal section, which is the circumferential direction of 
the pipe. The passivity current was subtracted from the permeation curves. Table 3 reports the values of Deff. The hydrogen 
diffusion coefficients are independent from the potentials and there is a fairly good reproducibility between the tests with 
and without the palladium coating. Steel X65C has hydrogen diffusion coefficients higher than the other steels. There is no 
evidence of anisotropy of the hydrogen diffusion coefficients related to the rolling direction. Probably the thickness of the 
specimens is too high, if compared to the grain dimension, to allow the evaluation of any difference between the diffusivity 
in the different directions. 
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Figure 2. Example of permeation curves 

 

 
Figure 3. Stress vs strain curves obtained in the SSR tests on the specimens of X65B steel in artificial  

         sea water under cathodic protection at strain rate 10-5 s-1 and different applied potential. 
 

 
Table 3. Results of the permeation tests. E= -1050 mV vs SCE 

 
 
 
 
 
 
 
 

1 anodic side electrochemically coated with palladium;   2 Test at E = -1500 mV vs SCE 
 

Table 4. Hydrogen diffusion coefficients of similar steels reported in literature 

Steel X601 X601 quenched X802 X1001 X65M2 X85M2 

Section P T P P P T P P 

Deff × 
107(cm2/s) 

5.6 
11.5 8.5 3.7 4.7 3.9 3.9 4.2 4.0 

1Data by Cabrini et al. [45]      2Data by Zucchi et al. [48] 
 

 

Steel 
X65A X65B X65C 

P T L P T L P T L 

Deff × 107 
(cm2/s) 

   2.7      

2.6 0.9 
1.91 

2.0 
2.01 

2.2 
1.7 

2.2 
2.01 

1.4 
2.01 

4.2 
3.02 

4.4 
4.11 

4.6 
3.11 

   3.62      
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Table 5. Microstructure, mechanical properties and chemical composition of steels in Table 4
 

Steel Production 
processing Microstructure TYS 

(MPa) 
UTS 
(MPa) C Mn Si P S Cr Ni 

X60 Hot rolling Ferrite/pearlite 4302 588 0.22 1.35 0.24 0.012 0.024 <0.01 0.01 

X80 Controlled 
rolling and 
accelerated 
cooling 

Ferrite/pearlite 
/bainite 5472 658 0.07 1.89 0.19 0.017 0.006 n.d. 0.28 

X100 Ferrite/martensite 6632 750 0.07 1.96 0.34 0.035 0.007 0.03 0.31 

X65M Oil quenching 
and tempering 

Tempered 
martensite 

5522 619 0.10 1.12 0.30 0.010 0.002 0.142 0.418 

X85M 6373 738 0.10 1.11 0.29 0.015 0.002 0.17 0.42 
1(% weight);      2Rp,0.2 Long;       3RT,0.5 Long. 

 
 

Table 6. Results of the SSR tests in artificial sea water or (1) NaCl 35 g/L solution 

Steel 
Strain rate 

10-4 (s-1) 10-5 (s-1) 10-6 (s-1) 

E (V vs SCE) -0.90 -0.95 -1.05 -0.80 -0.85 -0.90 -0.95 -1.05 -0.85 

X60 [5] 11 11 0.71  11 11  0.51 0.95 

X65A 1 0.8   0.8 0.7  0.7 0.7 

X65B 1 0.7   1 0.8  0.6 0.5 

X65C 0.9 0.5   0.9 0.7  0.6 0.4 

X80 [5] 1   1 0.9 11; 0.9 0.8 0.61 0.9 

X100 [5] 11 11 0.91 11 11 11 0.91 0.71 0.9 

X65M [5] 11 11   11 11  0.71 0.9 

X85M [5] 0.7 1  1 0.9 11; 0.9 0.7 0.91 0.9 
 
Table 4 summarises the Deff values measured on steels that were studied in previous researches[45,48]. Table 5 shows their 
chemical composition and microstructures. They were obtained by means of controlled rolling and accelerated cooling 
(steels X80 and X100) or by quenching and tempering (steel X65M and X85M). The first two steels have a banded 
microstructure of very fine ferrite and present martensite and bainite inside the ferrite bands. The quenched and tempered 
steels have a microstructure of tempered martensite, with small rounded carbides uniformly distributed at the acicular 
ferrite grain boundaries. The diffusivities in X80, X65M and X80M steels were measured by Zucchi et al.[48]. In Table 4 the 
Deff values measured on a X60 steel produced in the „60s by means of hot rolling are also reported. This steel is 
characterized by a coarse micro-structure of ferrite and pearlite and present several manganese sulfur inclusions, oriented 
along the hot rolling direction. The old X60 steel has the highest diffusion coefficients. After quenching, this steel showed a 
diffusivity similar to that of the martensitic steels (Table 4)[45]. The X100 steel has a hydrogen diffusion coefficient very 
close to that of the martensitic steels, while the X80 steel has an intermediate value of Deff. Some authors suggested that the 
dominant transportation path of hydrogen in the banded ferrite/pearlite steels is along the ferrite grain boundaries and the 
ferrite/pearlite interfaces[52]. Luu and Wu demonstrated by means of a microprint technique that in ferritic/pearlitic steels 
the main hydrogen paths are represented by grain interior (lattice) and carbide-ferrite interface. For the same authors, in 
mar- tensitic steels the main diffusion paths of hydrogen are lath interfaces[53]. 
 
The three X65 steels considered in this paper showed similar stress vs strain curves in SSR tests carried out in artificial sea 
water, at 10-5 s-1 (Figure 3). The hydrogen embrittlement effects become evident only at potentials more negative than -
1000 V vs SCE. The examination of the fracture surface shows the presence of secondary cracks and brittle areas on the 
necking zone on the specimens tested at potentials lower than -850 mV vs SCE. The RA of the specimens decreases at very 
negative cathodic potentials, due to more evident hydrogen effects (Table 6). 
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Figure 5. Normalised reduction of area after SSR tests in synthetic sea water under cathodic protection at 10-5 s-1 strain  
rate vs applied potential 

 

 
Figure 6. Normalized reduction of area in SSR tests in sea water under cathodic protection  

at strain rate 10-5 s-1 as a function of the average hydrogen diffusion coefficient 
 

The examination of the fracture surface of the specimens was used in order to identify the critical value of potential for HE; 
value which is a function of strain rate. The steels with banded microstructures of ferrite/pearlite or 
ferrite/pearlite/bainite/martensite showed similar critical potentials, within a range of 50 mV (Figure 4a). Instead, 
martensitic steels showed spread values, with differences of about 150 mV (Figure 4b). This critical potential is related to 
the cracking initiation, and especially to the adsorbed hydrogen concentration, but not to the hydrogen diffusion coefficient 
into the steel. The differences evidenced by the martensitic steels were attributed to their heat treatment, especially to the 
size and distribution of carbides in their microstructure[21,54]. 

 
Figure 5 reports the normalized RA as a function of the potential during the SSR tests at strain rate 10-5 s-1. Values less 
than 1 are due to the hydrogen phenomena occurring in the specimen. It is evident that the differences between the 
behavior of the different steels become clearly visible at -1050 mV vs SCE. 



Insight - Material Science Volume 2 Issue 1 | 2019 | 7  

In Figure 6 the values of the normalized RA are related to the average hydrogen diffusion coefficient. For the banded steels, 
it is possible to individuate an increase in the hydrogen embrittlement phenomena as the hydrogen diffusion coefficient 
increases. Thus, the crack propagation, evaluated by means of the normalized RA, can be related to the efficiency of the 
hydrogen transport. Therefore, the evaluation of the hydrogen diffusion coefficient could be useful in order to implement a 
fast and economic method to evaluate the potential susceptibility to HE of newly developed low alloy steels and to qualify 
welding procedures. 
 

4. Conclusions 
The hydrogen diffusion coefficients and the hydrogen embrittlement resistance of the examined pipeline steels depend on 
microstructure. A correlation between the average diffusion coefficient and the SSR results was found for the rolling 
banded microstructure steels. The quenched and high-temperature tempered steel, with a sorbitic microstructure, showed 
the highest resistance to HE. 
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