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Abstract 
 

In presence of H2S and CO2, metallic materials, such as carbon and low alloy steels often 

used in pipelines, may be subjected to hydrogen damage and embrittlement. The most 

recent Oil and Gas plants often work in extreme conditions (sour condition and very low 

temperature). 

 

In this work hydrogen and low temperature effects, on mechanical behaviour of two 

pipeline steels, X65 microalloyed and F22 low alloy steels, are examined. In particular, it 

has been investigated how mechanical properties of these two steels depend and are 

affected by a combined effect induced by hydrogen and low temperature presence. 

 

A large number of mechanical tests have been performed in laboratory simulating real 

conditions in which these steels work. The specimens were cut from pipes and a part of 

them was hydrogen charged by a new electrochemical method. 

 

This new non-hazardous charging technique, was developed at the Chemistry, Material 

and Chemical Engineering Department CMIC “Giulio Natta” of the Politecnico di Milano, 

in order to introduce, in the material lattice, atomic hydrogen. Diffusible hydrogen content 

in specimens at about 180°C is in the range 0.6 to 2ppm. 

 

Impact, toughness and fatigue crack propagation tests were carried out on charged and 

uncharged specimens, by varying the test temperature and, for fatigue crack growth tests, 

also the load frequency. The experimental results show evident effects due to the hydrogen 

presence especially in slow load tests. 

 

The hydrogen diffusion rate in the steels structure seems to be the most important 

parameter in order to explain the temperature influence on the embrittlement process. 

 

Fracture surface examinations provide interesting details to study the phenomenon and 

confirms the mechanical testing results. 

 

A superposition model, able to predict the crack growth rate versus test parameters such 

as: temperature, frequency, presence of hydrogen and ΔK has been developed. By means 

of few tests, performed by fixing temperature and frequency, it is possible to estimate the 

material behaviour for different test conditions. The model is used for the evaluation of 

critical situations in different conditions. 

 

 

Keywords: Hydrogen embrittlement, High toughness steels, Fracture mechanics, 

Frequency, Low temperature, Superposition model, Fractography, 

Intergranular fracture, Cellular fracture. 
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INTRODUCTION 
 

Carbon steel and low alloy steel are commonly used in Oil&Gas industry when general 

corrosion, due to the presence of H2S and CO2, is considered acceptable to stand the 

design life. However, when sour condition occurs, the onset of Sulphide Stress Cracking 

(SSC) in the presence of H2S on susceptible materials must be investigated [1]. Once 

metallic materials are exposed to these conditions, in fact, hydrogen embrittlement (HE) is 

likely to take place, causing unexpected failures and considerable maintenance problems. 

Hydrogen embrittlement mainly involves, on material behaviour, loss in mechanical 

ductility, toughness reduction, degradation of fatigue properties and changes in the 

metallic bonding [2]. Furthermore, when very low temperatures, even below T=-30°C, are 

also present, as in most recent Oil&Gas plants, synergistic effects may occur, from the 

combination of sour conditions and low temperatures, on the mechanical behaviour of the 

used materials. 

 

This work is a part of an extensive research project carried out at Politecnico di Milano, 

sponsored by Eni S.p.A., that aims to investigate the mechanical behaviour of materials 

used in the above described conditions, in particular in an offshore Oil Field located in 

Kazakhstan, where low temperatures and sour environments are present. 

 

Extraction and refining oil plants built in Kazakhstan to exploit oil reservoirs, have to deal 

with extreme environmental conditions: temperature can vary from T=-30°C in winter to 

T=30°C in summer. Besides, the environment in which the structures and piping must 

work is sour, that is an aqueous environment with remarkable amounts of H2S, CO2, 

chlorates, haloids and organic sulphur compounds. Around 40% of worldwide petroleum 

and gas reservoirs contain such high amounts of dangerous compounds that constrains on 

design and material choices. Usually, thanks to their compatibility with the transported 

fluid and their relatively low cost, materials suitable in these conditions are carbon steels. 

 

In order to investigate the change in mechanical behaviour, several tests were carried out 

on hydrogen charged and uncharged specimens. Some problems and challenges were 

encountered during tests design; firstly it was difficult to effectively charge specimens 

with hydrogen. In this regard, a non-hazardous electrochemical charging method has been 

set up at the Chemistry, Material and Chemical Engineering Department CMIC “Giulio 

Natta” of the Politecnico di Milano in order to hydrogen charge the specimens. The 

mechanical characterization of the two steels is carried out through tensile, impact, 

toughness and fatigue crack growth tests, all of them designed and carried out in 

accordance with international regulations ASTM and ISO.  

 

Tests are carried out between a temperature range of T=-128°C and T=23°C both for 

hydrogen charged and uncharged specimens; in fatigue crack growth tests, also load 

frequency has been varied in order to investigate the effects on the materials. 
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Tests and simulation of real operative conditions represent an innovative approach in 

hydrogen embrittlement studies because, at the state of art, there are no similar testing. 

 

Numerical models, implemented through finite element software, have been developed 

with the purpose to support and optimize specimens and tests design, to evaluate and 

predict results and to assess the accuracy of the standards. For toughness tests, stress 

distribution at the crack front, has been studied in case of flat and side-grooved specimens. 

The optimal dimensions and the shape of the side-grooves were evaluated by several 

elastic-plastic numerical analyses, carried out by means of three-dimensional finite 

element models of the CT specimens. In addition, thermal exchange process has been 

studied to evaluate cooling and conditioning processes useful to bring specimens at the 

desired test temperature. 

 

A model, for the prediction of crack growth rate in materials subjected to hydrogen 

embrittlement, is utilized for the estimation of mechanical behaviour degradations and 

service life of pipelines under aggressive conditions. The model is based on a 

superposition of two effects: the mechanical component and that provided by the hydrogen 

presence. 

 

The model estimates the change of the material properties as a function of experimental 

parameters such as test temperature and load frequency. In particular, once it is known the 

material behaviour without hydrogen and, with a test on a charged specimen at fixed 

temperature and frequency, how hydrogen enhances embrittlement, it is possible to predict 

the crack growth rate and, therefore, the crack length after a certain number of cycles, for 

different temperatures and load frequencies. 

 

The thesis is structured of five chapters. 

 

In the first chapter, an overview of Oil&Gas industry processes is provided. Main 

damages, occurring on pipeline steels in sour environments, are shown, with particular 

regard to its effect on pipeline steels. Embrittlement due to hydrogen presence is 

introduced and the influence on the mechanical properties of pipeline steels is analyzed. 

 

In the second chapter hydrogen embrittlement for the investigated steels is discussed. The 

chapter deals the latest theories and models of hydrogen embrittlement from bibliography 

(HELP, HEDE, AIDE) and the hydrogen kinetics in steel; this chapter also provides 

powerful tools for further considerations. 

 

In the third chapter some details of the experimental procedures are discussed. Materials 

properties, microstructure and chemical composition are exhibited. The results of tensile, 

Charpy impact, toughness and crack growth tests are presented and analyzed. 
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In fourth chapter, a prediction model, for the estimation of fatigue crack growth in 

materials with hydrogen presence, is proposed; the model takes into account load 

frequency and temperature; the estimated trends propagations are verified with the 

collected data during crack growth tests. Model results are applied to real cases: a crack-

like defect is supposed inside the pipeline and its propagation, due to internal pressure 

variation, is estimated; in this way, it is possible to know the number of cycles and the 

service life of a structure with a defect, operating in corrosive environments. 

 

In chapter five, macro and micrographic observations are shown. For every tests, 

specimen fracture surface is analyzed by stereoscopic or optical microscope and by SEM; 

assessments and considerations on the fracture features are given. 

 

In the last chapter, conclusions and directions for further developments and improvements 

are given. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 

 

1 Hydrogen Embrittlement of Pipeline Steels 
 

 

 

1.1 General aspects of oil extraction 
 

The oil extraction from the ground is a complex operation due to the fact that natural oil 

reservoirs can be hundreds of meters below the surface, trapped in hard rocky pockets 

containing very aggressive chemical compounds. 

Oil extraction, from underground reservoirs, that takes millions of years to form, is 

performed by drilling the earth crust for a depth than can vary from few hundred meters 

until some kilometres. An oil well consists of a hole in the substratum, with a diameter 

around 15-80 centimetres that gradually decreases while depth increases; in this way it is 

possible to establish a physical link between the surface and the layers where petroleum is 

stored. Oil is then extracted through small diameter pipelines which can vary from 7 to 12 

centimetres in proximity of lower layers. 

What is extracted, is not pure crude oil but a mixture of different compounds [3]: 

 liquid hydrocarbons; 

 water, where it is possible to find dissolved salts, sulphates and carbonates; 

 a solid suspension of rocks; 

 a mixture of gasses made mainly of light hydrocarbons, CO2, H2S, sulphur organic 

compounds (Carbonyl sulphide and Dimethyl sulphide) and small amounts of inert 

gasses. 

 

Appropriate gathering lines, consisting of small and medium-size pipelines, channel the 

oil into vessels, where the first processing unit is performed, at almost the same pressure 

and temperature conditions present in the well. Inside the vessel there is a first refining 

step; crude oil is separated into different parts: water phase goes on the bottom together 

with the solid phase, petroleum occupies the central part, while gas phase fills the upper 

part of the vessel. 

 

Subsequently, oil is transported to the refineries or to a stocking terminal through 

pipelines. At this stage, corrosion effects are less remarkable since crude oil, deprived of 

the gas phase, is less corrosive. Uninteresting gas and liquid phases can be reinjected into 

the well or refined and commercialized. 

Figure 1.1 shows a typical onshore oil field: gas phase, water phase and oil in the rocks 

can be noted; as mentioned, the most critical conditions for structures are in the first stage 

where high pressures, high temperatures and aggressive environments are present. In order 

to safely extract oil in these conditions, materials standards and regulations for design in 

sour environment are used [4]. 
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Figure 1.1.  Schematic of an oil field and well-tubing. 

 

 

1.2 Corrosion in sour environments 
 

In Oil&Gas industry one of the most challenging issues to deal in designing is due to 

corrosion and hydrogen embrittlement for metallic materials, which can lead to disastrous 

consequences for the environment, the economic and also for the personnel health. 

In the last decades, energy demand has increased exponentially; this has led to research 

and exploitation of oil and gas reservoirs in hard regions, increasing the difficulty of the 

extracting process in terms of location, environments and corrosion conditions. For these 

reasons, unusual temperatures and environments require the designing of new materials 

for better performances. 

Usually, materials suitable in sour conditions are carbon steels because of their 

compatibility with the transported fluid and their relatively low cost. Nevertheless, carbon 

steels, are particularly susceptible in these conditions; if CO2 is present, general corrosion 

occurs and if CO2 and H2S are present at same time, hydrogen embrittlement takes place. 

Carbon dioxide increases the acidity of the water phase, causing a general faster corrosion 

rate. Hydrogen sulphide, instead, modifies the cathodic production reaction of hydrogen 

and can lead to hydrogen embrittlement of the pipelines since it prevents the hydrogen 

recombination reaction at the metal surfaces. 

Figure 1.2 shows chemical reaction at pipeline surface in sour environment. Also 

temperature has a relevant role in corrosion rates; hydrogen embrittlement, as it will be 

shown later, is deeply affected by temperature and presents a maximum effect at room 

temperature, while at higher and lower temperature its effect is reduced. 
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Figure 1.2. Chemical reaction at the steel surface in aggressive environment  

and possible types of damage [5]  

 

If the pipelines, that are working at very high temperature, are suddenly cooled to a 

temperature close to T=-30°C, due to a shutdown of the plant or routine maintenance 

operations, critical conditions can arise, due to the contemporary presence of hydrogen 

and low temperature, and the changes in mechanical characteristics must be taken into 

account and investigated. As mentioned before, hydrogen embrittlement can modify the 

ductile-brittle transition temperature, the toughness and the crack growth resistance in 

different manner and in relation to how the various effects interact together. 

 

 

1.3 Typical mechanical failures in sour environments 
 

Carbon steels, that have to operate in sour environment, are susceptible to hydrogen 

damages since hydrogen production reaction can occur due to the aggressive environment 

and atomic hydrogen can migrate inside the metal lattice as shown in Figure 1.2. There are 

many damages, macro and micro phenomena, that hydrogen, dissolved in the metal, can 

cause and they can mainly divided weather they involve a second phase product (hydrogen 

compounds and/or molecular hydrogen) or they involve atomic hydrogen as responsible of 

the failure (hydrogen embrittlement). Figure 1.3 shows typical hydrogen damages that can 

occur on pipelines. It is characteristic of corrosion in moisture and H2S environments that 

atomic hydrogen, owing to an electrochemical reaction between the metals and the H2S-

containing medium, enters the steel at the corroding surface. The presence of hydrogen in 

the steel may, depending upon the type of steel, the microstructure, inclusion distribution 

and the stress field (applied and residual), cause different damages and cracking. A brief 

description of the main types of cracking is given in [6][7]. 
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Figure 1.3. Classification of hydrogen damage [7] 

 

 

1.3.1 Sulphide Stress Cracking (SSC) 
 

Sulphide stress cracking is due to the contemporary action of stress and an amount of 

atomic hydrogen absorbed into steel during corrosion in sour environments. High strength 

steels and hard weld zones are particularly susceptible to SSC. The cracking process is 

very fast and, in few time, can cause catastrophic failures. In particular, three conditions 

must be present for the occurrence of SSC:  

 applied or residual stress; 

 material susceptibility; 

 embrittling agent, in this case hydrogen sulphide. 

 

SSC is enhanced by the presence of hard microstructures (martensite and bainite). These 

microstructures may be present in high strength low alloy steels (HSLA) or may come 

from incorrect heat treatments. Control of hardness is necessary in order to prevent SSC in 

sour environments. For a given strength level, tempered martensitic steels have better 

sulphide stress cracking resistance than normalized-and-tempered steels, which in turn are 

more resistant than normalized steels. Untempered martensite demonstrates poor 

resistance to sulphide stress cracking. It is generally agreed that a uniform microstructure 

of fully tempered martensite is desirable for sulphide stress cracking resistance. The 

presence of hydrogen sulphide in the environment promotes hydrogen absorption into 

steel. SSC effect increases with increasing hydrogen sulphide concentration or partial 

pressure and decreases with increasing pH. 
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The ability of the environment to cause sulphide stress cracking decreases conspicuously 

above pH 8 and below a partial pressure of hydrogen sulphide of about p=100Pa. The 

cracking tendency is most pronounced at ambient temperature and decreases with 

increasing temperature [8]. Typical fracture appearance due to SSC is reported in Figure 

1.4. 

 

 
Figure 1.4. SSC in (a) hard weld in ASTM A516-70 plate steel [9]  

and (b) hard heat-affected zone next to weld in A516-70 pressure vessel steel [10] 

 

Unlike stress corrosion cracking (SCC), that is an anodic process, SSC is considered to be 

a cathodic process. It is important a good evaluation of the failure behaviour, in order to 

don't enhance one or the other failure process. In fact, if SCC effects are reduced by 

applying cathodic protection, more hydrogen is introduced in the lattice, increasing SSC 

damages. 

 

 

1.3.2 Stepwise Cracking (SWC) 
 

The name “stepwise cracking” is given to surface blistering and cracking parallel to the 

rolling plane of the steel plate which may arise without any externally applied or residual 

stress. The terms, used to define such cracking, include: 

 blistering; 

 internal cracking; 

 Stepwise Cracking (SWC); 

 Hydrogen-Induced Cracking (HIC); 

 Hydrogen Pressure Induced Cracking (HPIC). 

 

Such cracks occur when atomic hydrogen diffuses in the metal and then recombines as 

hydrogen molecules at trap sites in the steel matrix. Favourable trap sites are typically 

found in rolled products along elongated inclusions or segregated bands of microstructure. 

The molecular hydrogen is trapped within the metal at interfaces between the inclusions 

and the matrix and in microscopic voids.  

(b) (a) 
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As more hydrogen enters the voids, the pressure rises, deforming the surrounding steel so 

that blisters may become visible at the surface. The steel around the crack becomes highly 

strained and this can cause linking of adjacent cracks to form SWC. The arrays of cracks 

have a characteristic stepped appearance. While individual small blisters or hydrogen 

induced cracks do not affect the load bearing capacity of equipment they are an indication 

of a cracking problem which may continue to develop unless the corrosion is stopped. At 

the stage when cracks link up to form SWC damage, these may seriously affect the 

integrity of equipment. Control of the microstructure and particularly the cleanliness of 

steels, reduce the availability of crack initiation sites and is therefore critical to the control 

of SWC [6]. Figure 1.5 shows typical blisters. 

 

 
Figure 1.5. Typical aspect of hydrogen blisters on (a) a vessel, (b) on C-0.5Mo nozzle flange used in 

Platformer unit [11], (c) on a carbon steel shell of an absorber/stripper tower in the vapour recovery section 

of a catalytic cracking unit [10] and (d) in wall plate of a CO2 scrubbing tower [12] 

 

High pressures may be built up at such locations due to continued absorption of hydrogen 

leading to blister formation, growth and eventual bursting of the blister. Such hydrogen 

induced blister cracks have been observed in steels, aluminium alloys, titanium alloys and 

nuclear structural materials [13]. The principal method used in order to prevent these 

damaging phenomena is to select a high quality clean material and, in some cases, to 

reduce stresses by heat treatment [14]. 

 

Flakes and shatter cracks are internal defects seen in large forgings. Hydrogen picked up 

during melting and casting, segregates at internal voids and discontinuities and produces 

these defects during forging. Fish-eyes are bright patches resembling eyes of fish, 

generally present on weldments fracture surfaces (see Figure 1.6) [13].  

 

Hydrogen enters the metal during welding process and produces this defect during 

operative phase, when stresses are present.  

(b) 

(a) 

(d) 

(c) 
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Steel containment vessels, exposed to extremely high hydrogen pressures, develop small 

crevices or micro perforations through which can cause leakage [6][7]. 

 
Figure 1.6. Macro fisheyes and a magnification showing a slang hole as a fisheye centre in a high strength 

steel 

 

 

1.3.3 Stress Oriented Hydrogen Induced Cracking (SOHIC) 
 

SOHIC is related to both SSC and SWC. In SOHIC staggered small cracks are formed 

approximately perpendicular to the principal stresses (applied or residual) resulting in a 

“ladder-like” crack array [5]. The mode of cracking can be classified as SSC caused by a 

combination of external stress and the local straining around hydrogen induced cracks. 

SOHIC has been observed in parent material of longitudinally welded pipe. Soft Zone 

Cracking is the name given to a similar phenomenon when it occurs specifically in 

softened heat affected zones of welds in rolled plate steels. The susceptibility of such 

welded regions to this type of crack types, is provided by a combination of microstructural 

effects, caused by the temperature cycling during welding and local softening in the 

intercritical temperature heat affected zone. This results in strains, within a narrow zone, 

which may approach, or even exceed, the yield strength. In the past, SOHIC has caused 

service failures of pipelines, but there are no reported service failures due to SOHIC in 

modern sour service steels [6]. In Figure 1.7 an example of HIC and SOHIC are shown. 
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Figure 1.7. (a) SSC in an hardened heat-affected zone on a weld (API, 1990) [15],  

(b) HIC in an ASTM A516-70 plate steel (note crack parallel to plate surface and ferrite/pearlite bands) [9],  

(c) SOHIC in the base metal adjacent to a weld heat-affected zone on an A516-70 plate steel [9]  

and (d) a general overview of the damage phenomena [16] 

 

In Figure 1.8 a pressure vessel, failed during its hydraulic test, is shown. The heat treating 

was not completed, so the presence of hydrogen, due to an aggressive environment cause a 

catastrophic failure. 

 

 
Figure 1.8. Failure of a pressure vessel, during a pressure test, due to an inadequate PWHT process 

(b) 

(a) 

(d) 

(c) 
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1.4 Hydrogen embrittlement, a possible definition 
 

A definition of hydrogen embrittlement is complex to be given, since it involves many 

branches of science; nevertheless, it can be understood as a general fracture-mechanical 

worsening of steel properties such as ductility, toughness, impact energy and crack growth 

resistance due to hydrogen dissolved in the lattice and segregated at crack tip, reducing the 

cohesion between iron atoms (Hydrogen-Enhanced DEcohesion, HEDE), increasing local 

plasticity (Hydrogen Enhanced Local Plasticity, HELP) and enhancing dislocation 

emission at crack surface (Adsorption-Induced Dislocation Emission, AIDE). According 

to this definition, the problem needs to be tackled in a methodical approach to divide and 

analyse all the aspects as it follows: 

 a solid mechanics analysis that models the behaviour of the material at high stresses 

and strain also in the plastic regime; 

 a fracture mechanics analysis that allows to model the stress distribution and plastic 

strains at crack tip; 

 a physical-chemical and kinetics analysis that takes into account reaction at surface 

and hydrogen penetration in the lattice; 

 a diffusion analysis that couples the diffusion of hydrogen, trapping and diffusion 

driven by stresses and plastic flow; 

 a micromechanical model that takes into account all previous problems and consider 

hydrogen concentration, critical stresses and strains and materials properties in order 

to give a quantified degradation in terms of mechanical properties [2]. 

The mechanism is well depicted in Figure 1.9, where all the mechanisms taking part 

(diffusion, plasticity, stress distribution, trapping) are shown.  

 

It is important to point out that, in this research, internal hydrogen assisted cracking 

(IHAC) conditions are simulated, in fact, specimens were precharged, so that hydrogen is 

distributed uniformly in the lattice, but hydrogen is not introduces during mechanical tests. 

For this reason, and since this work is concentrated on mechanical aspects, reactions on 

the surface and the diffusion kinetics through surface will not be discussed. 
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Figure 1.9. The sequence of elemental processes that supply damaging H to the crack tip fracture  

process zone during either HEAC for gaseous hydrogen, water vapour or an electrolyte, or IHAC for a H 

precharged microstructure. The dotted line indicates the outer boundary of the plastic zone.  

Crack tip tensile stresses are maximized at some distance ahead of the tip, proportional to K
2
/σYSE [2]. 

Hydrogen attracted at the crack tip, by hydrostatic stress and plastic strains, leads to a properties worsening 

and increased micro-ductility. 

 

 

1.5 Hydrogen embrittlement effects on mechanical properties 
 

In order to get a clear understanding of hydrogen embrittlement effects on materials, it is 

useful to start with understanding how it affects mechanical properties of materials that 

can be measured with classical tests such as, rising load tensile tests on specimens. The 

first important aspect, that was observed for hydrogen charged high strength steels, was 

“hydrogen-induced delayed failure” [17], since fracture was observed to occur after a 

certain time and in circumstances where tensile or bending tests on uncharged specimens 

showed no evidence of brittleness, as shown in Figure 1.10 and Figure 1.11. It can be seen 

that crack starts to growth after an incubation time; this feature is peculiar of HE and will 

be related, later, to diffusion of hydrogen driven by hydrostatic stresses and large strains 

ahead of the crack tip. These first accomplishments from Troiano [17], even though they 

lead to some misinterpretations of the micro mechanisms governing it, shown that 

hydrogen embrittles the material and that it requires an incubation time before it occurs, 

due to hydrogen diffusion and enrichment at crack tip. 
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Figure 1.10. Typical resistance-time curve for sharply notched specimen  

(resistance is proportional to crack extension) 

 

 
Figure 1.11. Schematic representation of delayed failure characteristics of a  

hydrogenated high strength steel 
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1.5.1 Effect of hydrogen on ductile-brittle transition temperature DBTT 
 

Hydrogen is supposed to increase DBTT, nevertheless the amount is strictly related to 

microstructure and hydrogen content. This part will be discussed and commented largely 

in paragraph 3.4, since Charpy impact tests have been performed on CV specimens in a 

wide temperature range for charged and uncharged specimens. 

 

 

1.5.2 Hydrogen effect on fracture toughness and yielding 
 

There have been many researches and tests to assess hydrogen effect on toughness of 

steels, especially in pipeline steels. They all show a reduction in toughness but this 

reduction depends on charging and testing conditions since there are many ways to 

conduct these tests: hydrogen can be distributed uniformly inside the lattice, it can also be 

provided by a cathodic reaction at crack surfaces and the amount of hydrogen can vary 

largely. In Figure 1.12, KIc vs. yield stress for different pipeline steels at room temperature 

is shown. It can be seen that the reduction is greater for old steels, while, for new steels, 

such as X100, there is no variation. In this research [18], CT specimens where charged in 

an electrolitic solution. The difference in fracture toughness, between charged and 

uncharged specimens, for the investigated materials is anyway very low also thinking that 

the entire experimentation is subjected to statistic variability; this can depend by different 

factors like amount of hydrogen charged and how the specimens were stored before 

testing. 

 

 
Figure 1.12. Fracture toughness of three steels KIi vs. yield stress in air and hydrogen environment 

 

Hydrogen also reduces the ductility of the material that can be assessed through stress-

strain behaviour.  
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From many investigations [19], it was observed a drastic reduction on the plastic stress-

strain curve strongly dependent on the amount of hydrogen and also on the strain rate (this 

dependence will be clarified later on). It was shown that hydrogen-charging will enhance 

the susceptibility of the steel to HIC. The cracks initiate prematurely in the proximity of 

inclusions, such as aluminium oxides, titanium oxides and ferric carbides. This macro-

behaviour will be explained by HELP theory with the hypothesis that hydrogen increases 

micro-ductility and the macroscopic result is a brittle rupture. 

 

 
Figure 1.13. Stress-strain curve for X100 under various charging times [19] 

 

 

1.5.3 Hydrogen effect on fatigue crack propagation  
 

Hydrogen deeply affects the behaviour of steels and metals in general, under variable 

loads below the critical values (yield stress), since, as already mentioned, hydrogen 

embrittlement is largely dependent on diffusive phenomena occurring inside the material. 

In particular, hydrogen drastically increases the crack growth rate up to 40 times and 

reduces the number of cycles to failure [19][20], as reported in Figure 1.14 and Figure 

1.15. Fatigue crack propagation is very sensible to environment and test conditions; 

variation in test temperature and load frequency, in particular, can severely affect the 

crack propagation rate also of some order of magnitude as it will be shown in chapter 3. 

For this reason, particular attention has been focused on “da/dN vs. ΔK” plots; in this way, 

Paris relation can be estimated, where it is possible, and predicting models can be used in 

presence of corrosion. 
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Figure 1.14. Relationship between da/dN and ΔK. Material: SCM435. Hydrogen content indicated by 

***→** means that hydrogen content decreased from *** to ** during fatigue test.  

‘‘Frequency switched” means that the test frequency was switched between f=2Hz and f=0.02Hz [20] 

 

 

 
Figure 1.15. Fatigue endurance curves at initiation and at failures of X52 steel with and  

without hydrogen charging 
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2 Micromechanics of Hydrogen Embrittlement 
 

 

 

According to the definition given in paragraph 1.4, in order to analyse and model 

hydrogen embrittlement, it is necessary to study all the aspects enumerated in paragraph 

1.4. For this reason, first, the main concepts of fracture mechanics and stress distribution 

at crack tip will be reviewed; then, diffusion kinetics and trapping theory will be shown to 

justify micromechanical models treated in literature such as HEDE, HELD and AIDE. 

 

 

2.1 Diffusion and trapping of hydrogen in iron lattice 
 

As shown before, hydrogen embrittlement is strongly dependent on time. This is a clear 

evidence that hydrogen embrittlement is a phenomenon governed by kinetics and, hence, 

by its diffusion and enriching at crack tip.  

 

Atomic hydrogen diffuses easily in metals owing to its small atomic radius (53pm) that is 

similar to the length of interstitial sites in metal lattice; hydrogen diffusivity value in iron 

is around 10
-5

cm
2
/s. Hydrogen mobility in carbon steel and low-alloy steel is much higher 

than any other atoms since its small radius. Parameters that deeply affect hydrogen 

diffusivity are: lattice characteristics, stress state and plastic deformation that implies an 

increase of the dislocation density [21]. An important remark should be done if 

considering either FCC or BCC structure. BCC structure, typical of ferrite, can contain 

(solute) less hydrogen than FCC (typical of austenite); on the other hand, in ferrite, 

hydrogen diffusion is higher than austenite. In Figure 2.1a, hydrogen diffusivity vs. 

temperature for different lattice structure is plotted; it can be noticed that, in ferrite, 

diffusivity varies within a large range. The hydrogen solubility in steel also depends to 

temperature and pressure, as reported in Figure 2.1b. 
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Figure 2.1. (a) Hydrogen diffusivity in ferrite (F) and austenite (A) and (b) solubility of hydrogen in iron as 

a function of temperature and pressure 

 

Indeed, diffusion is affected by microstructural variables (precipitates and inclusions) and 

by alloying elements [22]. There are other potential mechanisms for hydrogen diffusion 

that consider dislocations, shortcuts and interstitial jumps. In the next paragraph a 

simplified model for hydrogen diffusion will be given only considering diffusion 

coefficient while, in paragraph 2.1.2, hydrogen trapping is considered. 

 

 

2.1.1 Simplified model for hydrogen diffusion in steel 
 

Hydrogen diffusion in a metal lattice (considered perfectly homogeneous), can be 

modeled, in a simplified way, with Fick diffusion laws [23]: 

 

J D C    2.1 

 

2C
D C

t


 


 2.2 

 

Where: 

 J [mol·cm
-1

·s
-1

] is hydrogen flux; 

 D [cm
2
·s

-1
] is diffusivity; 

(b) (a) 

F 

G 
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 C [mol·cm
-3

] is H concentration; 

 t [s] is time. 

 

First Fick’s law is valid only in stationary conditions when the concentration of the 

diffusing atoms is constant in time. Otherwise, when concentration is time-dependent 

Fick’s second law should be used. Diffusivity D can be expressed as a function of 

temperature through an Arrhenius-like equation: 

0 exp AE
D D

R T

 
   

 
 2.3 

Where: 

 D0 [cm
2
·s

-1
] is the diffusivity at infinitive temperature; 

 EA [J·mol
-1

] is the activation energy for diffusion; 

 T [K] is the absolute temperature of the diffusion process; 

 R=8,314472 [J·(mol·K)
-1

] is the gas constant. 

Diffusivity can vary according to other parameters such as concentration of the diffusing 

atom; this dependence will not be considered in order to simplify the calculations. 

For a semi-infinite specimen, Eq. 2.2 can be solved by giving suitable boundary 

conditions: 

 C(t=0)=const.=C0, bulk concentration of hydrogen 

 C(x=0)=const.=Cs, surface concentration of hydrogen 

in order to write the following Equation: 

0

0

1
4 4s

C C x x
erf erfc

C C Dt Dt

    
     

    
 2.4 

Where x is the distance from free surface and erf  is the error function. 

Really, hydrogen diffusivity in steels depends on many factors: composition, 

microstructure, inclusion content and dimensions, elastic or plastic deformation and 

temperature. Only at room temperature, in fact, diffusivity assume a wide range, between 

about 10
-9

 and 10
-5

 cm
2
/s (Figure 2.1a). 
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2.1.2 Hydrogen trapping in steels 
 

Darken and Smith [24] were apparently the first to suggest that the delayed transport of 

hydrogen in cold worked steels, as determined by measurements of permeation transients, 

was caused by attractive interaction between lattice-dissolved hydrogen and 

microstructural imperfection, or traps. These traps are favourable energy sites where 

hydrogen places itself either in a reversible or irreversible way, accordingly to the binding 

energy between hydrogen and the trap. Trap binding energy can vary with temperature, 

but, in general, when one hydrogen atom moves from an interstitial lattice site to a trap, 

the probability that it has to move to another site lowers drastically. Since trap-H binding 

energy is much higher than NILS-H binding energy (NILS=normal interstitial lattice site), 

the energy barrier to overcome it is so high that probability to move out of a trap drops.  

 

The more attractive traps, with a high irreversible grade, are inclusions of manganese 

sulphide; other possible irreversible trapping sites, ordered with decreasing of 

irreversibility, are: 

 oxides and sulphides inclusions; 

 titanium, niobium or vanadium carbide and carbonitride; 

 cementite. 

 

The consequences of these traps on apparent diffusion of hydrogen are [25]: 

 increased apparent solubility: 

 decreased apparent diffusivity: 

 apparent shifting from Fick’s law: 

 increased local hydrogen concentration. 

 

Irreversible traps, mentioned above, once saturated, do not take part to any process of 

hydrogen enriching owing to their high trapping energy, on the other hand, reversible 

trapping energies are worth to be considered when hydrogen enriching at crack tip needs 

to be modeled. Reversible trapping sites are: dislocation cores, grain boundaries, interfaces 

(inclusions and precipitates), vacancies and cavities. 

 

The most important trapping site is given by dislocation cores, since the number of 

dislocations varies accordingly with the plastic strain ԑp, its number can be very large 

where stresses are concentrated, such as at crack tip. Many attempts were done in trying to 

quantify dislocation binding energy. A successful attempt was made by Kumnick and 

Johnson [26], they calculated trap binding energy for deformed iron and trap density as 

function of plastic strain. Results of their work are shown in Table 2.1; a binding energy 

approximately of 60 kJmol
-1

 was found for deep trapping state. 
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Table 2.1. Trap parameters of iron determined at different  

deformation levels and temperatures [26] 

% Cold work Trap density NT [m
-3

] Binding Energy Eb 

0 (Annealed) 8.510
20

 

↑ 

14.3±1.1 kcalmol
-1

H 

(59.9±4.6 kJmol
-1

H) 

↓ 

15 5.910
22

 

30 510
22

 

40 710
22

 

60 1.510
23

 

80 1.810
23

 

 

First trapping models were developed separately respectively by McNabb and Foster [27] 

and Oriani [28]. Oriani’s theory appears easier to understand and to apply, even if it 

considers that equilibrium between trapping sites and lattice sites is reached quickly. This 

assumption can be good if considering slow tests (low strain rate), otherwise it can lead to 

inaccuracy and time dependence must be considered. 

Hydrogen is assumed to reside either at NILS (normal interstitial lattice site) or reversible 

sites at microstructural defects, such as: internal interfaces or dislocations generated by 

plastic deformation. The two populations are always in equilibrium according to his 

theory, such as: 

 

exp
1 1

T L B

T L

W

RT

 

 

 
  

   
 2.5 

 

Where: 

 T  
is the occupancy of trapping sites; 

 L  
is the occupancy of NILS sites; 

 WB is the trap binding energy, calculated by Kumnick and Jonhson (Table 2.1); 

 R is the gas constant and T the absolute temperature; 

 

The hydrogen concentration in trapping sites CT, measured in hydrogen atoms per unit 

volume, can be written as: 

 

T T TC N   2.6 

 

Where α denotes the number of sites per trap and NT denotes the trap density in number of 

traps per unit volume. The hydrogen concentration CL in NILS, measured in hydrogen 

atoms per unit volume, can be phrased as: 

 

L L LC N   2.7 

 

Where β denotes the number of NILS per solvent atom, NL denotes the number of solvent 

atom per unit volume given by NL=NA/VM with NA equal to Avogadro’s number and VM 

the molar volume of host lattice.  
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Oriani suggested to substitute the diffusivity (Eq. 2.3), valid for a trap free lattice with a 

new effective diffusion coefficient Deff that takes into account trapping such as: 

 

1

1
eff L

T

L

D D
N

K
N





 
2.8 

 

Where K is the equilibrium constant that can be expressed as  exp /BW RT . 

 

 

2.1.3 Crack tip enriching due to hydrostatic stresses and plastic strain 
 

As mentioned in the previous paragraph, plastic strain can increase the number of 

dislocations and traps. NT=NT(P) denotes the trap density, in number of traps per unit 

volume, as a function of the amount of local plastic strain P (Table 2.1). Another 

parameter that can affect hydrogen solubility is hydrostatic stress; it was shown that cubic 

distortion of metal lattice, by interstitial hydrogen atoms, gives rise to a macroscopic 

volume change VH per mole of H; therefore, H atoms interact only with the hydrostatic 

part of the stress field h, changing the chemical potential by a term hVH. In 

thermodynamic equilibrium, the chemical potential of H has to be the same in all the 

regions of the sample. Thus an inhomogeneous spatial distribution of hydrostatic stresses 

(such as at crack tip), leads to a redistribution of H-concentration according to [29]: 
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2.9 

 

Where 0

H  is the standard value of H and 0c  is the H-concentration at zero hydrostatic 

stress (e.g. far away from hydrostatic stresses). Eq. 2.9 is valid for low concentrations 

only, i.e. for the ideal dilute case [29]. Eq. 2.9 can be rearranged and written as it follows: 
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RT
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Where J1 is the first stress invariant of the stress tensor and is divided by 3 to give the 

hydrostatic stress and 0

L  is the NILS occupancy when no stress is applied. 
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2.1.4 Modified hydrogen diffusion model 
 

At crack tip, stresses and strain cannot be neglected and they must be taken into account in 

a time-dependent diffusion model; McNabb and Foster proposed the following equation, 

derived from a modification of Fick’s law, as the governing equation for transient 

hydrogen diffusion accounting for trapping and hydrostatic drift [27]: 

 

( )L T
T L L

C
N D C

t t

 
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Working out Eq. 2.11 with Eq. from 2.5 to 2.10, leads to the governing equation for 

hydrogen diffusion [30]: 

 

, ,

,

0
3

L T P H
T L ii L kk i

ieff P

dC dN d DVD
DC C

D dt d dt RT


 



 
    

 
 2.12 

 

Equation 2.12 shows that in order to calculate the hydrogen distribution within a solid, one 

should solved a coupled problem of hydrogen diffusion and elastoplasticity. Oriani’s 

model assumes that the trap filling kinetics is very quick. Consequently, the effective 

diffusion coefficient Deff is less than the normal NILS diffusion coefficient D as long as 

traps are not saturated or new traps are created by plastic straining [30]. 

 

 

2.2 Micromechanical theories of HE 
 

Before it was shown that stresses distribution and plastic strain can largely modify 

hydrogen concentration and diffusion and, since at crack tip these conditions occur, recent 

theories have been introduced to link the high local H concentration to damaging micro-

mechanisms that lead to failure. The first theory, called hydrogen enhanced decohesion, 

introduced by Troiano, was later taken on by other theories involving dislocation models 

(HELP and AIDE). It is still impossible to assess which is the most correct theory, 

nevertheless, it was shown that all of them can explain the damage phenomena due to 

hydrogen embrittlement. In this paragraph all the theories will be shown with relative 

models. In his review of hydrogen assisted cracking, Gangloff [2] gives a clear overview 

of the main theories on internal HE that will be reported below; nevertheless, his work is 

mainly qualitative and, for this reason, quantitative models will be added from literature. 

 

 

2.2.1 HEDE, Hydrogen Enhanced DEcohesion 
 

The HEDE mechanism was first suggested by Troiano, and developed in detail by Oriani 

and co-workers. In this model, hydrogen segregates at the crack tip FPZ (fracture process 

zone) and, there, reduces the cohesive bonding strength between metal atoms. The HEDE 

gives the concept that hydrogen damage occurs in the FPZ when the local crack tip tensile 



26 

 

stress exceeds the maximum-local atomic cohesion strength, reduced by the presence of 

hydrogen.  

In the HEDE scenario, hydrogen damage sites are located at a distance ahead of the crack 

tip surface where tensile stresses are maximized. Predictions may derive from knowledge 

of crack tip stress, hydrogen concentration at damage sites, and its relationship with the 

interatomic bonding force vs. atom displacement. It is possible to presume that HEDE is 

the dominant mechanism for IHAC (internal hydrogen assisted cracking) and HEAC 

(hydrogen environmentally assisted cracking) in high strength alloys that do not form 

hydrides. HEDE is likely for several reasons. First, large concentrations of hydrogen 

should accumulate at the crack tip owing to very high crack tip stresses and, in addiction, 

hydrogen is trapped along the crack path [2]. 

Dislocations promote a local stress concentration around decohesion sites so to weaken the 

metal bonds. Decohesion can take place in different zones such as: at crack tip, or right 

ahead, and where dislocations increase stress concentration. Fractographic observations 

have shown that this mechanism occurs especially with brittle fracture surfaces; typical 

fracture surfaces caused by HEDE are intergranular and transgranular and are usually 

smooth, although also plasticization can be observed [1]. 

Oriani and Josephic [31] have shown that over a wide range of hydrogen concentrations, 

the tensile stress required to fracture a high strength steel, may be approximated by: 

 

0( )F C F C   2.13 

 

Where F0 is the fracture tensile stress with no hydrogen,  is a constant of the material that 

can be experimentally extrapolated and F(C) is the cohesive force between the metal 

atoms in the lattice, function of hydrogen concentration. 

 

Concluding, all HEDE-based models contain one or more adjustable parameters owing to 

uncertain features related to a crack tip problem. 

 

 
Figure 2.2. HEDE mechanism representation, iron bonds are weaken by hydrogen in the lattice, dislocation 

can increase stress field 
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2.2.2 Hydrogen Affected Localized Plasticity, HELP and AIDE 
 

It was suggested that H stimulates dislocation mechanics that localize plastic deformation 

enough, resulting in subcritical crack growth with brittle characteristics on the 

macroscopic scale. Two variations of this concept have been advanced as the AIDE and 

HELP mechanisms. 

 

 

2.2.2.1 HELP, Hydrogen Enhanced Localized Plasticity 
 

It was suggested that dissolved hydrogen atoms enhances the mobility of dislocations, 

resulting in extreme localization of plastic deformation sufficient to enable subcritical 

crack growth that is macroscopically brittle. The HELP mechanism differs from AIDE 

(that will be explained in the next paragraph) in that dislocation mobility is enhanced due 

to hydrogen accumulation about dislocation cores, resulting in reduced elastic energies of 

interaction between moving dislocations and a variety of obstacles. Since hydrogen 

reduces interaction energy, the stress required for dislocations motion is decreased and 

plasticity is enhanced. The primary evidence for HELP is in situ high voltage electron 

microscopy of thinned specimens subjected to plastic deformation during exposure to 

either vacuum or H2. These investigations revealed an increased number of dislocations in 

a pileup, as well as initiation of dislocation motion, due to H2 introduction to the electron 

microscope. Studies of hydrogen effects on bulk specimens show decreased flow stress, 

increased stress relaxation, and altered strain rate sensitivity due to dissolved-bulk 

hydrogen. However, the geometry of localized flow in such high strength microstructures 

has not been developed. Modeling of dislocation mobility has not included hydrogen drag 

on the moving-dislocation line. Finally, the HELP mechanism has not been developed to 

yield semi-quantitative predictions of KTH or (da/dt)II [1]. 

 

 
Figure 2.3. HELP mechanism; it supposes the coalescence of microvoids due to local plasticization  

where high hydrogen concentration is present [1] 

 

In Figure 2.3, the HELP mechanism is shown. The propagation of the crack is supported 

by the coalescence of microvoids (microdimples) in the plastic zone ahead of the tip.  
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The figure shows also how hydrogen can minimize the elastic interaction energy between 

an obstacle and a dislocation, in this way dislocation movement is easier and its pileup can 

occur at lower stress levels. 

A model has been suggested by Sofronis and Birnbaum [30] that considers the decrease in 

post-yield flow stress, y, depends upon the total concentration of hydrogen atoms per 

solvent atoms (H/M), C, and the equivalent plastic strain, 
p

 , according to the hardening 

relation: 
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Material softening follows an assumed relationship: 

 

 0 0( ) 1 1C C        2.15 

 

Where  denotes a material softening parameter (≤ 1, measured on ductile void growth) 

that describe the intensity of hydrogen-induced softening, and 0 defines the initial yield 

stress in absence of hydrogen [32]. 

 

 

2.2.2.2 AIDE, Adsorption Induced Dislocation Emission 
 

Lynch [1] argued that H-induced weakening of metal-atom bond strength results in 

enhanced emission of dislocations from crack tip surfaces where hydrogen is absorbed. 

AIDE attributes H-enhanced crack growth as predominantly due to this focused emission 

of dislocations, exactly from the crack front and along intersecting planes that 

geometrically favour sharp-crack opening and advance rather than crack tip blunting in the 

absence of hydrogen. During loading, plastic deformation is also triggered within the 

crack tip plastic zone and microvoids formation, with or without an assist from dissolved 

hydrogen, could occur. The link-up of voids adds a component to crack advance and 

maintains a sharp crack tip by interacting with the intense slip bands from crack tip 

dislocation emission. The crack surface should reflect this advance process and contain 

facet-like features parallel to the plane that bisects crack tip slip planes, as well as a high 

density of microvoids if this latter feature occurs. Facets may be parallel to low index 

planes for certain symmetric slip plane configurations, but also along higher index planes 

if the crack tip slip state is unbalanced. Intergranular cracking in the AIDE formulation 

reflects preferential adsorption of hydrogen along the line of intersection between the 

grain boundary plane and crack front, and perhaps a higher density of precipitates that 

may form preferentially along grain boundaries. This mechanism is best suited for HEAC; 

however, hydrogen localization to a crack tip during IHAC could also be result in AIDE. 

The AIDE mechanism is debated because of weaknesses in the supporting evidence.  
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The structure of slip about a crack tip in a hydrogen exposed metal has never been 

characterized sufficiently to show hydrogen stimulated dislocation emission and 

associated geometric crack extension [2]. 

 

 
Figure 2.4. Schematic diagrams illustrating (a) the adsorption-induced dislocation emission (AIDE) 

mechanism for transgranular crack growth, which involves alternate-slip from crack tips facilitating 

coalescence of crack with voids formed in the plastic zone ahead of cracks, and (b) ductile crack growth 

involving coalescence of crack with voids by egress of dislocations nucleated from near-crack-tip sources 

[1] 

 

In Figure 2.4 two different mechanisms for crack growth owing to AIDE mechanism are 

shown. For this model there are not reliable quantitative relations; in many researches, 

investigations have been conducted in a short lapse of time and within few atomic planes, 

so that it is very tough to connect the mechanism to the macro behaviour. 

 

 

 

 

 

 

 

 

 

 

 

(b) (a) 
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3 Experimental Procedures and Results 
 

 

 

Mechanical characterization of the two steels analyzed has been done through: tensile, 

Charpy impact, toughness and fatigue crack growth tests. All tests have been designed and 

carried out accordingly to international regulation ASTM or ISO. Since some tests aspects 

were not completely standardized, regulations have been applied with some change every 

time it was necessary. Tests were carried out in a range of temperature between T=-128°C 

and T=23°C for hydrogen charged and uncharged specimens; in fatigue crack propagation 

tests, also the change in load frequency was chosen as a parameter to be investigated. 

Specimens were charged with a diffusible hydrogen content of about 2ppm. It was then 

verified that also small amounts of hydrogen are able to remarkably affect mechanical 

behaviour of steels and that it also depends on temperature and load frequency. At the 

same time, numerical models have been developed to simulate and predict Charpy impact, 

thermal exchange properties and stress state for C(T) specimens with and without side 

grooves (side notches, provided on specimens lateral surface along the crack growth 

direction, that allows better crack propagation in toughness tests). These simulations 

allowed to design and evaluate test results more critically. It was assessed that, for very 

ductile steels, toughness tests should be carried out with side-grooved specimens. 

An innovative electrochemical non-hazardous hydrogen charging technique [33] has been 

developed at the Chemical department CMIC “Giulio Natta” of the Politecnico di Milano. 

Thanks to this technique, it has been possible to control the amount of hydrogen in the 

metal lattice and hence to perform mechanical tests on H-charged material. 

Hydrogen charging of steels results in a complex interaction between solute hydrogen 

atoms and all the microstructural components in the material [1]. Consequently effects of 

hydrogen on mechanical properties of steels depend on many parameters: composition, 

microstructure (phases, constituents, precipitates, inclusions) and macrostructure (banding, 

segregations) of the steel, hydrogen charging conditions (source of hydrogen, temperature, 

surface conditions, stress/strain conditions during charging) and testing conditions 

(temperature, deformation rate, specimen preparation, orientation and dimensions). 

 

Such a complex correlation causes scatter in the experimental results and sometimes 

contradictory evidences. For example, ductility, in terms of reduction in area (RA) or 

elongation, is always reduced in presence of hydrogen, for low alloy and pressure vessel 

steels [34][35], while the effect on yield strength is not always consistent, both increase 

and decrease have been reported by different Authors in presence of hydrogen [35][36]. 

Hydrogen can also affect the fatigue limit [37] and fatigue crack growth rate [20][38][39]. 

Concerning fracture mechanics tests, most of them are oriented to the measurement of 

KISSC in sulphide stress cracking tests around room temperature (25÷35°C), the more 
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critical range for the occurrence of this phenomenon in carbon and low alloy steels 

[40][41][42][43]. 

For pipeline steels API 5L X65 and X80 critical CTOD, measured under cathodic 

hydrogen charging, decreased with increasing cathodic current density, increasing 

hydrogen pre-load time and decreasing strain rate during testing [44][45]. 

K vs da/dt curves have been measured on high strength low alloy steel (0.05C-1.30Mn-

0.22Ti) quenched and tempered at different temperatures and electrolytically charged with 

hydrogen [46] in order to obtain Kth values and crack growth rates in different 

metallurgical conditions. 

 

Some indications about the effect of hydrogen on mechanical properties can be derived 

also from some burst tests or failure analyses [47][48][49]. Tests carried out on pressure 

vessel ASTM A516 Grade 70 steel showed that the critical CTOD value after hydrogen 

charging in NACE solution for 96-120 hours decreased with respect to the value measured 

on the same material not containing hydrogen [50]. A brittle failure of a 10” pipeline steel 

(API 5L X42) carrying sour gas initiated from a groove-like flaw associated with an ERW 

weld seam (cold weld): the toughness of the weld material was estimated 74MPam
1/2 

for 

the original material while in the failed one the toughness decreased to 49MPam
1/2

 [49]. 

 

Decrease of impact strength, ductility (reduction in area in tensile test) and fracture 

toughness of pipeline steel X52 after 30 year service in gas pipelines has been verified, 

more pronounced in the down-in parts of the pipe [51]. According to the opinion of the 

Authors of this research, the main factor of the decreasing of the mechanical properties 

was the microdamage, which has been indirectly confirmed by the increased hydrogen 

trapping. The reduction of the fracture toughness for a pipeline steel API 5L X70 has been 

reported in [52]. From the data reported it is clear that literature results about the effect of 

hydrogen on mechanical properties on ferritic steels are not very abundant and the results 

are not always consistent. Moreover, most of the available results are relative to room 

temperature tests, therefore, in order to measure the combined effect of hydrogen and very 

low temperature on fracture toughness of carbon and low alloy steels, in the present 

research tests were carried out in a wide range of temperatures below room temperature on 

specimens pre-charged with hydrogen. 

 

 

3.1 Materials characterization 
 

Experimental tests have been carried out by means of specimens cut from two seamless 

pipes. Both the materials are very “clean” and produced through a normal commercial 

production line. The two steels, which have been investigated in this research, are widely 

used in piping for oil transportation and are the following: 

 2
1/4

Cr-1Mo steel, namely ASME SA-182 F22 [53]  

(pipe: outer diameter=320mm, thickness=65mm); 

 Micro-alloyed C-Mn steel, API 5L X65 grade [54]  

(pipe: outer diameter=323mm, thickness=46mm). 
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F22 steel pipe is a Q&T pipe from ingot casting-forging-piercing-hot rolling-quench and 

tempering production route. 

X65 steel pipe is a Q&T pipe from conventional billet casting-piercing-hot rolling-quench 

and tempering operations. Both materials are for sour service use, so that they underwent 

through all the required qualifications. 

 

 

3.1.1 SA-182 F22 steel 
 

The first steel, also known with the commercial name SA-182 F22, according to ASME 

regulation [53], is forged steel. This steel is designed for high temperature and high 

pressure working conditions. Its good mechanical properties rely on a fine dispersion of 

molybdenum carbides and a small amount of chromium that increases corrosion 

properties. According to regulation its mechanical properties are guaranteed until 

T=600°C. 

 

The chemical composition in weight percentage of F22 (also known as 2¼Cr-1Mo) is 

shown in Table 3.1. 

 
Table 3.1. Chemical composition [wt%] of F22 

Material C Mn S P Si Cr Mo 

F22 0.05 - 0.15 0.3 - 0.6 0.025 0.025 0.5 2.0 - 2.5 0.87 - 1.13 

 

This steel according to ISO regulation is named 10 Cr-Mo 9-10. In Table 3.2 the 

mechanical and physical properties from literature are reported. 

 
Table 3.2. Mechanical and physical properties of F22 steel 

Properties Temperature 

[K] 

Value  

E [MPa] 293.15 206500 

  153.15 219942.8 

ν 293.15 0.288 

cp [kJ/kg K] 293.15 0.442 

  153.15 0.27625 

α [°C
-1

] 293.15 1.11·10
-5

 

  153.15 9.54·10
-6

 

k [W/m K] 293.15 36.3 

  153.15 28.5 

ρ [kg/m
3
] 293.15 7860 

 

All specimens that have been used in mechanical tests were made from the pipe bulk, 

provided by Ring Mill; the steel was first forged, then hot worked and finally quenched. In 

Table 3.3 the chemical composition, experimentally identified, is shown and in Table 3.4 

hardness profile along thickness direction is reported. It was observed a good homogeneity 

of hardness along the whole thickness. These measurements were carried out at Centro 

Sviluppo Materiali (CSM).  
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F22 microstructure along thickness is shown in Figure 3.1. 

 
Table 3.3. Chemical composition experimentally observed [Wt%] for F22 

Material C Mn Cr Mo Ni Nb V Ti 

F22 0.14 0.43 2.25 1.04 0.08 0.023 <0.01 <0.01 

 
Table 3.4. Hardness values along thickness for F22 

 

 

F22 - HV 10 Average 

OD 193 192 192 192 

MW 195 192 187 193 

ID 190 187 187 188 

 

 

 

 
Figure 3.1. Microstructure of F22 steel along thickness; top (a, b) middle (c, d) and bottom (e, f) of the pipe 

50 m 20 m(a) (b)

50 m 20 m(c) (d)

50 m 20 m(e) (f)
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section 

 

F22 steel is a low alloy steel with 2.25%Cr and 1%Mo, the microstructure is typical of 

tempered lath martensite, i.e., elongated ferrite grains with finely dispersed carbides. 

Microstructure is homogeneously distributed along thickness and formed by martensite 

and bainite. Metallographic attacks also show prior-austenitic grains; the microstructure is 

rather homogeneous. Inclusion density is very low; material has been treated with calcium 

and inclusion shape is round (type D globular inclusions) and no elongated inclusions are 

present; longitudinal and transverse orientation don’t show any difference neither as 

inclusion density nor as mean diameter (1.2m long. surface, 1.3m transv. surface); no 

central segregation is present. 

 

Specimens for testing were made out directly from the pipe material as depicted in Figure 

3.2, where it is possible to distinguish: tensile specimens [55], CV specimen [56][57], and 

CT specimens [58]. 

 

 
Figure 3.2. Specimens designing for tests 

 

Three tensile tests have been carried out to obtain static properties of the material 

according to standard [55]. Average test results are shown in Table 3.5. 

 
Table 3.5. Mechanical properties experimentally observed for F22 

Material 
YS 

[MPa] 

TS 

[MPa] 

E 

[MPa] 

A 

[%] 

F22 468±2.7 592±2.1 206500±1500 20±2.5 
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As it can be noticed, material properties are typical of ductile steel, dispersion of results is 

well-centred. The characteristic stress-strain curve for F22 is shown in Figure 3.3. 

 

 
Figure 3.3. Stress-strain curve for F22 steel 

 

All tests results and curves are very similar, for this reason only one curve is shown. 

 

 

3.1.2 API 5L X65 steel 
 

The second steel is commercially named API 5L X65. Its standard is API [54] that is 

translated with few differences in ISO [59]. This steel is mainly used in piping for 

petroleum and natural gas transportation. 

 

Pipes are produced according to two different techniques: seamless and welded; in our 

case pipes are seamless. The chemical composition of X65 in weigh percentage is shown 

in Table 3.6. 

 
Table 3.6. Chemical composition [wt%] of X65 

Material C Mn P S V Nb Ti 

X65 0.28 1.4 0.03 0.03 Sum < 0.15 

 

X65 is a low alloy steel with 1.4% of manganese that increases toughness and quenching 

properties. In Table 3.7 mechanical and physical properties of X65 are reported. 
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Table 3.7. Mechanical and physical properties of X65 steel 

Properties 
Temperature 

[K] 
Value 

E [MPa] 293.15 206208 

 
153.15 212196 

ν 293.15 0.301 

cp [kJ/kg K] 293.15 0.489 

 
153.15 0.2843 

α [°C
-1

] 293.15 1.05·10
-5

 

 
153.15 9.38·10

-6
 

k [W/m K] 293.15 35.8 

 
153.15 28.1 

ρ [kg/m
3
] 293.15 7860 

 

All specimen were made directly from the seamless pipe provided by Tenaris S.A. 

company. 

 

Specimens were made out of the pipe according to the Figure 3.2, pipe’s outer diameter is 

equal to Do=323mm and thickness t=46 mm. The chemical composition, experimentally 

observed, is reported in Table 3.8. In Table 3.9 hardness profile along thickness is shown. 
 

Table 3.8. Chemical composition experimentally observed [Wt%] for X65 

Material C Mn Cr Mo Ni Nb V Ti 

X65 0.11 1.18 0.17 0.15 0.42 0.023 0.06 <0.01 

 

Table 3.9. Hardness values along thickness for X65 

 

 

X65 - HV 10 Average 

OD 243 240 243 243 

MW 195 194 193 194 

ID 220 220 221 220 

 

Hardness profile is less homogeneous than F22; hardness is higher near the outer diameter 

and lower close to the inner diameter. X65 microstructure along thickness is shown in 

Figure 3.4. 
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Figure 3.4. Microstructure of X65 steel along thickness; top (a, b) middle (c, d) and bottom (e, f) of the pipe 

section 

 

Near the centre of the pipe, acicular ferrite can be noticed, X65 has a less well-distributed 

microstructure along thickness, nevertheless distribution is well acceptable; ferrite 

structure is non equiassic and it was formed during a continuous cooling process at 

temperature slightly above upper bainite and also bainite is present near the outer 

diameter. X65 steel is a C-Mn steel with Ti as carbide former, a small amount of Cr, Mo 

and Ni has been added to improve hardenability and Ca for the inclusion shape control. 

The microstructure is a rather homogeneous equiaxed and acicular ferrite with finely 

dispersed carbides. Inclusion shape is round (type D globular inclusions) as it is expected 

for a “sour gas” material treated with calcium and no elongated inclusions are present. 

Longitudinal and transverse orientation don’t show any difference neither as inclusion 

density nor as mean diameter (1.5m long. surface, 1.4m transv. surface); no central 

segregation is present; inclusion density is rather high and on the external surface is 

50 m 20 m(a) (b)

50 m 20 m(c) (d)

50 m 20 m(e) (f)
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slightly lower and with larger dimension (mean diameter 1.7m and maximum diameter 

up to 7/8m). 

 

Five tensile tests have been performed at room temperature to obtain static properties of 

the material according to regulation [55]. Average test results are reported in Table 3.10. 

 
Table 3.10. Mechanical properties experimentally observed for X65 

Material 
YS  

[MPa] 

TS 

[MPa] 

E  

[MPa] 

A  

[%] 

X65 511±6.7 609±5.7 206208±6049 21±6.5 

 

It was observed that mechanical properties of X65 are those typical of ductile steels, 

results dispersion is well concentrated; compared to F22, X65 shows a higher, though still 

good, results dispersion. 

 

Stress-strain curve from one of the tensile tests is depicted in Figure 3.5.  

 

 
Figure 3.5. Stress-strain curve for X65 steel 

 

All other stress-strain curves are similar to this one and it’s worth nothing to show them. 

 

 

3.2 Electrochemical hydrogen charging 
 

The electrochemical hydrogen charging technique has been developed at CMIC “Giulio 

Natta” of the Politecnico di Milano. The method has the primary purpose to obtain 

controlled and reproducible charging conditions in an environment that can be prepared, 

handled and disposed in a simple and safe way. Hydrogen content charged into thick steel 

specimens should be comparable to that found in pipeline steels after a long service time.  
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The bibliographic review showed that some practical procedures were already available 

for hydrogen charging on ferritic carbon or low alloy steels although they did not seem 

applicable to our target, mainly because most of the authors used rather small and thin 

specimens [33], The basis for the setup of the hydrogen charging method was the work of 

Newman and Shreir [60], that is the most complete, accurate and reliable. The parameters 

of this method finally set up in CMIC laboratories for electrochemical hydrogen charging 

of mechanical testing specimens (CV and CT) have been: 

 Solution: 0.4mol L
-1

 of CH3COOH + 0.2mol L
-1

 of CH3COONa, buffered at pH 4.3 

and with 600ppm of sulphide as S
=
 from hydrated sodium sulphide; 

 complete de-oxygenation with pure N2; 

 room temperature, T=25±3°C; 

 magnesium as anode material; 

 current density equal to 0.5mA/cm
2
 for 20hours. 

 

An approximate estimation of the hydrogen content of the specimens charged in different 

conditions has been systematically made by using the hot glycerol method. This method is 

very simple and quick, then it is suitable for a routine control but underestimates the actual 

hydrogen content [61]. A detail of the apparatus is shown in Figure 3.6 in which it is 

possible to observe the hydrogen molecules that rise from the charged specimen into the 

funnel. 

 

  
Figure 3.6. Apparatus for the determination of diffusible hydrogen in steel 

 

A control measurement was performed in external laboratories, using a commercial LECO 

hydrogen analyser. The two methodologies were in general agreement. The details of the 

experiments are reported in the paper [33]. 
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3.3 Cooling and transportation technique 
 

As mentioned, tests needed to be performed among a large number of specimens varying 

temperature and in particular at very low temperatures. After the charging process, 

specimens were transported using two different techniques in order to maintain the 

hydrogen inside the bulk: the first method consists in an electroplating with a thin layer of 

nickel and a thicker one of copper for a total thickness of 25-28m, in order to decrease 

the diffusion coefficient outward, while the second method consists in keeping the 

specimens in a liquid nitrogen thermostatic bath, during the transportation, at T=-196°C, 

in order to reduce the diffusion coefficient in the steel. The second method turned out to 

be more effective, safe and convenient and, for these reasons, it was embraced. 

In order to carry out tests at low temperatures two different cooling techniques have been 

used: 

 MTS 651 environmental chamber; 

 ethanol-liquid nitrogen thermostatic bath. 

 

In impact test, only the bath is used in order to reach the test temperature whereas in 

toughness and fatigue tests the temperature is primarily gotten with the bath and then 

maintained during the test with the environmental chamber. 

 

 

3.3.1 Environmental chamber 
 

The environmental chamber, shown in Figure 3.7, uses liquid nitrogen to set gas 

temperature until T=-128°C. Nitrogen stored inside the vessel vaporizes when it reaches 

the chamber. Outside the chamber there is a control unit able to adjust the amount of 

nitrogen flowing inside the chamber and then able to keep a stable temperature inside, 

temperature then can be manually set. 

Temperature inside the chamber is measured by a thermocouple placed in the bottom of 

the chamber, close to the gas flow-in grid. Environmental chamber was used for toughness 

and fatigue crack growth tests. In Figure 3.7, it is also shown the testing machine, MTS 

810, used for crack growth and toughness test. 
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Figure 3.7. Image of the environmental chamber, the testing machine and of the nitrogen vessel 

 

 

 

3.3.2 Ethanol-liquid nitrogen conditioning bath 
 

In order to bring the specimens at the testing temperature, a quick and efficacious method 

was used; it consists in immersing the specimens in an ethanol-liquid nitrogen bath, kept 

at the requested temperature by adjusting the correct proportion between ethanol and 

liquid nitrogen. The equipment includes a small insulated plastic vessel with a void zone 

between the inner and outer surfaces and a lid on top as shown in Figure 3.8. 

 

 
Figure 3.8. Image of the insulated vessel for Charpy specimens cooling  

whose temperature is controlled by a thermocouple 

 

A thermocouple, bound to a weight is placed inside the vessel to control the bath 

temperature. Inside the vessel, ethanol and liquid nitrogen, are mixed (liquid nitrogen 

vaporizes while absorbing heat from ethanol). This mixture can reach temperatures close 

to T=-110°C, indeed T=-114°C is the ethanol solidification temperature. Then by 

controlling the amount of liquid nitrogen poured inside the vessel it is possible to control 

the bath temperature. 
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Figure 3.9. Ethanol-liquid nitrogen bath inside the thermal vessel 

 

It is quite complicated to reach temperatures close to T=-110°C because ethanol tends to 

solidify, going towards a jelly state; only through a careful stirring it is possible to keep 

the bath in a liquid state.  

Once the correct temperature of the bath is reached it is possible to immerse the specimens 

inside. In case of a liquid environment, the regulation suggests to keep the specimen for at 

least 5 minutes inside. When the cover is closed the temperature inside the vessel is 

maintained constants and the thermocouple enables to check the temperature. Charpy 

specimens are one bulk piece with no holes and quite thin, for this reason it is not possible 

to monitor the temperature inside them; nevertheless it is reasonable to say that thanks to 

the long immersing time the correct temperature is reached throughout the whole 

specimen. This bath was used for all tests; indeed, for Charpy impact energy, it is 

sufficient to bring specimen at the requested temperature while for other tests (crack 

growth and toughness) it was used to bring the specimen at the test temperature faster than 

keeping it inside the environmental chamber. 

 

 

3.4 Charpy impact test 
 

Charpy impact tests were performed on CV specimens varying temperature and the 

position inside the pipe thickness were they have been extracted. Tests are performed in 

according to regulation [56][57]. For impact tests, it was used a Charpy pendulum as 

shown in Figure 3.10; pendulum was calibrated before testing. 
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Figure 3.10. Charpy pendulum for Impact tests presents at Falco laboratories (Politecnico di Milano) 

 

 

3.4.1 Charpy impact test results: F22 steel 
 

In Figure 3.11 the Charpy impact energy values as a function of temperature for F22 steel 

are depicted. Ductile-brittle transition temperature (DBTT) is defined accordingly to 

standard [56] corresponding to an energy of 27J.  

It comes out clearly that for hydrogen charged specimens DBTT is much higher than the 

one for uncharged specimens. In Figure 3.12 the percentage of brittle area as a function of 

temperature is depicted. 

 

 
Figure 3.11. F22 steel: impact energy as a function of temperature  
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Figure 3.12. F22 steel: percentage of brittle area as a function of temperature  

 

 

3.4.2 Charpy impact test results: X65 steel 
 

In Figure 3.13 resilience values as a function of temperature are depicted for X65 steel. 

Figure 3.14 shows the percentage of brittle area as a function of temperature for X65 steel. 

 

 
Figure 3.13. X65 steel: impact energy as function of temperature  
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Figure 3.14. X65 steel: percentage of brittle area as a function of temperature 

 

 

3.4.3 Remarks on results 
 

It was observed a remarkably different behaviour between X65 and F22 steels whether 

hydrogen charged or uncharged. In particular the uncharged F22 steel does not show any 

change in energy to rupture until a temperature equal to T=-100°C: energy, lost during the 

test whether at T=-100°C or room temperature, is almost the same.  

This is supported by the percentage of brittle area: on the specimens, tested at T=-100°C, 

percentage of brittle is between 5-10%. The curve starts to drop slightly around T=-110°C; 

while for lower temperatures, of about T=-120°C, ductile-brittle transition occurs. 

The transition zone of hydrogen charged specimens is larger and the energy values are 

more scattered. The BDTT of charged F22 specimens increases of about 30°C with 

respect of the uncharged specimens, if it is considered the value in correspondence of an 

impact energy of 27J. By considering, on the contrary, the FATT value the increase is in 

the range of 20°C.  

As it can be seen from plots in Figure 3.11 and Figure 3.12, in charged specimens, at 

temperatures around T=-90°C brittle behaviour occurs. Moreover, it was observed the 

difference in the transition temperature: it appears clearer for uncharged specimens while 

for charged specimens the transition is “blurred”. Low values of Charpy toughness for F22 

steel appear also at temperature equal to T=-80°C. In presence of hydrogen upper shelf 

energy is slightly decreased from 270 to 250J. 

For F22 it was found a difference in transition temperatures for charged and uncharged 

specimens of about 30°C and an increase of the transition temperature from T=-120°C to 

T=-90°C.  
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The Charpy transition curve of “as received” X65 steel is more scattered and less steep 

than the one of F22 steel. The transition is less clear: it was observed indeed a broad area 

between T=-60°C and T=-100°C, in which a clear ductile-brittle transition cannot be 

spotted. 

When the material is charged with hydrogen, the increase of BDTT is very limited and a 

shift of about 10°C only can be appreciated, using both the FATT and the 27J criterion.  

The upper shelf energy is slightly decreased from 240 to 220J. An important aspect is the 

more scattered results for both energy and brittle area values of hydrogen charged samples 

compared to those of uncharged material. 

With respect of ISO [59] standards, for the determination of the ductile-brittle transition 

temperature (when energy absorption in the impact is equal to 27J), it is still possible to 

find the transition temperature, in this case, equal to a value around T=-100°C. 

X65 charged specimens does not show any big difference, even if, a remarkable number of 

them, show a fragile transition around T=- 90°C. 

It was assumed that hydrogen embrittlement effect, on X65 for high impact rate, is smaller 

than F22 steel. 

 

 

 

 

 

3.5 Toughness test 
 

Toughness tests have been carried out at Mechanics Department laboratories at 

Politecnico di Milano. Test methodology is governed by the standard [58]. Specimens 

were modified with side-groves according to [62][63]. Materials tested in this research 

present a strong ductile behaviour and for this reason, it turned out to be very difficult to 

evaluate KIc, accordingly to the international regulation that imposes large thickness of the 

specimens. Therefore it was followed a methodology suitable to determine experimentally 

the energetic parameter JIc, equal to KIc, but with less constrains on specimens thickness. 

Below, the basic derivation for J-integral calculation is reported for generic specimens. 

Thanks to instrumentation, it is possible to plot the force applied by the machine to the 

specimen against the displacement (crack opening). J can be calculated in displacement 

control through relation 3.1 [64]. 

 

0

1 P
J d

B a






 

    
 

  3.1 

 

Where B is the thickness of the specimen, a is the crack length, P is the load, measured by 

the loading unit and   is the displacement measured by an extensometer, as depicted in 

Figure 3.15. 
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Figure 3.15. specimen under bending force 

 

Bending angle ψ, in the case of a specimen subject to bending, is directly proportional to 

the momentum applied, equal to PL/2 and it is inversely proportional to the yield strength 

and the product Bb
2
 (b is equal to the difference between W and a) that depends on the 

strength modulus. Taking into account a constant of proportionality C, it can then be 

rewritten as: 

 

22 sn

C P L

L B b






 
 

  
 3.2 

 

This can be rearranged to: 

 
2

2

2 sn B b
P

L C

    



 3.3 

 

And, deriving equation 3.3 respect to b, it leads to: 

 

2

4 2sn B bP P

b L C b

     
 

 
 3.4 

 

Since da db   it can be written as: 

 

P P

a b

 
 

 
 3.5 

 

Then: 

 

2P P

a b


 


 3.6 

 

It can be rewritten as: 

 

0 0

1 2 2P
J d P d

B b Bb

 

 


       3.7 

 

It can be noticed that the integral of the Eq. 3.7 is equal to the area under the plot P-δ in 

Figure 3.16. 
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Figure 3.16. P-δ plot registered during the test of J integral 

 

In this case, when specimen C(T) is subject to an aperture according to mode I, the final 

relation is modified by taking into account the different stress state in the specimen C(T) 

compared to the one under bending force. The relation then becomes: 

 

0
J P d

B b


  

   3.8 

 

Where η depends on the ratio a/W and it is slightly higher than 2. 

In order to calculate the value of J, tests have been carried out according to ASTM [58] 

through the compliance method. This method enables to save time and specimens for the 

calculation of the requested value, because it is possible to plot the whole curve J-Δa with 

just one specimen. 

 

The compliance method is based on the measurement of the compliance C, as indicated in 

Figure 3.17; it consists in loading the specimen increasing load P, then removing partially 

the load, measure the compliance and repeat it for every loading ramp. As the crack 

increase, the specimen becomes more compliant that is less stiff. 

 

 
Figure 3.17. Load as a function of displacement during a toughness test: to be noted the decrease of the 

slope (opposite of compliance) while increasing the displacement. 

 

This process goes on until the last load and/or rupture of the specimen (that could not 

occur for very tough materials such those one). Figure 3.18 shows a plot of the output data 

from a real toughness test provided by the testing machine. 
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Figure 3.18. Plot of a toughness test output data 

 

The slope of the loading ramps gives the value of the compliance. Through calibration it is 

possible to obtain the value of the crack length a during the test and the Δa increases. The 

intersection between the characteristic curve of the material with the blunting line 

(characteristic line indicated by regulation to obtain JIc) gives the value of JIc. The 

blunting line can be calculated through this equation. 

 

2 YSJ a    3.9 

 

Where YS is the yield strength. Specimens used in this research are Compact Tension 

specimens as shown in Figure 3.2. This enables to contain the amount of material needed 

and to have more compact and easy to handle specimen that has to undergo to different 

operation such as: hydrogen charging and mechanical testing. Geometry of the specimen 

is shown in Figure 3.19. 
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Figure 3.19. Compact tension specimen geometry 

 

Thickness of the specimen is a very important parameter for the test. Large thickness is 

needed to have a behaviour of the material similar to the plane strain one, on the other 

hand small thickness allows easier and faster hydrogen charging processes that depend on 

the surface/volume ratio. In specimen design, both requirements were taken into account 

and thickness was set equal to B=20mm. With such thickness, plane strain condition is not 

fully achieved and toughness values are not those of the real material, nevertheless they 

are valid for the geometry of the specimen and cannot be used in a general designing 

process. For this reason, in the plots, the values shown are Jq and not JIc. 

In order to carry out the tests, and to find out J values according to the standard, a precrack 

operation was performed. This operation is performed by the application of a cyclic load 

(sinusoidal wave) to the C(T) specimen to start a small real crack (with crack tip radius 

near zero) in the notch area. 

There are other methods to obtain a precrack, mainly mechanical; fatigue precracking is 

the only way to obtain a crack with a crack tip radius going to zero that simulates real 

conditions. This operation was performed for each C(T) specimen we tested (F22 and X65 

steels). In order to perform the tests at different temperatures the environmental chamber 

fed with liquid nitrogen was used as shown in Figure 3.7. To set the specimen temperature 

at the test temperature, in a short lapse of time, an extra operation was performed. 

Specimens were cooled down by immersing them into an ethanol-liquid nitrogen bath kept 

at the test temperature.  

In order to check the specimen temperature in the bulk, before and during toughness tests, 

a T-type thermocouple was placed on the specimen without interfering with the test.  
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As material, for welding the thermocouple wire (made of copper and constantan) to the 

specimen, a tin alloy was chosen, because of its good weldability, low melting point and 

good resistance at low temperatures. 

In order to measure the internal temperature of the specimen it was chosen to make a small 

hole where the thermocouple was welded in, as shown in Figure 3.20a. 

 

 
Figure 3.20. (a) Welded thermocouple wire inside the hole and (b) core temperature indication 

 

In Figure 3.20b it is also reported the device used to check the specimen core temperature 

in order to compare it with the environmental gas temperature. 

 

 

3.5.1 Fracture toughness test results 
 

Specimens have been hydrogen charged at Chemical Department and transported to the 

Mechanical Department where tests were performed [65][66][67][68]. 

Few F22 specimens were kept for 24 hours in air at T=30°C (24h@30°C) to assess the 

presence of hydrogen after being exposed to room temperature. In these conditions it can 

be expected that a large amount of diffusible hydrogen can escape from the specimen, 

being the exposure time at room temperature almost the same of the charging one, that is 

equal to 20 hours. 

In Figure 3.21 values of Jq for F22 steel versus temperature are reported. Green dots 

indicate specimens kept at room temperature in air for 24h. 

In Figure 3.22 values of Jq for X65 steel versus temperature are reported. 

 

(a) (b) 
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Figure 3.21. F22 steel: Jq values obtained by uncharged and hydrogen charged specimens 

 

 
Figure 3.22. X65 steel: Jq values obtained by uncharged and hydrogen charged specimens 

 

The effect of hydrogen charge is more evident if the toughness fracture curves are 

considered. When material is charged with hydrogen, in fact, Jq values decrease 

significantly in both steels with respect to the values obtained in the uncharged conditions.  

It was observed that, for tests that require more time in terms of load speed application, 

hydrogen embrittlement is enhanced in both steels and remarkable damages occur at 

temperatures higher than those for impact tests. 
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Figure 3.21 shows the measured values of JQ, vs. temperature for F22 steel with and 

without hydrogen. All the specimens, after the hydrogen charge, were maintained in liquid 

nitrogen while the specimens indicated by dotted circles, in Figure 3.21, were kept in air at 

room temperature for 24h to allow some diffusible hydrogen to escape from the specimen.  

Toughness values of uncharged F22 specimens are larger than 900kJ/m
2
 to a temperature 

of T=-100°C, then they start to decrease. During the tests the cracks never propagate in an 

unstable way, and also the stable crack propagation is very small. The plastic zone at the 

crack tip is very extended and the crack tip blunts without considerable propagation. 

The Jq values of hydrogen charged specimens are significantly lower and almost constant 

(Jq150kJ/m
2
) in all the experimented temperature range to the room temperature. 

 

If uncharged specimens, at temperatures around T=-100°C, show still high Jq values, that 

still depend on thickness size, hydrogen charged specimen show a strong embrittlement, 

with values that drop until about 100kJ/m
2
 at temperatures around T=-90°C. 

It must be said that Jq values are still high enough thanks to the good toughness properties 

of such materials. Finally it should be pointed out that, also specimens kept at T=30°C for 

24h (green dots) show a remarkably reduction of toughness: this means that a relevant 

quantity of hydrogen was trapped inside other sites with a high activation energy. 

Similar considerations are valid for X65 steel: Figure 3.22 shows that the Jq values of the 

hydrogen charged specimens are significantly lower than uncharged ones and while 

uncharged material shows a clear transition in the range -70÷-100°C, in the hydrogen 

charged specimens the Jq value is almost constant (Jq90 kJ/m
2
) with the temperature in 

the range -80÷25°C.  

It is interesting to split the elastic from the plastic part of Jq to better understand the loss of 

plasticity due to hydrogen. 

In Figure 3.23 and Figure 3.24 plots of Jel and Jpl as a function of the test temperature are 

shown respectively for F22 and X65 steels. 
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Figure 3.23. F22 steel: Jel and Jpl components vs. temperature, uncharged and hydrogen charged specimens 

 

 
Figure 3.24. X65 steel: Jel and Jpl components vs. temperature, uncharged and hydrogen charged specimens 

 

It is evident, from the two plots, that for hydrogen charged specimens there is a relevant 

loss in plastic component: the elastic component is almost constant, in fact, Jel is similar 

either for charged and uncharged specimens; on the contrary, the presence of hydrogen 

drastically reduces the plastic component. The presence of hydrogen modifies the fracture 

mode of the material: the plastic part is smaller and the extension of the propagated crack 

is larger.  
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This situation can be better shown by load line displacement graph from toughness tests. 

In Figure 3.25 and Figure 3.26 load curves against load line displacement are shown; for 

F22, curves at T=-80°C are shown, while for X65 curves are taken at T=-70°C (F22 is 

tougher than X65). 

 

 
Figure 3.25. F22 steel: Load vs. LLD for uncharged and hydrogen charged specimens 

 

 
Figure 3.26. X65 steel: Load vs. LLD for uncharged and hydrogen charged specimens 
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Figure 3.25 shows the comparison among the curves load vs. load line displacement 

(LLD) for different specimens of F22 steel: uncharged specimen shows a very long 

plateau with a slightly increasing load and an extremely limited crack extension, the 

charged one displays a maximum in the load with a much more limited LLD but with a 

more extended crack propagation; the specimens degassed 24 hours after hydrogen 

charging show an intermediate behaviour. In no cases there is unstable crack propagation. 

It is evident from these plots that, in charged specimens, there is a lower plastic 

contribution than the one present in the uncharged specimen. The steel changes its 

mechanical properties and loses toughness. 

In Figure 3.26, X65 specimens show the same behaviour of F22 specimens, but it is to 

underline that the charged specimen shows an unstable crack propagation during test. 

To better investigate fracture surfaces after toughness test, a heat-tinting thermal treatment 

was performed on specimens when stable growth occurred during test and no unstable 

crack propagation occurs at the end of the test. This treatment consists in heating the 

sample at T=300°C for 30 minutes, quenching in liquid nitrogen and then opening it in a 

brittle condition. Figure 3.27 shows the fracture surfaces of F22 hydrogen charged and 

uncharged specimens. 

 

 
Figure 3.27. Stable crack propagation for F22 specimens: (a) uncharged specimen, T=-100°C,  

Jq >890KJ/m
2
, afinal=0.5mm and (b) Charged specimen, T=-90°C, Jq=179kJ/m

2
, afinal=2.5mm 

 

It can be observed that, in the uncharged specimen, crack extension is small due to a very 

tough behaviour; this is confirmed by the correspondent high value of Jq. What happens in 

reality is a blunting (increase of the tip radius) of the crack tip due to plasticity without 

tearing of the material. On the other side, in presence of hydrogen, the crack propagations 

is broad and clear. This will be clarified in SEM fractographic analysis. Heat-tinting is 

also useful in order to estimate the mean crack length, as reported in the standard [58]. In 

Figure 3.28, the propagation occurred in a non-side-grooved specimen is compared with 

one in a side-grooved specimen.  

 

(b) (a) 
1mm 1mm 
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Figure 3.28. Propagation in (a) non-side-grooved specimen and (b) side-grooved specimen 

 

It is possible to observe that, the using of side-grooves, allows to provide a straight and 

more constant crack front instead of the half-moon shape produced without side-groove. 

 

 

3.6 Fatigue crack growth test 
 

Fatigue crack propagation is usually described through da/dN-ΔK plots; da/dN is the crack 

growth rate per cycle and is plotted as a function of ΔK (ΔK=Kmax-Kmin). K, the stress 

intensity factor, is defined as follow: 

 

K a     3.10 

 

Where: 

 β is a dimensionless parameter depending on geometry loading conditions; 

 σ is the stress that can be associated to σmax or σmin; 

 a is the crack length. 

 

In Figure 3.29 a typical da/dN-ΔK plot is depicted; there different regions can be pointed 

out: 

 region I: where a threshold value ΔKth is defined below which there is no crack 

propagation or very slow crack growth; 

 region II: where there is a linear relation between crack growth and ΔK and Paris 

law can be applied: da/dN=CK
m
; 

 region III: where crack growth increases rapidly to a limit value of ΔK where 

unstable propagation occurs, Kmax=KC. 

 

(b) (a) 

1mm 1mm 
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Figure 3.29. Typical crack growth rate as a function of ΔK for steels [69]  

 

Specimens used for this test are C(T) specimen with W equal to 40mm. According to 

regulation from this dimension all other dimensions are obtained: a must be in a range 

between 0.2W and 0.975W. 

During the whole test the following relation must be satisfied: 
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Crack propagation tests were carried out by varying test temperature and load frequency. 

All tests were carried out accordingly to International standard ASTM [70]. Tests were 

carried out in load control; it means that load applied by the machine to the specimen is a 

sinusoidal wave shaped with σmin and σmax ratio equal to R=0.1. Measurements of crack 

growth were made through the compliance method. Precracking of the specimen was 

performed using Fmax=6800N and Fmin=680N. Clip on gage was used to measure the crack 

opening.  

 

 

3.6.1 Fatigue test results: F22 steel 
 

On F22 steels crack propagation tests were carried out for charged and uncharged 

specimens by varying temperature and frequency [71][72], using MTS 810 machine and 

the environmental chamber. From other works it is well-known that hydrogen 

embrittlement is very dependent on frequency [20][73] even if, the combined effect of 

frequency and temperature, is never thoroughly investigated. In Table 3.11 the crack 

propagation test-plan is depicted with the parameters considered as variable in the tests. 

 
Table 3.11. Crack propagation test plan for F22 specimens. 

Uncharged specimen Charged specimen 

T [°C] f [Hz] T [°C] f [Hz] 

RT, -60,  

-100 
20 RT, -30 1, 10 
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Figure 3.30 shows results from fatigue crack propagation tests of uncharged specimens. It 

should be immediately noticed that, for uncharged specimens, the effect of temperature on 

the crack growth rate is not significant; the curves are very similar, with the same slope 

and slightly differing in the y-intercept. Propagation tests on uncharged specimens were 

carried out at a load frequency equal to f=20Hz. In normal environment conditions, as 

widely shown in literature, frequency is not a parameter that affecting the crack growth 

rate. 

 

 
Figure 3.30. F22 steel: crack growth rate for uncharged specimens at different temperatures 

 

Paris coefficients have been calculated and are shown below: 
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It should be pointed out that variations between crack growth rates, at different 

temperatures, are very small and that crack growth rates at same K, decrease while 

decreasing temperature, as expected. Indeed, cyclic plastic zone is reduced while 

decreasing temperature due to the contemporary increase of yield strength. 
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Figure 3.31 shows results from fatigue crack propagation tests on H-charged C(T) 

specimens, at room temperature; two frequencies test were taken: f=1Hz and f=10Hz. In 

the Figure the uncharged specimens curve is shown in order to compare the different 

behaviours. 

 

 
Figure 3.31. F22 steel: crack propagation rates, by varying the frequency at room temperature 

 

The blue line indicates the test carried out at room temperature on uncharged F22 

specimen; it can be noted that there is a perfect connection between Paris theory and 

experimental data. A linear and constant trend of the crack growth rate in the whole ΔK 

range is observed, too. On the other hand, for hydrogen charged specimen tested at 

f=10Hz (orange and pink marks), a general increase in crack growth rate was observed at 

similar ΔK. In particular, at low K, embrittlement effect is clearly significant because of 

the high amount of hydrogen atoms reaching the crack tip. At higher values of K, 

propagation rate becomes similar to the values of uncharged specimens. This phenomenon 

can be interpreted as it follows: crack growth rate is the result of a sum of two 

contributions (hydrogen effect and load effect), at low ΔK hydrogen effect is predominant, 

while for higher values of ΔK mechanical propagation, due to high loads, becomes 

predominant. In the last case, the fatigue behaviour is mainly controlled by the mechanical 

properties of the material (as if it is hydrogen free) since there is not enough time for 

hydrogen to reach the crack tip because of the high crack growth rate. 

 

Again, by observing Figure 3.31, the curve of hydrogen charged specimen at f=1Hz and 

room temperature shows a strong enhancement of the embrittling effect of almost two 

orders of magnitude when compared to the uncharged specimen.  

 

This can be explained by the fact that the crack tip spends longer time at maximum load 

since, hydrostatic stress segregates hydrogen. It was observed that crack growth is 

somehow independent from load condition ΔK since it propagates at a constant rate.  
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As a matter of fact, ΔK is not that influent since embrittlement effect occurs at a constant 

and remarkable growth rate. Figure 3.32 shows, test results of charged specimens, tested at 

T=-30°C, and at f=1Hz and f=10Hz. 

 

 
Figure 3.32. F22 steel: crack propagation rates, by varying the frequency at T=-30°C 

 

Also at this test temperature, it was observed a horizontal trend for the charged specimens, 

nevertheless it was noted a smaller embrittling effect of the hydrogen; for analogous 

frequencies, owing to low temperature, there is a slowdown of hydrogen diffusion at the 

crack tip.  

 

Especially at high ΔK values, for tests carried out at T=-30°C and f=10Hz on charged 

specimens, it was observed that the crack growth rate approaches the uncharged curve.  

 

This fact shows that hydrogen influence on crack growth rate is reduced compared to tests 

carried out at T=23°C. Figure 3.33 shows all results on F22 specimens together in order to 

give a better display of the trends and dependence of hydrogen embrittlement on 

frequency and temperature. 
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Figure 3.33. F22 steel: fatigue crack propagation test results on charged and uncharged specimens at 

different temperatures and frequencies 

 

Crack growth coefficients are given below; it can be noted that, for charged materials, 

Paris coefficients are not those typical of steels: 
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Differences of these values are clearly noticeable by comparing test results at different 

temperatures. It was also observed a good reproducibility of the results. It can be noted 

that, in charged specimens, m exponent tends to zero. This fact means that crack growth 

rate reaches a plateau and at the same time, since it is not completely equal to zero, there is 

still a mechanical contribution. 
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In Figure 3.34 crack length as a function of cycles number is shown. 

 

 
Figure 3.34. F22 steel: crack length as a function of number of cycles 

 

It is evident the change of propagation rate when hydrogen is present; by looking at the 

number of cycles to failure, it can be noted that, for a hydrogen charged specimen tested at 

room temperature and f=1Hz, this value is equal to 5,500 cycle; while, for a hydrogen free 

specimen this value is equal to 340,000 cycles. This fact means that crack growth rate is 

60 times faster in the hydrogen charged specimen. To better show the hydrogen effect on 

fatigue crack growth, Figure 3.35 shows the ratio between propagation rate in charged 

da/dNH and uncharged da/dNNoH specimens as a function of frequencies at similar ΔK and 

at T=23°C. 

 

18

22

26

30

34

38

0 100 000 200 000 300 000 400 000

C
ra

c
k

 L
e

n
g

th
 [

m
m

]

Cycles

Uncharged

f=20Hz T=23°C

f=20Hz T=23°C

Charged

f=1Hz   T=23°C

f=10Hz T=23°C

f=10Hz T=23°C

f=1Hz   T=-30°C

f=1Hz   T=-30°C

f=10Hz T=-30°C

f=10Hz T=-30°C



64 

 

 
Figure 3.35. F22 steel: (da/dNH)/(da/dNNoH) ratio as a function of load frequency at T=23°C 

 

Crack growth rate variation, in low frequency tests, is large for low values of ΔK and 

decrease while increasing ΔK, when the crack propagation curve of the uncharged 

material reaches values close to the curve of the hydrogen charged material. After this 

value the curves are similar. When frequencies are higher, a decrease in crack growth rates 

ratio was observed; this is due to the fact that hydrogen has less time available to reach the 

crack tip. Figure 3.36 shows propagation rates ratio as a function of frequency for tests 

carried out at T=-30°C. 

 

 
Figure 3.36. F22 steel: (da/dNH)/(da/dNNoH) ratio as a function of load frequency at T=-30°C 
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At lower temperature, (da/dNH)/(da/dNNoH) ratio is smaller, meaning that hydrogen 

embrittling effect is mitigated. The explanation lies in the fact that, at lower temperature, 

hydrogen atoms take more time to diffuse at the crack tip. Moreover it was observed that 

the ratio at K=15MPa√m is smaller than the ratio at K=20MPa√m because in this case 

propagation is still dependent on fracture mechanisms connected to the applied loads. 

In Figure 3.37 the influence of temperature on (da/dNH)/(da/dNNoH) ratio is shown, for 

both tested temperatures: T=23°C and T=-30°C. 

If taking the worst condition, that occurs at room temperature with a load frequency f=1Hz 

and at low K values, around 15MPa√m, crack propagation rate, in hydrogen charged 

material, is 100 times higher than the one obtained by uncharged specimens. 

 

 
Figure 3.37. F22 steel: (da/dNH)/(da/dNNoH) ratio as a function of frequency at different temperature 

 

The reduction in crack growth rate at different temperatures can be directly compared with 

the reduction of the diffusion coefficient from T=23°C to T=-30°C. The diffusion 

coefficient, in solids, at different temperatures is often found to be well predicted by the 

following relation: 
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The diffusion coefficients have been calculated equal to: 

 
11 2

23 1.62 10 [ / ]CD m s

     12 2
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The ratio is:  
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A comparison can be made with the crack growth rate ratios at T=23°C and T=-30°C at 

similar ΔK. Those values are reported below. 

 

f=1Hz f =10Hz 

  

  

  

  

  

 

Crack growth rate ratios and diffusion coefficients ratio are very similar almost to say that 

the variation of diffusion coefficient, due to the temperature change, is one of the main 

responsible of the change in crack growth rate. 

 

 

3.6.2 Fatigue test results: X65 steel 
 

Crack propagation tests, similar to the previous case were carried out by means of X65 

specimens, by varying temperature and frequency. 
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Table 3.12 shows crack propagation test-plan and test parameters. 
 

Table 3.12. Crack propagation test plan for X65 specimens. 

Uncharged specimen Charged specimen 

T [°C] f [Hz] T [°C] f [Hz] 

RT 10, 20 RT, -30 1, 10 

 

On uncharged specimens crack growth tests were performed at two different frequencies: 

f=20Hz and f=10Hz. Curves are almost identical, as depicted in Figure 3.38. Crack 

propagation rate vs. ΔK is interpolated by two lines with different slopes (named step): 

Paris coefficient m, that indicates the acceleration of the crack growth rate, is higher in the 

first part and equal to 4.4, when an expected value for steels is equal to 3, and a lower one 

in the second part, where a reduction in crack growth rate was observed since m is equal to 

2.2. ΔKstep is about at 25.5MPa√m; the curves coefficients are equal to: 

  

10 4.3748

, 23

7 2.2231

, 23

1.01 10

1.04 10

NoH

I T C

NoH

II T C

da
K

dN

da
K

dN



 



 

 
   

 

 
   

 

  

 

According to literature [74], variation in Paris exponents can be attributed to 

microstructural properties and in particular to microstructure dimension. Even though the 

phenomenon observed is typical of aluminium and titanium alloys, it was found also on 

steels. It is controlled by the size of the cyclic plastic zone, indeed, when it reaches a 

certain length, comparable with around few grain diameters, dislocations are constrained 

by different mechanism since new slip planes are activated and grain boundaries take part 

to the process. For this reason, there is a reduction of Paris exponent, which means an 

increased strength of the material and a higher constrain to dislocation movements; that is 

what was experimentally observed in X65 steel. This behaviour is shown in Figure 3.39, 

where different metals are depicted, in da/dN-ΔK plots. 

 



68 

 

 
Figure 3.38. X65 steel: crack propagation rates, by varying the frequency at room temperature 

 

 
Figure 3.39. Schematization of the effect of cyclic plastic zone size on the fatigue crack growth rate curve: 

T is the transitions, influenced by the relation between cyclic plastic zone size and microstructure 

 

In Figure 3.40 results from fatigue crack growth tests, on charged specimens at room 

temperature, are shown; two frequencies test were investigated: f=1Hz and f=10Hz. Test 

frequencies were taken similarly to F22 tests. 
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Figure 3.40. X65 steel: crack propagation rates, by varying the frequency at room temperature 

 

Hydrogen effect causes an embrittlement and a crack growth acceleration comparable with 

the one observed during F22 testing. Plateau regions are easily noticeable for both test 

frequencies, f=1Hz and f=10Hz; also, as stated above, crack growth rate reaches a constant 

value independent from crack length and load level, since it is independent from K. 

Figure 3.41 shows results for specimens tested at T=-30°C and similar frequencies. Also at 

this test temperature, it was observed a horizontal trend for the charged specimens; 

nevertheless, it was noticed a smaller embrittling effect by the hydrogen presence; for 

analogous frequencies. This fact can be explained with thermal considerations: at lower 

temperatures, there is a slowdown of hydrogen diffusion reaching the FPZ (fracture 

process zone). Especially at high ΔK values, for tests carried out at T=-30°C and f =10Hz 

on charged specimens, it was observed that the crack growth rate approaches the 

uncharged curve. This fact shows that hydrogen influence on crack growth rate is reduced 

compared to tests carried out at T=23°C.  

 



70 

 

 
Figure 3.41. X65 steel: crack propagation rates, by varying the frequency at T=-30°C 

 

In this case, temperature plays a very important role in hydrogen embrittling effect; 

indeed, hydrogen diffusivity inside the lattice decreases and da/dN-K curves approaches 

the uncharged material behaviour. As it can be noted, in the same K range of where at 

room temperature there is a plateau, the curve at T=-30°C present a positive slope. 

 

Also, in the curve at T=-30°C and f =1Hz, it is well-noticeable how hydrogen embrittling 

effect has a maximum at medium K range, while, for lower and higher values material 

behaviour is again similar to the uncharged one, that is the typical fatigue behaviour of the 

material without hydrogen. It means that, if hydrogen embrittlement assisted cracking on 

crack growth were not taken into account, the most surprising and catastrophic damages 

can occur at medium K range, since in this range deviation from ordinary behaviour is 

maximum. 

 

In Figure 3.42 all results regarding X65 are depicted in order to give a better display of the 

trends and the dependence of hydrogen embrittlement on frequency and temperature. 
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Figure 3.42. X65 steel: fatigue crack propagation test results on charged and uncharged specimens at 

different temperatures and frequencies 

 

Crack propagation equations and coefficients of the X65 curves are given below: 
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For hydrogen charged specimens, the calculation of Paris coefficients was done by 

considering the plateau region; as already discussed for F22, m coefficient approaches 

zero values at room temperature and low frequencies. In Figure 3.43 crack length as a 

function of cycles number is shown. 
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Figure 3.43. X65 steel: crack length as a function of number of cycles 

 

As previously noted with F22 tests, when specimens are hydrogen charged, unstable 

propagation is reached 30 times faster than the uncharged case; the maximum 

enhancement is observed if comparing data for a hydrogen charged specimen at room 

temperature and f=1Hz and the uncharged one.  

 

As it will be shown later, maximum enhanced of hydrogen embrittlement appears at room 

temperature. In Figure 3.44 crack propagation rates ratios are shown; in particular ratios 

were calculated between charged specimens growth rate da/dNH and uncharged specimen 

growth rate da/dNNoH as a function of frequencies and K at room temperature. 
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Figure 3.44: X65 steel: (da/dNH)/(da/dNNoH) ratio as a function of load frequency at T=23°C 

 

Results agree with those found for F22 steel; indeed, while increasing load frequency, 

hydrogen charged crack propagation rate goes closer to the uncharged material behaviour. 

In Figure 3.45 same curves of those reported in Figure 3.44 are depicted, in this case test  

temperature is equal to T=-30°C. Ratio scale was modified with respect to the previous 

graph for a better understanding of the results. 

It was observed that, especially at low and high values of K and precisely until 

K=20MPa√m and after K=30MPa√m, and at high frequencies, crack propagation rates 

are very close to the uncharged behaviour. On the other hand, for values of K in that 

range, there is a slight difference also at high frequencies. At low frequencies, it was 

noticed a rise of crack propagation rates ratio also for X65 steel, nevertheless this rise is 

not very high. 

In Figure 3.46 the influence of temperature on (da/dNH)/(da/dNNoH) ratio is shown for both 

tested temperatures: T=23°C and T=-30°C. 
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Figure 3.45: X65 steel: (da/dNH)/(da/dNNoH) ratio as a function of load frequency at T=-30°C 

 

 
Figure 3.46: X65 steel: (da/dNH)/(da/dNNoH) ratio as a function of frequency at different temperature 

 

Once again, pointing out the worst situation, that is for hydrogen charged specimen at 

room temperature, f=1Hz and low K, crack propagation rate is 50 times higher than the 

rate in the same condition for the uncharged specimen. 
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3.6.3 Remarks on results 
 

A common feature that emerged from data is the presence of a transient and/or a large 

scatter of data at the beginning of the test until a certain, threshold, ΔKth level. This 

threshold appears to be increased by frequency and decrease by increasing temperature. In 

particular this threshold seems lower for F22 steel (around K=20MPa√m, as it can be 

noted from Figure 3.33) and slightly higher for X65 steel (around K=23MPa√m, see 

Figure 3.42). After this transient, behaviour of the material seems more stable. It is 

difficult to assess quantitatively this transient since accurate tests need to be performed, 

nevertheless a better understanding will be provided in chapter 5 thanks to fractographic 

investigation and comparison with literature and theory shown in chapter 2. Another 

remark, that should be done, concerns the fact that specimens have been hydrogen 

precharged; in literature many of these tests are done under cathodic reaction (by varying 

the potential) of hydrogen so that results seem more like stress corrosion cracking (SCC) 

while in this work results are typical of HE of charged lattice. 
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4 Fatigue Crack Growth Predicting Model 
 

 

 

4.1 Theory of the model 
 

In this chapter, a model to predict the hydrogen embrittlement crack growth rate in the II 

region of the da/dN-ΔK plot is suggested. This model will predict the behaviour of the 

material as a function of the experimental parameters such as: test temperature, load 

frequency and ΔK. In particular, once the material behaviour without hydrogen and how 

hydrogen enhances embrittlement is known, it is possible to predict the crack growth rate 

and therefore the crack length after a certain number of cycles, at constant load, for a 

certain temperature and load frequency. This model is based on a superposition of effects: 

mechanical fatigue crack growth and purely hydrogen embrittled sustained growth, as 

given in [69] and revised in [75]. 

Fatigue crack growth in aggressive environments can be enhanced by sustained load 

during each load cycle. There are two main models which try to account for this effect: 

 Superposition model, reported in [75] and given in Eq. 4.1; 

 The process competition model, reported in [76]. 

 

The superposition model proposes that the overall crack growth rate is the sum of a 

baseline fatigue component (mechanical fatigue) and a component due to sustained load 

fracture (as in Figure 4.1). On the other hand, the process competition model assumes that 

fatigue and sustained load fracture are mutually competitive and that the crack will growth 

at the fastest available rate, whether that is the baseline fatigue crack growth rate or the 

crack growth rate per cycle owing to sustained load fracture. Superposition model is 

formulated as it follows: 

 

( )I

TOT B

da da da
K t dt

dN dN dt

   
    

   
  

 

4.1 

B stands for baseline fatigue (mechanical fatigue) and the integral in Eq. 4.1 is taken over 

one cycle of the fatigue loading and incorporates the effect of frequency, f, and stress ratio, 

R, via KI(t). 

 

In this experimental investigation, it was found, from SEM analysis (next chapter), that in 

the fracture surface, it can be spotted either the base mechanical fatigue (striations) and the 

sustained load fracture (facets and “cells” with inclusion inside). For this reason, 

superposition model was taken into account and applied. 
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4.1.1 Frequency and temperature dependence 
 

The following derivation will be done for superposition model, for the reason already 

mentioned; since in this investigation stress ratio was not considered and significant 

parameters are temperature and frequency, it is possible to simplify the integral in Eq. 4.1 

and give to it a physical meaning as it follows: 

 

1
( )      with     ( )I I

IHAC IHAC

da da da da da da
K t dt dt t K t

dt dt dt dt f dt dt

   
         
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     

 

Where  /
IHAC

da dt is the average sustained load fracture rate owing to internal hydrogen 

assisted cracking and, since the integral in Eq. 4.1 was calculated over one loading cycle, 

1/t f . Therefore, the superposition model, given in Eq. 4.1, can then be rearranged as it 

follows: 

 

1
 

TOT B IHAC

da da da

dN dN f dt

    
      

     

 4.2 

 

Hence, the superposition of both crack growth rates (i.e. baseline and IHAC) should give 

the frequency dependence of the overall crack propagation rate (TOT) once the behaviour 

in the II region of the uncharged material and the average sustained load fracture rate 

 /
IHAC

da dt  are known. 

 

Figure 4.1 is a schematic of how the superposition model can be used to predict the overall 

crack growth rate curve for the materials in specific environmental and load conditions. It 

is also shown that there might be a Kstart at which IHAC is null before and contributes after 

this level to crack growth; this behaviour was found also in tests data, nevertheless, 

accurate measurements need to be done in order to have a precise explanation of the 

phenomenon in a quantitative way; in the fractographic investigation this point will be 

better explained. 

 
Figure 4.1. Superposition model 

 

It can also be seen that the crack propagation due to hydrogen embrittlement is 

independent from K in a certain range, between Kstart, where hydrogen presence starts 

to affect the material, and higher K, where crack propagation is no longer dependent on 
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hydrogen embrittlement since mechanical growth is much higher and the material is 

approaching instability; this behaviour was found also in this analysis and that is the 

reason why it was possible to simplify the integral in Eq. 4.1. There are other models that 

calculate da/dt as a function of intrinsic parameters of the material such as elastic 

modulus, yield strength, strain hardening coefficient, diffusion coefficient, grain and 

inclusion size, hydrogen content and adjusting the value according to semi-empirical 

values. Nevertheless, these measurements take long time and still they cannot give an high 

accuracy; for these reasons it was chosen to measure the ratio, taking as reference a 

temperature T=23°C; in this way all parameters that do not depend on temperature are 

cancelled and the diffusion coefficient is taken as index of the ratio between the growth 

rates [77]. It is then possible to write the following relation: 
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Crack growth rate is, in fact, a function of diffusion coefficient as shown in previous 

works [78] and depicted in Figure 4.2 where it is reported log(da/dt) versus temperature. 

 

 
Figure 4.2. crack growth rate versus temperature in hydrogen gas for 4130 steel 

 

 

4.2 Analytical procedure 
 

For both steels, it was first pointed out the “Paris relation” of the uncharged material; it 

has been found that for F22 material constants are: 
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For X65, two different equations were used (see Chapter 3) and Paris coefficients are: 
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Then, the average crack growth rate per cycle owning to the hydrogen embrittlement was 

estimated. Calculations were done by taking as reference either T=23°C and f=1Hz or the 

average of crack rates at different frequencies, using the following relation: 

 

 
TOT BIHAC

da da da
f

dt dN dN

      
        

     
  4.3 

 

Analytically, determination of the average crack growth rate per cycle owning to the 

hydrogen embrittlement was found according to Eq. 4.3, by subtracting the data on the 

uncharged steel  /
B

da dN , that is Paris relation, to  /
TOT

da dN of the charged specimen 

at the same ΔK in a range where still the IHAC effect is predominant (plateau region). 

When crack propagation rate is much higher than the uncharged material the estimation 

can be performed by dividing the crack growth length and the elapsed time that this 

process takes in the plateau region. The reason why it was considered only this region is 

that in the plateau the hydrogen embrittlement contribution to crack growth is relevant 

compared to the uncharged case (almost 2 orders of magnitude). 

Another parameter that should be estimated to a good fitting of the model is Kstart , that is 

the value of K where crack propagation, in presence of hydrogen, begins to be influenced 

and increases. 

 

   · 1start

Istart
K K R    4.4 

 

The superposition model doesn't consider the micromechanical mechanisms. Hydrogen 

embrittling acceleration occurs when a critical hydrogen concentration at the crack tip is 

reached. For this region the hydrogen diffusion and kinetics in FPZ (fracture process zone) 

and other variables (Ccr, C0, T, D, ry, σH) should be taken into consideration. The 

experimental results show that ΔKstart is temperature and frequency dependent and the 

values are in the range of 12.5÷14.5MPa√m. This behaviour and the values are considered 

in the model. Finally it can be assumed that the upper boundary of the model reaches 

asymptotically the critical K value of the material.  

 

Since the model predicts a superposition of effect, and not a competition, there must be, 

and it was experimentally observed, a transient where hydrogen assisted cracking 

approaches the  /
EAC

da dt  rate in a range of ΔK from the threshold to the plateau value.  
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In order to avoid a step at Kstart, in the crack growth rate it can be choose to gradually 

introduce the effect of hydrogen embrittlement after this point; that corresponds to an 

interval of 2MPa√m in which the contribution of  /
EAC

da dt  is gradually introduced; the 

equation was then modified as it follows: 

 

1
( )

TOT B IHAC

da da da
g K

dN dN f dt

     
       

     
 4.5 

 

Where: 

 g(K)=0 if K<Kstart; 

 g(K) is a function of K that goes from 0 to 1 when Kstart≤(K)≤Kstart+2 

 g(K)=1 if K>Kstart+2; 

 

Temperature dependence was considered through the diffusion coefficients ratio knowing 

the values of diffusion coefficient at fixed temperature. 
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4.6 

 

Since the ratio between diffusion coefficients cancel the influence of D0, the unique 

parameter that should be calculated is the activation energy for diffusion Ea, that can vary 

largely in the process zone owing to presence of high energy hydrogen traps such as 

dislocations, vacancies and the stress state itself, whose concentration is different than in 

the bulk material [79].  

 

Activation energy for X65 and F22 steels was calculated from literature equal to 

15.5kJ/mol, nevertheless this value can vary largely and depends on the site where the 

hydrogen is: low energy, when interstitial, (Ea=1.6kJ/mol) and high energy, when trapped, 

(Ea=60kJ/mol). 
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4.3 Results 
 

 

4.3.1 Model for F22 
 

For F22 steel average crack propagation rate owing to hydrogen assisted cracking is: 

23 , 1

32.48 10   /

T C f Hz

EAC

d a
mm s

dt

  



 
   
 
 

 

Model results at T=23°C and at different frequencies are compared with test data as it can 

be seen from the overlapping in Figure 4.3. 

 

 
Figure 4.3. F22 steel: model prediction and experimental data at T=23°C 

Upper and lower limit values of ΔK were not experimentally determined but they are 

shown for a better understanding of the behaviour of the material tested in all the ΔK 

ranges. 

As it can be seen, the model predicts effectively real material behaviour at f=10Hz and, 

according to the theory, it is reliable in the tested range. Crack propagation rate at T=-

30°C is: 

 
30 , 1

46.28 10   /

T C f Hz

EAC

d a
mm s

dt

  



 
   
 
 

 

 

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

10

d
a
/d

N
 [

m
m

/c
y
c

le
]

K [MPam1/2]

Model 1Hz

Model 5Hz

Model 10Hz

Paris law

Data H 1Hz

Data H 10Hz

Data NoH

Estimation



82 

 

Good agreement between test data and model prediction is found. From tests carried out at 

T=-30°C, crack growth rate da/dt is equal to 8.98·10
-4

mm/s. The difference between the 

predicted and analytically calculated rate, equal to 6.28·10
-4

mm/s, is due to low accuracy 

of activation energy Ea evaluation; in fact, by reversing the model it is possible to estimate 

the activation energy by imposing a perfect fitting of the data; the result is equal to 

11.5kJ/mol, then smaller that the value taken from literature. Subsequently, it is possible 

to plot the crack propagation curves at T=-30°C through the model. 

 

In Figure 4.4 the estimation is overlapped to the real data; also in this case model 

prediction is satisfactory. 

 

 
Figure 4.4. F22 steel: model prediction and experimental data at T=-30°C 

 

 

4.3.2 Model for X65 
 

For X65 steel, crack propagation rate due to hydrogen effect is calculated and give the 

following value: 
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Model prediction at T=23°C and different frequencies was compared with test data; in 

Figure 4.5 the superposition is shown. 
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Figure 4.5. X65 steel: model prediction and experimental data at T=23°C 

 

As it can be seen the model predicts effectively real material behaviour at f=10Hz and, 

according to the theory, it is reliable in the tested range. Crack propagation rate at T=-

30°C is: 
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Model prediction at T=-30°C and different frequencies was compared with test data; in 

Figure 4.6 the superposition is shown. 
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Figure 4.6. X65 steel: model prediction and experimental data at T=-30°C 

 

 

4.4 Application of the model to a real crack-like pipelines defect 
 

 

4.4.1 Application of the model to a real case (F22 pipeline) 
 

Once that the experimental data for the test at T=23°C and at load frequency equal to 

f=1Hz were obtained, it was possible, as shown above, to get crack growth rates at 

different temperatures and frequencies with good approximation.  

 

In order to apply experimental data to a real case, it is necessary to implement the 

equations of the model in order to obtain a numerical analysis of the crack growth inside 

the pipeline. A semi elliptical longitudinal crack in a pipeline is schematized, with the aim 

to apply the model to an actual application, see Figure 4.7. 
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Figure 4.7. Modeling of the pipeline with a crack 

 

A semi-elliptical crack is schematized, because the theoretical relations of the stress 

intensification factors is known. In Figure 4.8 crack geometry is shown. 

 

 
Figure 4.8. Crack Geometry 

 

In order to calculate stress intensification factor the following equation [74] is used: 
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Where F is a geometric function, depending on a, c and is a coefficient depending on 

a and c. A sinusoidal internal pressure with R=0.1 is applied. The maximum pressure is 

830 bar and the minimum value is 83 bar. The circumferential stresses and the stress 

intensity factors are then calculated. Circumferential stresses patterns through the 

thickness are shown in Figure 4.9. 

 
Figure 4.9. F22 pipeline: circumferential stress along thickness 

 

For an easier coverage of the problem it was consider as the applied stress the average 

circumferential stress is considered as applied stress. 

 

 
4.8 

 

As initial crack dimensions, a and c, the values given in Figure 4.10 are chosen. 

 

 
Figure 4.10. Crack dimensions 
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In these conditions, initial K is: 

 

Imax

Imin
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0.943

K MPa m
K MPa m
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 4.9 

 

Values were calculated in the point of maximum stress, whereas initial K for 

0° is: 

 

Imax_2C

Imin_2C
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K MPa m
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 
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 4.10 

 

Through data obtained from toughness tests it is possible to obtain Jc values for the F22 

steel with and without hydrogen presence.  

 
2

_ _ 22

2

_ _ 22

800 /

150 /

c NoH F

c H F

J kJ m

J kJ m




 4.11 

 

The value of Jc taken for the uncharged case is lower than the real value in fact it is taken 

as the average value between data obtained at T=-80°C and crack propagation during test 

is not enough extended to obtain a Jc (really, it is a Jq instead of a Jc, as mention in Chapter 

3). From this values it is possible to obtain KIc through the following equation. 
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4.12 

 

 

Values are: 
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4.13 

 

Rearranging equation and using as KI the known value of KIc and the maximum stress, it is 

possible to calculate the critical length of the crack. According to this procedure critical 

crack length are: 

 

_ _ 22

_ _ 22
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a mm
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4.14 

 

 

Results are extremely high and higher than the thickness of the pipeline that is equal to 

65mm; in this case there will be a leakage before break. On the other hand, considering the 

ductility of the material, plastic collapse should be taken into account.  
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Calculations were performed according to BS regulations [80]. The reference stress is 

defined as it follows: 

 
2 2 2 0.5

2
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 4.15 

 

If bending stresses are not considered, and km=1 is imposed, in absence of notches in the 

material, it is possible to apply the following equation: 
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With: 
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4.17 

 

Where Pm was chosen as the average maximum circumferential stress equal to 121.5MPa. 

Imposing the critical value ref = f , f, the critical stress can be calculated as it follows: 

 

500
2

YS UT
f

 



   4.18 

 

With YS=415MPa and UT=585MPa obtained through ASME [53]. Rearranging equation 

4.16 and imposing 2c=6a it is estimated that plastic collapse occurs for a crack length 

equal to: 

 

_ 61c pla mm  4.19 

 

Therefore shortly before the end of the thickness equal to 65mm. 

 

It is also possible to estimate the number of cycles to failure for the pipeline, under this 

loading condition and with the crack geometry defined in Figure 4.10. In Figure 4.11 the 

diagram of crack propagation at initial K=8.489MPa√m
 
is shown for a load frequency of 

f=1Hz. 
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Figure 4.11. F22 pipeline: crack propagation diagram at f=1Hz and T=23°C 

 

It can be noted that, for low K, hydrogen effect is not relevant and propagation occurs 

following the Paris line of the uncharged material. Once K=12MPa√m is reached, 

hydrogen effect increases crack growth rate. When the crack length reaches a value of 

61mm plastic collapse occurs; this length is reached by the uncharged material in a 

number of cycles double compared to the hydrogen charged material:  
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Figure 4.12 shows crack length as a function of the number of loading cycles for charged 

and uncharged material. 
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Figure 4.12. F22 pipeline: crack length as function of cycles at f=1Hz and T=23°C 

 

It is also possible to estimate graphically the crack growth shape as a function of the 

number of loading cycles, as shown in Figure 4.13 and Figure 4.14. 

 
Figure 4.13. F22 pipeline: crack growth as function of cycles for uncharged material at f=1Hz and T=23°C 

 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

x 10
6

10

20

30

40

50

60

Lunghezza di cricca Vs cicli

L
u
n
g
h
e
z
z
a
 d

i 
c
ri
c
c
a
 [

m
m

]

Cicli

 

 

Senza Idrogeno

Con Idrogeno

Uncharged

Charged

Cycle

C
ra

c
k
 L

e
n
g
th

 [
m

m
]

-60 -40 -20 0 20 40 60
0

10

20

30

40

50

60

0

1.5e+006

2e+006

2.18559e+006
Propagazione senza idrogeno

a
 [

m
m

]

c [mm]



91 

 

 
Figure 4.14. F22 pipeline: crack growth as function of cycles for charged material at f=1Hz and T=23°C 

 

If the frequency of the variable loading is higher, for example frequency equals to f=10Hz, 

it would be possible to use the model to predict the number of cycles to failure, while 

keeping constant crack geometry and loading parameter; results are shown below: 

 

_ _10 _ 23 1,123,735end H Hz CCycles    4.21 

 

The number of cycles to failure for the material without hydrogen remains constant while 

varying frequency. In Figure 4.15 crack propagation diagram for F22 pipeline at f=10Hz 

and T=23°C is shown while in Figure 4.16 the crack length as a function of the number of 

loading cycles either for hydrogen charged and uncharged case is shown. 

 
Figure 4.15. F22 pipeline: crack propagation diagram at f=10Hz and T=23°C 
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Figure 4.16. F22 pipeline: crack length as function of cycles at f=10 Hz and T=23°C 

 

It is also possible to vary the temperature and investigate, through the model, the number 

of cycles to failure in case of T=-30°C and f=1Hz; the number of cycles to failure are: 

 

_ _1 _ 30 1,042,985end H Hz CCycles     4.22 

 

In Figure 4.17 crack propagation diagram for the material with and without hydrogen is 

reported. 

 
Figure 4.17. F22 pipeline: crack propagation diagram at f=1Hz and T=-30°C 
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4.4.2 Application of the model to a real case (X65 pipeline) 
 

In this section the numerical analysis used for the F22 pipeline is carried out for X65 

pipeline. Pressure ratio is kept constant with Pmax=830bar and Pmin=83bar; outer diameter 

of the pipe is equal to Do=323mm and the thickness is equal to t=46mm. In these 

conditions circumferential stresses, maximum and minimum, are shown in Figure 4.18. 

 
Figure 4.18. X65 pipeline: circumferential stress along thickness 
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At K is equal to the following values: 
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From test data it is possible to obtain Jc for X65 steel either with hydrogen and without. 
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Jc value is taken as the average value between data obtained at T=-70°C.  
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From this values it is possible to obtain KIc through the following equation. 
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Critical crack lengths are equal to: 
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4.27 

 

 

Results are really high and larger than the thickness of the pipeline that is equal to 

t=46mm; in this case there will be a leakage before break.  

 

On the other hand, considering the ductility of the material, plastic collapse should be 

taken into account. As Pm value, upper average circumferential stress is taken, that is equal 

to 215.3MPa. Assuming that the critical value is reached, it is imposed that ref = f where 

f can be obtain as it follows: 
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 
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   

     

4.28

  

With YS=448MPa and UT=531MPa calculated through API 5L [54]. Rearranging 

equation 4.16 and imposing 2c=6a it was estimated that plastic collapse occurs for a crack 

length equal to:  

 

_ 39c pla mm  4.29 

 

Hence before the end of the thickness equal to 46mm. It is also possible to estimate the 

number of cycles to failure for the pipeline under this loading condition and with a crack 

geometry defined in Figure 4.8. 

 

In Figure 4.19 the diagram of crack propagation is shown for a load frequency of f=1Hz. 
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Figure 4.19. X65 pipeline: crack propagation diagram at f=1Hz and T=23°C 

 

When the crack length has reached a value of 39mm plastic collapse occurs; Failure crack 

lengths in charged and uncharged cases are reached after the following cycles: 
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In Figure 4.20 crack length as a function of number of cycles is shown for X65 pipeline. 

 
Figure 4.20. X65 pipeline: crack length as function of cycles at f=1Hz and T=23°C 
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It is also possible to estimate graphically the crack growth shape as a function of the 

number of cycles, as shown in Figure 4.21 and Figure 4.22. 

 
Figure 4.21. X65 pipeline: crack growth as function of cycles for uncharged material at f=1Hz and T=23°C 

 

 
Figure 4.22. X65 pipeline: crack growth as function of cycles for charged material at f=1Hz and T=23°C 

 

For higher frequency, f=10Hz, cycles to failure are evaluated and equal to: 

 

_ _10 _ 23 74,389end H Hz CCycles    4.31 

 

The number of cycles to failure for the material without hydrogen remains constant while 

varying frequency. In Figure 4.23 crack propagation diagram for X65 pipeline at f=10Hz 

and T=23°C is shown while in Figure 4.24 the crack length as a function of the number of 

cycles either for hydrogen charged and uncharged is shown. 
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Figure 4.23. X65 pipeline: crack propagation diagram at f=10Hz and T=23°C 

 

 

 
Figure 4.24. X65 pipeline: crack length as function of cycles at f=10Hz and T=23°C 

 

It is also possible to vary the temperature and investigate, through the model, the number 

of cycles to failure in case of a temperature equal to T=-30°C and a loading frequency of 

f=1Hz; the number of cycles to failure are equal to: 

 

_ _1 _ 30 42,620end H Hz CCycles     4.32 
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In Figure 4.25 the variation of crack propagation rate at T=-30°C is shown. 

 
Figure 4.25. X65 pipeline: crack propagation diagram at f=1Hz and T=-30°C 

 

For this situation the respective crack length versus number of cycles is depicted in Figure 

4.26. 

 
Figure 4.26. X65 pipeline: crack length as function of cycles at f=1Hz and T=-30°C 
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4.5 Remarks on models and its application 
 

The superposition model and the thermal model proposed to reproduce the materials 

behaviour, seem to fit reasonably the test data respect all the dependences between 

environmental conditions and material behaviour and agree with previous investigations 

found in bibliography. Test data at low frequency and room temperature are better in order 

to develop the model, in fact, good agreement between experimental data and the 

modelled behaviour are observed. This fact can be owed to the enhanced hydrogen effect 

at low frequencies and higher temperatures; on the other hand at lower temperatures and 

higher frequencies, parameters that were not taken into account can influence more the 

behaviour. Another important fact that should be taken into account as a parameter, but for 

lack of tests was not possible to estimate, is the hydrogen content inside the lattice; from 

literature [20] it was found that, by varying hydrogen content, it is possible to have a 

better view of the embrittlement phenomenon. It was also shown that, the model is easy to 

implement in real cases and can be applied to service life estimations. The lack of the 

knowledge of ΔKth can be a limit when short cracks are considered (short-crack mechanics 

need a different approach), nevertheless the model is a powerful and relatively simple tool 

in order to evaluate crack growth rates at different conditions without a large number of 

tests. 
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5 Fractographic Analysis 
 

 

 

Special acknowledgement goes to Chemistry, Material and Chemical Engineering 

Department CMIC “Giulio Natta” of Politecnico di Milano where SEM fractographic 

observation on tested specimens are performed. 

 

 

5.1 Charpy impact test (fractographic analysis)  
 

 

5.1.1 Macro and micrographic examination: F22 steel 
 

Figure 5.1 shows fracture surfaces of F22 specimens tested at different temperatures 

without hydrogen. Under every image test temperature, absorbed energy and portion of 

brittle area are reported. 

 

 
T=23°C, KV2=265J, BA=0% 

 
T=-100°C, KV=257J, BA=5% 

 
T=-110°C, KV=218J, BA=25% 

 
T=-120°C, KV=27J, BA=100% 

Figure 5.1. F22 steel: fracture surfaces for uncharged specimen at different temperatures 

 

It can be observed that, until T=-100°C, the percentage of brittle area is very small, around 

5%, and the whole surface seems to be plastically deformed, indicating a ductile fracture.  

1mm 1mm 

1mm 1mm 



101 

 

Furthermore, no shining pattern, typical of fragile separation, can be seen, demonstrating 

the ductile behaviour. Dislocations in the lattice are able to follow deformation forced to 

the specimen by the hammer and to cause a ductile rupture with clear plasticization areas. 

Microscopically, fracture surfaces show typical ductile rupture features: large plastic 

deformations, tearing and side expansion. Around temperature of about T=-120°C the 

lattice tends to become more stiff and dislocations are partially blocked by low 

temperature, that affects mobility. At this point brittle behaviour occurs. 

This change can be observed by looking at the fracture surface of the specimen tested at 

T=-110°C, and even more in the specimen tested at T=-120°C. It can be seen that surface 

is less buckled, more regular and flatter; plastic deformation is drastically reduced, side 

expansion is actually inexistent, almost 100% of the fracture surface is brittle. Fracture 

surface appears crystalline, rough and bright. In Figure 5.2 fracture surfaces of F22 

hydrogen charged specimens are shown. 

 

 
T=-70°C, KV2=232J, BA=0% 

 
T=-80°C, KV2=223J, BA=0% 

 
T=-90°C, KV2=85J, BA=81% 

 
T=-100°C, KV2=60J, BA=86% 

Figure 5.2. F22 steel: fracture surfaces for charged specimen at different temperatures 

 

As it can be noticed from the width of the brittle area at temperature around T=-90°C, 

there has been a remarkable change in the material response to the Charpy test after the 

charging. Around T=-100°C the material shows a complete brittle behaviour. 

 

The micrographic examination of F22 is reported forwards. In Figure 5.3 cracks starts, 

occurred at the machined notches, are shown for charged and uncharged specimen. 

1mm 1mm 

1mm 1mm 
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T=-110°C, KV2=218J, BA=25% T=-100°C, KV2=121J, BA=70% 

Figure 5.3. F22 steel: fracture surface near notch for (a) uncharged and (b) charged specimen  

 

Ductile crack propagation is similar in both specimens, charged and uncharged, and 

reported in Figure 5.4. 

 

 
T=-80°C, KV2=252J, BA=5% T=-80°C, KV2=66J, BA=87% 

Figure 5.4. F22 steel: ductile fracture for (a) uncharged and (b) charged specimen 
 

Figure 5.5 shows the ductile-to-brittle transition for charged and uncharged material. 

 

 
T=-110°C, KV2=218J, BA=25% T=-80°C, KV2=66J, BA=87% 

Figure 5.5. F22 steel: ductile-to-brittle transition for (a) uncharged and (b) charged specimen 

(a) (b) 

(a) (b) 

(a) (b) 
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Figure 5.6 shows a region characterized by brittle behaviour. 

 

 
T=-120°C, KV2=27J, BA=100% T=-95°C, KV2=140J, BA=47% 

Figure 5.6. F22 steel: brittle fracture for (a) uncharged and (b) charged specimen 
 

Another examples, showing a quasi-cleavage fracture surface, is reported in Figure 5.7. 

 

 
T=-110°C, KV2=18J, BA=100% 

Figure 5.7. F22 steel: brittle fracture reporting some aspect of quasi-cleavage separations 
 

 

5.1.2 Macro and micrographic examination: X65 steel 
 

Also X65 steel shows similar changes in Charpy test response when charged, nevertheless 

the temperature shift, in ductile-brittle transition, is less pronounced compared to F22 

steel. Figure 5.8 shows fracture surfaces of X65 uncharged specimens. 

 

(a) (b) 
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T=-20°C, KV2=245J, BA=0% 

 
T=-60°C, KV2=156J, BA=50% 

 
T=-90°C, KV2=116J, BA=76% 

 
T=-100°C, KV2=17.5J, BA=100% 

Figure 5.8. X65 steel: fracture surfaces for uncharged specimen at different temperatures 

 

Figure 5.9 shows fracture surfaces of X65 hydrogen charged specimens. 

 

 
T=-20°C, KV2=222J, BA=0% 

 
T=-60°C, KV2=172J, BA=45% 

1mm 1mm 

1mm 1mm 

1mm 1mm 
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T=-90°C, KV2=81J, BA=86% 

 
T=-100°C, KV2=21J, BA=97% 

Figure 5.9. X65 steel: fracture surfaces for charged specimen at different temperatures 

 

Comparing fracture surfaces of X65 charged and uncharged specimens, at same 

temperatures, it can be observed that there are no apparent differences between them. By 

observing, anyway, Charpy impact energy versus temperature, Figure 3.13, there is a 

small, though slight, change in transition temperature. Micrographic examinations of X65 

specimens are reported forward. The ductile behaviour for hydrogen charged and 

uncharged specimens is shown in Figure 5.10. 

 

 
T=-90°C, KV2=157J, BA=47% T=-60°C, KV2=172J, BA=45% 

Figure 5.10. X65 steel: ductile fracture for (a) uncharged and (b) charged specimen 
 

Dimples appearance seems the same in hydrogen charged and uncharged material, both 

generated around inclusions and with similar surface features. Ductile-to-brittle fracture 

for charged and uncharged material is shown in Figure 5.11. 

 

1mm 1mm 

(a) (b) 
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T=-90°C, KV2=157J, BA=47% T=-60°C, KV2=172J, BA=45% 

Figure 5.11. X65 steel: ductile-to-brittle fracture for (a) uncharged and (b) charged specimen 
 

Also in this case no significant differences are observable. Finally, the brittle fracture 

behaviour is reported in Figure 5.12. 

 

 
T=-90°C, KV2=157J, BA=47% T=-60°C, KV2=172J, BA=45% 

Figure 5.12. X65 steel: brittle fracture for (a) uncharged and (b) charged specimen 
 

 

5.2 Toughness test (fractographic analysis) 
 

 

5.2.1 Macro and micrographic examination: F22 steel 
 

Both for F22 and X65 steels, macro and micrographic appearance, is similar. Obviously 

there is a fatigue crack growth in the precrack region, a crack tip blunting in the first part 

of the test propagation, a ductile crack extension and, when temperature is low enough and 

crack sufficiently long, a brittle propagation. A usual fracture appearance, of an F22 

uncharged specimens, is reported in Figure 5.13. 

 

(a) (b) 

(a) (b) 
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Figure 5.13. F22 steel: fracture surface morphology after toughness test at T=-110°C of uncharged 

specimens in (a) macro and (b) micrographic observation 

 

From the macrographic image of Figure 5.13a it is possible to clearly distinguishes the 

fatigue crack growth and the unstable propagation, whereas from the micrographic image 

of Figure 5.13b also blunting and little ductile propagation are observable. The presence of 

oxide is due to the slow drying phase after the unstable propagation. In order to avoid 

oxidation a quick drying of the fracture surfaces is needed.  

The test was conducted at T=-110°C and the specimen reached an unstable propagation at 

a load of P=46450N as shown in Figure 5.14 where the load versus displacement test 

history is reported. 

 
Figure 5.14. F22 steel: Load vs. LLD for uncharged specimen at T=-110°C 

 

A detail for each principal fracture areas is shown in Figure 5.15. 
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Figure 5.15. F22 steel: detail of (a) blunting zone, (b) ductile propagation and (c) unstable propagation 

 

Figure 5.15b shows very flat dimples different in dimension; neither inclusions nor them 

imprints are visible at the dimples centre. The fracture surfaces of charged specimens 

change significantly and it is possible to observed a particular fracture typology called 

“cellular” [68]. Figure 5.16 shows the fracture morphology of a charged specimen tested 

at T=-40°C. The toughness parameter is still high, of Jq=379kJ/m
2
, but a remarkable 

decrease occurs and it is possible to observe a large stable propagation (Figure 5.16a). 

 

 
Figure 5.16. F22 steel: fracture surface morphology after toughness test at T=-40°C of charged  

specimens in (a) macro and (b) micrographic observation 
 

The “cellular” pattern is clearly visible in Figure 5.16b. Cells are better visible in Figure 

5.17 where details of Figure 5.16b are shown. 

 

 
Figure 5.17. F22 steel: (a) “cellular” pattern and (b) a detail of a “cell” 

 

(a) (b) (c) 

1mm 

(a) (b) 

(a) (b) 
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Every “cell” is usually characterized by quasi-cleavage internal fracture morphology and a 

ductile edge that delimits every cell from another. An inclusion, or its imprint, is usually 

present in every cell. 

 

 

5.2.2 Macro and micrographic examination: X65 steel 
 

Also for uncharged X65 specimens the fractographic analysis reveals four different 

fracture areas, already mentioned for F22 steel. Macro and micrographic observations, of 

an uncharged specimen, are shown in Figure 5.18. The test was carried out at T=-100°C. 

 

 
Figure 5.18. X65 steel: fracture surface morphology after toughness test at T=-100°C of uncharged 

specimens in (a) macro, and (b, c) micrographic observation 
 

Figure 5.18 shows a short stable propagation and a wide unstable fracture surface. This is 

due to the high toughness value of the hydrogen-free material. Dimples are present (Figure 

5.18c) both in ductile crack zone and in blunting area. Dimples are particularly flat. The 

fracture morphology of another uncharged specimen, tested at T=-70°C, is shown in 

Figure 5.19. At this temperature, unstable propagation didn’t occur during toughness test 

but it was provided by embrittling the specimen with liquid nitrogen. This permit to 

perform an heat-tinting in order to highlight the different fracture zones. 

 

 
Figure 5.19. X65 steel: fracture surface morphology after toughness test at T=-70°C of uncharged 

specimens in (a) macro, and (b, c) micrographic observation 
 

The ductile propagation is clearly visible both in macro observation, (Figure 5.19a), and in 

micrographic image (Figure 5.19b). Dimples are also in this case present and a relatively 

wide ductile zone divides them from each other. For hydrogen charged specimens fracture 

appearance changes considerably. Fracture morphologies, of hydrogen charged specimen, 

tested at T=-60°C, are shown in Figure 5.20. 
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Figure 5.20. X65 steel: fracture surface morphology after toughness test at T=-60°C of charged  

specimens in (a) macro, and (b, c) micrographic observation 
 

From macrographic image (Figure 5.20a) is difficult to distinguish stable from unstable 

propagation, due to the absence of heat-tinting. From mechanical data it is possible to 

estimate the ductile crack propagation of about one millimetre. After this value, instable 

crack propagation occurs. Crack tip blunting is practically absent. A wide area, in ductile 

propagation zone, both near the specimen edge (Figure 5.20b) and in the middle (Figure 

5.20c), is characterized by “cellular” fracture morphology. A detail of “cellular” region is 

shown in Figure 5.21. 

 

 
Figure 5.21. X65 steel: “cells” on fracture surface of specimen tested at (a) T= -80°C and (b) at T=-70°C 

 

It is possible to observe the decrease in ductile area on every “cell” edge and the quasi-

cleavage fracture morphology in every “cell”. 

 

 

5.3 Fatigue crack growth test (fractographic analysis) 
 

 

5.3.1 Macro and micrographic examination: F22 steel 
 

An overview of mechanical tests and the corresponding macrographic observations, is 

shown in Figure 5.22; every specimen is marked by a proper code. 

1mm 

(a) (b) (c) 

(a) (b) 
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Figure 5.22. F22 steel: fatigue crack growth test and corresponding macrographic observation 

 

Uncharged specimen shows the typical flat fracture surface up to the unstable propagation, 

when the critical J value is reached. Only one charged specimen, the F95, tested at 

T=23°C and f=1Hz, shows a macroscopic fracture surface similar to the uncharged ones, 

whereas the other charged specimens exhibit coarse area and also apparently flat zones. 

Anyway, by better observing specimen F95 it is possible to see rugged edges, absent in 

uncharged specimen. F90, F83 and F75 show two different fracture features: the first zone, 

smaller, is close to the machined notch and the second one, wider, extends up to the 

unstable propagation area; at this border an increase in crack growth velocity is observed 

from the mechanical tests. Typical fracture surfaces of uncharged specimen is reported in 

Figure 5.23. 
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Figure 5.23. F22 steel: fracture surface morphology after fatigue test at T=23°C and f=20Hz of uncharged  

specimen in mid-thickness at (a) a0+9mm, (b) a detail of the area and (c) in the transition zone 
 

The fracture surface, of uncharged specimen, is flat and shows striations mainly 

perpendicular to the crack growth direction (Figure 5.23a and Figure 5.23b). A detail of an 

inclusion, observed in the final test area, is reported in Figure 5.23c. 

 

The first fracture surface part of F83 specimen is shown in Figure 5.24. The observation is 

carried out in the mid-thickness, at a distance of 2mm from the precrack tip, whereas in 

Figure 5.25 the specimen edge is investigated.  

 

 
Figure 5.24. F22 steel: (a) fracture surface morphology after fatigue test at T=23°C and f=10Hz of charged 

specimen in mid-thickness at a0+2mm and (b) a detail of the area 
 

 
Figure 5.25. F22 steel: (a) fracture surface morphology after fatigue test at T=23°C and f=10Hz of charged 

specimen at 1/4 of the thickness and a0+2mm and (b) a detail of the area 
 

Clear brittle intergranular fracture is shown in Figure 5.25a and Figure 5.25b.  

(a) (b) (c) 

crack growth direction  

40 μm 6 μm 40 μm 

(b) (a) 40 μm 6 μm 

(b) (a) 40 μm 6 μm 
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It is possible to observe that the embrittlement effect is predominant on the edge of the 

specimen; this is noticeable from the macrographic image also. With the crack progress, 

embrittling effect becomes more pronounced and “cellular” fracture appear both in the 

middle and at the edges of the specimen. Details of the fracture surface, in correspondence 

of a crack length equal to a0+8mm, is shown in Figure 5.26. 

 

 
Figure 5.26. F22 steel: fracture surface morphology after fatigue test at T=23°C and f=10Hz of charged 

specimen at a0+8mm in (a) mid-thickness and (b) at 1/4 of the thickness 
 

It is observable the presence of “cells” at half-thickness (Figure 5.26a) and partially 

intergranular separations near the edges (Figure 5.26b). 

 

Reducing the frequency from f=10Hz to f=1Hz an increase of brittle areas, and 

consequently an increase in crack growth rate, occurs. A detail of the fracture surface near 

the notch, for a charged specimen tested at T=23°C and f=1Hz, is shown in Figure 5.27. 

 

 
Figure 5.27. F22 steel: (a) fracture surface morphology after fatigue test at T=23°C and f=1Hz of charged 

specimen at a0+2mm in mid-thickness and (b) a detail of the area 
 

In correspondence of the most severe test conditions, the brittle zones and the 

intergranular fractures are increasing. In the final part of the fracture propagation it is 

possible to observe “cells” as shown in Figure 5.28. 

 

(b) (a) 40 μm 40 μm 

(b) (a) 40 μm 6 μm 
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Figure 5.28. F22 steel: (a) fracture surface morphology after fatigue test at T=23°C and f=1Hz of charged 

specimen at a0+13mm in mid-thickness and (b) a detail of the area 
 

The inclusion and the quasi-cleavage fracture morphology, characteristic of the embrittled 

area close to the inclusions are evident in Figure 5.28b. The observation of specimens 

tested at lower temperature (T=-30°C) gives the same results but less pronounced; this is 

due to the less amount of atomic hydrogen that reach the crack tip; due to the lower 

temperature, in fact, hydrogen diffusion in the material structure is lower.  

 

It is still possible find evidence of brittle zones that occur like intergranular fracture or 

“cells”. In some area the embrittlement effect is pronounced. An example of heavily 

embrittled areas is shown in Figure 5.29. 

 

 
Figure 5.29. F22 steel: (a) fracture surface morphology after fatigue test at T=-30°C and f=10Hz of charged 

specimen at a0+1mm in mid-thickness and (b) a detail of the area 
 

Intergranular fractures (Figure 5.29a) occur during the first propagation phase and brittle 

striations (Figure 5.29b) take place parallel to the crack growth direction that is always 

from the top to the bottom of the image. Also “cellular” fracture morphologies occur; the 

fracture surface of a charged specimen tested at T=-30°C and f=1Hz is reported in Figure 

5.30. The morphology is full of different features but, in particular, it is possible to see the 

different planes where “cells” arise (Figure 5.30a and Figure 5.30b).  
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Figure 5.30. F22 steel: (a) fracture surface morphology after fatigue test at T=-30°C and f=1Hz of charged 

specimen at a0+4mm in mid-thickness and (b) a detail of the area 
 

5.3.2 Macro and micrographic examination: X65 steel 
 

Figure 5.31 shows an overview of mechanical tests and the corresponding macrographic 

observations of X65 specimens. 

 
Figure 5.31. X65 steel: fatigue crack growth test and corresponding macrographic observation 
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The uncharged specimen, tested at T=23°C and f=20Hz, shows a typical flat fracture 

surface equal in morphology, both at the centre and at the edge, till the unstable crack 

propagation, when the J critical value is reached. Since created at the same frequency, it is 

difficult to distinguish between pre-crack and test-crack.  

 

Hydrogen charged specimens, tested at room temperature, show a flat surface in the centre 

and a rougher zone at the edges. Specimens charged and tested at T=-30°C show two 

distinct fracture zones. The first is almost flat but the second, wider, present a very ruined 

surface. The boundary between these areas correspond to an increase in crack growth 

velocity, observed by mechanical tests in proximity of a suddenly increase of the slope in 

the fatigue crack growth diagram (Figure 5.31). 

 

A micrographic observation of the uncharged specimen is shown in Figure 5.32. 

 

 
Figure 5.32. X65 steel: fracture surface morphology after fatigue test at T=23°C and f=20Hz of uncharged 

specimen in mid-thickness at (a) a0+1.5mm and (b) a0+11.5mm 
 

The fracture surface is more irregular at lower K and more flat near higher K values. 

An inclusion is shown in Figure 5.32a; the fracture propagation is not affected by the 

inclusion presence. A detail of the previous area is shown in Figure 5.33. 

 

 
Figure 5.33. X65 steel: fracture surface morphology after fatigue test at T=23°C and f=20Hz of uncharged 

specimen in mid-thickness; presence of striations at (a) a0+1.5mm and (b) a0+11.5mm 
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In correspondence of low K values and small crack propagation rates, striations are close 

to each other (Figure 5.33a), whereas, for long crack, high K values, distance between 

them increases (Figure 5.33b). Striations are always created in the macroscopic crack 

growth direction.  

 

Good similarity was found between crack growth velocity, assessed by mechanical test, 

and that obtained by knowing the distance between striations. Typical inclusions, found in 

uncharged specimens, are shown in Figure 5.34. 

 

 
Figure 5.34. X65 steel: fracture surface morphology after fatigue test at T=23°C and f=20Hz of uncharged 

specimen in mid-thickness; presence of inclusions at (a) a0+2mm and (b) a0+12.5mm 
 

In uncharged specimens, propagation crosses inclusions without generating particular 

fracture zones around them (Figure 5.34a); striations are present and perpendicular to the 

crack growth direction and they are still visible close to the inclusions. At very high K 

values, just before the unstable propagation, dimples are generated around every inclusion 

(Figure 5.34b). 

Fracture surfaces of hydrogen charged specimens are very different from those of 

uncharged specimens. 

Fracture morphology of a charged specimen, tested at T=23°C and f=10Hz, is shown in 

Figure 5.35. 

 

 
Figure 5.35. X65 steel: (a) fracture surface morphology after fatigue test at T=23°C and f=10Hz of charged 

specimen in mid-thickness at a0+2mm and (b) a detail of the area 
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The surface, in this first zone, is very flat but shows brittle fracture features (Figure 5.35a). 

From a detail of this area (Figure 5.35b) it is possible to observe brittle fracture planes and 

striations over these flat zones. Striations, in particular, are oriented in different directions 

and smooth respect those observed in uncharged specimens. Similar evaluations are 

presented by Murakami [20]. As an example, differences between striations occurred in 

charged and uncharged specimen, are shown in Figure 5.36. 

 

 
Figure 5.36. Difference in striation morphology between a hydrogen charged specimens and uncharged 

specimens: (a) uncharged and (b) charged [20] 

 

Around the end of the propagation, fracture becomes partially “cellular”, as reported in 

Figure 5.37. 

 

 
Figure 5.37. X65 steel: fracture surface morphology after fatigue test at T=23°C and f=10Hz of charged 

specimen in mid-thickness at (a) a0+7.5mm and (b) at a0+9.5mm 
 

A typical “cell” is shown in Figure 5.37a; it is possible to observe the inclusion imprint at 

the top and the “cell” extension downward. In Figure 5.37b a “cells” cluster, taken at 

higher magnification, is shown. On the specimen edge, fracture morphology is the same 

but starts closer to the precrack tip. Charged specimen, tested at T=23°C and f=1Hz, 

presents similar macrographic (Figure 5.31) and micrographic morphology of the 

specimen tested at same temperature and f=10Hz, then, flat surface, brittle fracture plane 

in the first part, “cellular” fracture at the edge and toward the fatigue crack end. Anyway, 

striations are less or completely absent, identifying the more brittle behaviour also 

observed by mechanical tests.  
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(b) (a) 400 μm 40 μm 
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Due to the more embrittling behaviour, inclusions don’t play a particular part in the 

fracture propagation morphology. In Figure 5.38 the micrographic morphology of the 

charged specimen tested at T=23°C and f=1Hz is shown. 

 

 
Figure 5.38. X65 steel: fracture surface morphology after fatigue test at T=23°C and f=1Hz of charged 

specimen in mid-thickness at (a) a0+4mm and (b) an inclusion at a0+4mm 
 

Secondary cracks, perpendicular to the main propagation, are observed (Figure 5.38a). 

Propagation goes straight without taking into account inclusions presence; striations are 

not always oriented to the main propagation trend (Figure 5.38b). “Cellular” morphology 

and also secondary perpendicular cracks, are present close to the end of the fatigue 

propagation (Figure 5.39). 

 

 
Figure 5.39. X65 steel: fracture surface morphology after fatigue test at T=23°C and f=1Hz of charged 

specimen in mid-thickness at a0+7mm 

 

Fracture surfaces of the specimen tested at T=-30°C present a completely different 

macrographic (Figure 5.31) and micrographic morphology from those tested at room 

temperature. The first band, where propagation velocity is lower as evaluated from 

mechanical tests, is of about 3mm wide and presents flat morphology; after this zone, 

velocity increases rapidly and a coarser area appears. This behaviour is similar both for 

X15 and for X24. X24 presents a wider flat zone.  
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Micrographic observation of X15 reveals a first flat zone shown in Figure 5.40. 

 

 
Figure 5.40. X65 steel: (a) fracture surface morphology after fatigue test at T=-30°C and f=10Hz of charged 

specimen in mid-thickness at a0+1mm and (b) a detail of the area 
 

The lower amount of “cells” denotes the lower brittle behaviour noticed by mechanical 

data. At higher K, when the acceleration occurred, “cellular” fracture appears. In Figure 

5.41 the fracture surface of X15 specimen is reported. 

 

 
Figure 5.41. X65 steel: (a) fracture surface morphology after fatigue test at T=-30°C and f=10Hz of charged 

specimen in mid-thickness at a0+4mm and (b, c) details of the area 
 

Figure 5.41a shows a part of the brittle zone also seen in macrographic image (Figure 

5.31). 

 

 

5.4 Considerations on fracture surfaces and predicting model 
 

Fractographic observations, conducted on CT specimen for J-integral and fatigue crack 

growth tests, give interesting results. It appears that one of the main difference between 

hydrogen charged and uncharged specimens is the presence of facet-like features, 

indicating reduced plasticity at low stress level. Cell-like features are observable at high 

stress level and present both a quasi-cleavage morphology and a plastic response around 

the cell, showing that the material has still some plastic reserve available. Hence, both 

brittle and plastic features are present in H-charged material fracture surface indicating 

that the superposition model has a physical justification. Indeed, it appeared that fatigue 

crack growth ratio is enhanced by hydrogen but there is always a constrain owing to 

plastic reserve in the material.  
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An interesting comparison in void nucleation and growth is given by Murakami [20] and 

depicted in Figure 5.42. Referring to hydrogen embrittle models, given in chapter 2, 

hydrogen interacts with void nucleation and growth by segregating around the inclusion, 

where both stresses and dislocations concentration are higher, affecting the material 

behaviour and reducing its ability to flow. Feature in Figure 5.42 resembles cell 

morphology and can be a good explanation of the phenomenon. Figure 5.43 shows a 

schematization of striations formation in hydrogen charged and uncharged material. 

Firstly, it can be observed that hydrogen is segregated at crack tip where hydrostatic 

stresses are high (as explained in chapter 2), concentration ahead of the crack is then 

increased respect to the bulk material. Secondly, hydrogen effect lies in reducing plasticity 

by reducing crack blunting, as it can be seen by comparing the two cases. In this way, 

hydrogen enhances the crack growth since Δa is larger in hydrogen presence than in 

uncharged material. Hydrogen, by lowering plasticity of the material, reduces also 

striations formation: indeed, if Figure 5.33b is compared with Figure 5.35b, it can be 

observed that striations, in presence of hydrogen, are less clear and crests are less marked. 

 

 
Figure 5.42. Schematic illustration of nucleation, growth and coalescence of voids with and without 

hydrogen in metals [20] 
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Figure 5.43. Crack tip opening and striation formation mechanism in fatigue: (a) no hydrogen effect, (b) 

hydrogen effect, (c) schematic effect of thick plastic zone wake produced at crack tip under no hydrogen and 

(d) schematic image of shallow plastic zone wake produced at a crack under hydrogen effect [20] 

 

Another feature, observed clearly in FCG tests is the facet-like morphology in charged 

material fracture surfaces; in this case and according to da/dN-ΔK plot a large scatter of 

data was observed, indeed, it is not easy to assess the reason of this scattering but of 

course the jump-like growth is probable to be responsible. 

In conclusion, it is not easy to assess surely by fractographic analysis the mechanism 

governing the cracking, nevertheless a main feature emerges: cracking in presence of 

hydrogen proceeds both by brittle and ductile mode and propagation occurs by jumps of 

brittle material that are constrained by plastic reserve. This fact underlines the diffusion 

dependence of the phenomenon and justifies the plateau rate. 

The predicting model, shown in chapter 4, appears to be in accordance with micro 

observations. Nevertheless is should always be kept in mind that too daring conclusions 

are far to be drawn from few fractographic investigation and this chapter is useful for a 

first insight on IHAC micromechanics. 
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Conclusions 
 

In this thesis work the fracture-mechanical properties of two steels widely used in oil 

pipeline have been investigated in a wide temperature range and with and without the 

presence of hydrogen in the material lattice. 

 

From first two chapters, powerful tools and literature data were reported in order to clarify 

the phenomenon: 

 

 “Sour” environments enhances the penetration of atomic hydrogen in the metal 

lattice. 

 

 Hydrogen in the lattice is able to worsen mechanical and fatigue properties of steel, 

in particular in presence of sustained loads and fatigue crack growth, by reducing 

plasticity. 

 

 A practical definition of HE was given and all its features (diffusion, kinetics and 

stress state) have been quantified and showed. 

 

 Micromechanical models of hydrogen embrittlement were given. 

 

In third chapter, experimental procedures and results from mechanical tests were given: 

 

 Mechanical testing procedures were shown, for hydrogen charged and uncharged 

specimens, in order to obtain mechanical parameters regarding tensile, impact, 

toughness and fatigue behaviour, varying test temperature from room temperature 

until a value of about T=-128°C. 

 

 Hydrogen charged material showed a drastic change in the mechanical behaviour 

respect to the uncharged one. 

 

 Hydrogen effect, as expected, is remarkably enhanced in those tests that require a 

long time to be performed, such as toughness tests, while it is lower in quick 

Charpy impact tests. 

 

 In toughness tests a reduction in mechanical characteristics, up to 8 times bigger if 

compared to the uncharged one, has been observed. In particular the material loses 

the ability to plasticize under high loads and stresses, and its behaviour shifts to 

those of medium tough steels. 

 

 In toughness tests, hydrogen effect, is not temperature dependent, maybe due to 

the absence of a pumping mechanism as in fatigue crack growth tests, in fact, also 

varying the test temperature, Jq values, experimentally obtained from charged 

specimens, are very similar: for F22 charged specimens Jq≈150kJ/m
2
 and for X65 

Jq≈90 kJ/m
2
. 
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 Toughness tests were carried out on charged specimens left at room temperature 

and open environment for 24hours, in order to allow the hydrogen diffusion from 

the specimen. In this case, only diffusible hydrogen at room temperature can leave 

the lattice, whereas some hydrogen atoms remain still trapped in the material. It 

was observed, in fact, that also in this case, an embrittling effect, although lower, is 

present. 

 

 Even though mechanical characteristics of the investigated steels are decreased in 

hydrogen presence, toughness properties remain relatively high thanks to the high 

quality of the materials. 

 

 Fatigue crack propagation tests were performed on uncharged specimens to 

establish Paris law parameters: F22 shows a typical fatigue behaviour of steels 

with an exponent m≈3.2; changes in test temperature do not influence fatigue 

behaviour; X65 shows a different behaviour with a slope change in the II region 

around ΔK≈25MPa√m. For ΔK<25MPa√m, m≈4.4, and for ΔK>25MPa√m, 

m≈2.2; changes in load frequency do not influence fatigue behaviour. 

 

 Fatigue crack propagation tests were carried out on hydrogen charged specimens. 

Hydrogen effect was clearly observed and influenced by load frequency and 

temperature. The most important parameters are the hydrogen time permanence 

around the crack tip and the amount of hydrogen incoming from closer areas; low 

frequencies allow to a bigger hydrogen atoms quantity to migrate at the crack tip; 

as consequence, hydrogen embrittlement effect and crack growth rate, are 

enhanced. Low temperature affects the hydrogen diffusion in the steel reducing the 

mobility of hydrogen in the lattice, and, therefore, the embrittling effect. 

 

 The crack growth rate curve is less dependent (lower m value) or even independent 

on K, as a matter of fact most of the fatigue curves of hydrogen charged materials 

have a well-defined horizontal plateau; 

 

A model, that takes into account experimental variables, able to predict the fatigue 

behaviour of steels in hydrogen presence, have been proposed: 

 

 Crack growth rate, in hydrogen charged material, is the sum of two contributions: 

one named “mechanical”, that depends on applied loads, and a second one due to 

hydrogen effect. When crack growth rate increases, the “mechanical” contribution 

prevails because hydrogen atoms do not have enough time to accumulate at the 

crack tip: as a consequence crack growth rate is no longer hydrogen dependent. 

 

 The model gives good results and complies satisfactorily the experimental data. 

Model is applied to real fatigue cases in pipeline, showing the simplicity in 

application and the usefulness. 

 

Finally, macro and micrographic analyses are carried out onto fracture surfaces of C(T) 

specimens used for toughness and fatigue tests and CV specimens for impact tests.  
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In several cases, observations, show that in presence of hydrogen there is a clear change in 

fracture morphology and that plasticity is reduced in different manners. Moreover, 

experimental evidences regarding notions shown in chapter 2 were found.  

 

 Fracture morphology, in hydrogen absence, is typical for steels. Fracture is ductile 

and characterized by the presence of striations which distance is well related to 

crack velocity measured during mechanical tests. Striations are perpendicular to 

the propagation direction. Dimples are present in the stable propagation areas and 

cleavage or quasi-cleavage morphology in unstable propagation zones.  

 

 In hydrogen presence, fracture morphology presents facets and cell-like structure 

indicating a reduction of plasticity due to hydrogen effect; nevertheless, a partial 

plastic reserve is available for the material, in fact, around facets and "cells", 

plasticized areas were observed. 

 

 Cellular fracture is considered a "less brittle" failure mode if compared with 

intergranular and brittle facets modes; this fracture behaviour is always present on 

the edges of the specimen, where stress triaxiality is lower, and in the transition 

area between fatigue and unstable propagation, where crack growth rate is higher. 

Moreover, it is present in some specimen on the fracture axis, maybe due to the 

fact that in this area a lower hydrogen concentration is expected due to the 

migration of the charged hydrogen to the specimen edges. 

 

 Fracture micro-mechanisms have been proposed according to bibliography and 

they seem to correctly interpret the phenomenon. 
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