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ABSTRACT 

 

In this study, single-edge notched tensile (SENT) specimens machined from a quenched and tempered 

CrMoV steel plate were hydrogen pre-charged using two different methods: in a high pressure and high 

temperature hydrogen reactor (19.5 MPa and 450ºC); and using an electrochemical method (2M H2SO4 + 

0,25g/l As2O3, under a current density of 2 mA/cm2). The thickness of the specimens was only 1 mm in 

order to facilitate hydrogen entrance in a short time and the fracture J resistance curves were obtained using 

digital image correlation (DIC) to measure crack growth. The effect of both hydrogen pre-charged methods 

on the fracture toughness results was analysed, as was the influence of the applied displacement rate. 

Embrittlement indexes increase as the displacement rate decreases, with maximum embrittlement indexes 

of 20% and 84% being respectively measured for gaseous and cathodic pre-charging in tests performed at 

a displacement rate of 0.01 mm/min. Significant differences in the operative failure micromechanisms in 

the samples pre-charged via both methods were also detected and hydrogen embrittlement theories 

(hydrogen-enhanced localized plasticity, HELP, and hydrogen-enhanced decohesion, HEDE) were 

evaluated by mapping the strain distribution in the crack tip process region by means of DIC. 
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1 INTRODUCTION  

The study of the hydrogen embrittlement phenomenon has increased in recent years. Several variables and 

problems come into play when a steel structure may need to work in contact with pure hydrogen or with 

atmospheres that contain hydrogen [1]. These situations are very common in pipes, vessels and off-shore 

structures [2–4]. As these structures are exposed to high loads, they may be constructed with materials with 

high mechanical properties, but it is also well known that hydrogen embrittlement increases with material 

strength [5–7].  

The best technique to evaluate hydrogen embrittlement in structural steels and to obtain industrial solutions 

as a function of service conditions has yet to be established. Some authors use slow strain rate tension tests 

in different hydrogen environments [8–10], permeation tests [11–13], fracture toughness tests [14–16], 

fatigue crack propagation tests [17–19] or small punch tests [20–22]. According to previous research, the 

presence of a crack in the specimen [23,24] and the decrease in the displacement test rate are important 

variables that increase the embrittlement of steels.  

There are also two different ways to mechanically test samples under hydrogen: loading the sample at the 

same time as hydrogen is introduced (external hydrogen); and conducting the mechanical test after 

hydrogen has been pre-charged (internal hydrogen). The former methodology requires the use of very costly 

infrastructures that are not easily available. When the latter methodology is preferred, the hydrogen 

charging method is an important issue that also affects embrittlement. The two most widely-recognized 

pre-charging techniques are the use of gaseous pure hydrogen under high pressure and temperature [25–

27] and electrolytic pre-charging from an aqueous acid medium under a certain current density [28,29].  

Electrolytic methods are cheaper than using pure hydrogen atmospheres under high pressure, but their use 

is unsuitable when the thickness of the specimen is high, due to the very long time needed to charge the 

sample (especially when hydrogen diffusion coefficient is low) in order to reach a homogeneous hydrogen 

concentration [30]. In this case, which corresponds to typical standard testing specimens, the introduction 

of hydrogen from a gaseous atmosphere is the most reasonable method. In the present paper, pre-cracked 

single-edge notched samples (SENT) with a thickness of 1 mm submitted to slow displacement rates and 
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using both aforementioned pre-charging methods (gaseous and electrolytic) were used to determine the 

fracture toughness of a 2.25Cr1MoV quenched and tempered steel. The main aim of the study was to 

compare the effect of the pre-charging methods on hydrogen embrittlement. The results were compared 

with tests previously performed on compact tensile (CT) specimens [31]. The influence of the applied 

displacement rate was also analysed. Finally, the strain distribution ahead of the crack was measured during 

the different tests and the failure surfaces of all the samples were studied under a scanning electron 

microscope to differentiate the operative fracture micromechanisms. 

 

2 MATERIALS AND EXPERIMENTAL PROCEDURE 

2.1 Materials 

The material used in this study was a 2.25Cr1Mo0.3V steel (SA 542 Grade D-Class 4) received as a 108 

mm thick plate. It was normalized at 925oC for 30 minutes, quenched in water and tempered at 720 oC for 

3 hours. Table 1 shows the chemical composition of the steel. Microstructural analysis revealed a mixture 

of tempered bainite and tempered martensite with most of the carbides precipitated at internal boundaries, 

as can be seen in Fig. 1. 

 

Table 1. Chemical composition of the steel (% by weight)  

C Mn Si Cr Ni Mo V 

0.15 0.52 0.09 2.27 0.19 1.06 0.30 

 

The tensile characterization of the steel showed it to be an isotropic material with the same properties in 

the three main directions of the plate. Its mechanical properties are given in Table 2, where: E is the elastic 

modulus; σ0, the yield strength; and σu, the ultimate tensile strength. The values of the coefficients n and α 

of the constitutive plastic law (Eq. 1) are also shown in Table 2. 
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where: εpl is the plastic strain; ε0, the strain corresponding to the yield strength; and σ, the applied stress. 

 

Table 2. Tensile test properties (mean ± standard deviation). Results correspond to three individual tests. 

E (GPa) σ0 (MPa) σu (MPa) n   

209 ± 2 590 ± 9 700 ± 11 10 ± 0.32 1.05 ± 0.05 

 

 

The standard fracture characterization of the steel was performed by Peral et al. [31] in accordance with the 

ASTM 1820 standard [32], using compact tensile (CT) specimens with a width of 25 mm and a net thickness 

of 10 mm. Table 3 shows the values of the J0.2 parameter (the J initiation parameter calculated for an 

effective crack growth of 0.2 mm) determined on specimens tested in air at room temperature (RT) and 

after being hydrogen pre-charged in a high pressure hydrogen atmosphere (under a pressure of 195 bar at 

450ºC for 21 hours). Table 3 also shows the effect of the displacement rate applied to these pre-charged 

specimens. The embrittlement produced by the presence of internal hydrogen, as well as the effect of the 

test displacement rate, can be better appreciated by means of the so-called hydrogen embrittlement index, 

HEI (Eq. 2). This index compares the value of any mechanical property tested without hydrogen (in this 

case, J0.2) with the value determined under internal hydrogen when it is tested at a certain test rate, 𝐽0.2
𝐻 (𝑣). 
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The results, shown in Table 3, reveal an embrittlement index of between 19% and 38% for this geometry 

and hydrogen pre-charging method. The influence of the applied displacement rate on the decrease in the 

fracture toughness of the steel is also evident. 



 

Table 3. Fracture toughness results and embrittlement indexes due to the presence of internal hydrogen, 

CT specimens [31] 

Condition J0.2 (kJ/m2) HEI (%) 

As-received v = 1 mm/min 672 - 

Pre-charged with gaseous H2. v = 1 mm/min 542 19 

Pre-charged with gaseous H2. v = 0.1 mm/min 420 38 

Pre-charged with gaseous H2. v = 0.01 mm/min 448 33 

2.2 Experimental procedure used to test the SENT specimens 

In order to obtain the thin, cracked geometry of the SENT specimen, a 25 mm wide by 15 mm thick SENB 

specimen was first machined. After being fatigue pre-cracked to a crack length-to-width ratio a/W= 0.5, the 

specimen was finally sliced into 1 mm thick samples. 

 

These thin SENT specimens were tested at RT under three different test conditions: as-received (without 

hydrogen), pre-charged in high pressure, high temperature gaseous hydrogen, and electrolytically or 

cathodically pre-charged. The hydrogen pre-charged specimens were also tested at two different 

displacement rates: 0.1 mm/min and 0.01 mm/min. 

 

Gaseous pre-charging was carried out in an autoclave, using the same charging conditions as those 

employed by Peral et al. [31]: 195 bar of pressure at 450°C for 21 hours. Once this pre-charge is concluded, 

in order to remove the specimens from the autoclave, the temperature needs to decrease to 80ºC while 

maintaining the hydrogen pressure. This process has a duration of 1 hour, during which a certain amount 

of hydrogen egress cannot be avoided. After removing the specimens from the autoclave, they were 

introduced in liquid nitrogen to avoid further hydrogen losses until the commencement of the fracture tests. 

The final hydrogen concentration was measured by means of a hydrogen analyser (LECO DH603) using 

cylindrical specimens (≅20 g) pre-charged at the same time as the SENT specimens. A hydrogen 

concentration of 4.2 ppm was thus obtained. 

 

Hydrogen cathodic pre-charging was electrochemically applied. A 2M H2SO4 + 0,25g/l As2O3 (pH=1) 

electrolyte under a current density of 2 mA/cm2 applied for 4 hours was used to introduce the hydrogen in 

the steel samples. The current density value of 2 mA/cm2 was adopted based on cathodic polarization test 

results (Fig. 2a) as the highest value in the Volmer and Heyrovsky region [29,33]. Different pre-charging 

times (2, 4, 15 and 66 hours) were applied under this current density in order to determine the evolution of 

hydrogen concentration with pre-charging time. The hydrogen concentration was measured with the 

aforementioned hydrogen analyser using flat specimens measuring 50x10x1 mm3. The results showed very 

small differences among the hydrogen concentration values obtained for 4, 15 and 66 hours (4.4, 4.5 and 

4.3 ppm, respectively). In these cases, hydrogen saturation and homogenous hydrogen distribution in the 

sample was assumed. A cathodic pre-charging time of 4 hours was thus selected as the most suitable.  

 

The values of the average initial hydrogen concentration, CH0, for both types of pre-charging methods 

(gaseous and electrolytic) are shown in Table 4. This table also shows the values of the residual hydrogen 

irreversibly trapped after a long time at RT (more than 15 days), CHf, with the available diffusible hydrogen 

being calculated as the difference between these two values. Quite similar hydrogen contents were 

measured in both cases. 

 

Table 4. Initial (CH0), final (CHf) and diffusible (CH0-CHf) hydrogen concentration 

Hydrogen pre-charged condition CH0 (ppm) CHf (ppm) CH0-CHf (ppm) 

Gaseous 4.2 4.0 0.2 

Electrolytic 4.4 4.0 0.4 

 

Fracture tests were carried out in air at RT using a MTS testing machine equipped with a 15 kN load cell. 

A digital image correlation (DIC) system with a 50 mm Titanar lens was used to enhance the information 

registered in these tests. The SENT specimens had a length of 125 mm, a width of 25 mm and a thickness 

of 1 mm. A distance between grips of 100 mm was also employed. The applied DIC system required the 

previous spraying of one of the lateral surfaces of the specimen in order to produce a dotted surface (Fig. 

3b-c). The use of two cameras allowed the specimen surface to be viewed in 3D throughout the entire test. 

 



In order to obtain representative J-R curves under each tested condition, the values of the crack length, ai, 

was directly measured during the the test on the surface of the tested specimen based on DIC analysis 

carried out throughout the test (as can be seen in the example shown in Figure 3.b-c). Due to the small 

specimen thickness (1 mm), the same crack length can be assumed through the entire specimen thickness. 

Furthermore, the J applied value at any instant, i, was calculated using Eq. 3, where: Ui is the total area 

under the load-displacement curve (Figure 3a) at this instant; B is the thickness of the specimen (≅1 mm); 

b is the instantaneous ligament (bi= W - ai); and i is a dimensionless coefficient that takes into account the 

influence of the specimen geometry on this general expression.  
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3 RESULTS 

3.1 Fracture toughness estimation using SENT specimens (without hydrogen) 

Fig. 4a shows the J-R curve obtained using three SENT specimens tested in the absence of hydrogen. The 

J values represented in this figure were obtained by means of applying Eq. 3 and a value of ηi = 1, since the 

value of this coefficient for this specific specimen geometry is unknown a priori.  

Now, the J-R curve obtained using the SENT geometry is compared with that obtained using standard CT 

specimens (the results obtained with CT specimens are represented in Fig. 4a as a dashed line, J=847a0.71 

[31]). Note that in order to make this comparison, the SENT J value corresponding to any crack length (red 

triangles) needs to be corrected by adding the corresponding value of the blunting line (green triangles). 

This allows fitting the corrected J-a points to a potential law, J = 638a0.43 (represented as a continuous 

line in Fig. 4a). Then, comparing the two fitted curves (CT and SENT), an approximate value of the ηSENT 

coefficient can be estimated as a a/W function (Fig. 4b and Eq. 4). 
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3.2 Effect of the hydrogen pre-charging method and displacement rate 

The fracture toughness of the hydrogen pre-charged specimens was measured using two different 

displacement rates, 0.1 and 0.01 mm/min. The specimen tested without hydrogen and the gaseous pre-

charged specimen under a displacement rate of 0.1 mm/min behaved very similarly. However, the 

cathodically pre-charged specimen showed a significant decrease in fracture toughness, i.e. higher 

embrittlement (Fig. 5a). On the other hand, the results of the fracture tests carried out under a displacement 

rate of 0.01 mm/min are shown in Fig. 5b. This figure also shows the fitted curves obtained from the 

experimental points obtained at 0.1 mm/min (Fig. 5a) in order to provide a broader view. Fig. 5b shows a 

significant decrease in the J fracture parameter for both hydrogen pre-charging methods, although 

electrolytic pre-charging gave rise to much higher embrittlement indexes. 

Table 5 shows the measured fracture toughness values for the different pre-charged conditions (electrolytic 

and gaseous hydrogen), displacement rates (0.1 or 0.01 mm/min) and crack growths (0.2, 0.5 and 1.0 mm). 

Table 5. Fracture toughness values corresponding to different pre-cracking methods and crack growth 

(three individual tests were performed in each case) 

Condition 
Displacement rate 

(mm/min) 

J0.2
*

 

(kJ/m2) 

J0.5
* 

(kJ/m2) 

J1.0
*

 

(kJ/m2) 

As-received  

0.1 

675±16 1017±40 1450±76 

H2 Gaseous  596±35 942±58 1386±87 

H2 Cathodic 197±87 428±89 774±54 

H2 Gaseous  
0.01 

538±33 829±47 1197±35 

H2 Cathodic 105±37 260±19 513±54 

*Values calculated with η = 3.27(Δa/W)0.28 



Applying Eq. 2, it was possible to determine the hydrogen embrittlement indexes corresponding to the 

different tests. Table 6 reveals evident hydrogen embrittlement in the case of the cathodic hydrogen pre-

charging method. However, the embrittlement index corresponding to the gaseous hydrogen pre-charging 

method was much lower, although a decrease in the test displacement rate always gave rise to an increase 

in the embrittlement index for both hydrogen pre-charging methods. 

Table 6. Hydrogen embrittlement indexes for different pre-charging methods and crack growth (three 

individual tests were performed in each case) 

Condition 
Displacement rate 

(mm/min) 

HEI0.2 

(%) 

HEI0.5 

(%) 

HEI1.0 

(%) 

H2 Gaseous 

H2 Cathodic 
0.1 

12 ± 5 7 ± 2 4 ± 1 

71 ± 21 58 ± 9 47 ± 1 

H2 Gaseous 

H2 Cathodic 
0.01 

20 ± 10 18 ± 11 17 ± 7 

84 ± 11 74 ± 3 65 ± 1 

According to the experimental results reported by Peral et al. [31], previously shown in Table 3 (HEI0.2), 

the CT specimens tested at the lowest displacement rate, 0.01 mm/min, also presented significant lower 

embrittlement than the electrolytically pre-charged SENT specimens (33 versus 84%).  

Fractographic analysis was carried out to identify the operative failure micro-mechanisms. All the analysed 

surfaces were close to the crack initiation region, as can be seen in Fig. 6a. The specimens tested without 

hydrogen present characteristic ductile failure (microvoid coalescence micromechanism, MVC, Fig. 6b). 

On the other hand, the electrolytic pre-charged specimens present wide areas of cleavage micromechanism 

(decohesion of internal boundaries, HEDE mechanism, Fig. 6d), while the gaseous hydrogen pre-charged 

specimens show a mixed failure micromechanism (MVC and cleavage), as can be seen in Fig. 6c. 

4 DISCUSSION 

It is nowadays well known that hydrogen embrittlement increases when the triaxiality of the specimen 

increases (e.g. the presence of notches or cracks) [34]. In this study, we always used cracked specimens 

under the different testing conditions. The fracture toughness embrittlement indexes of the gaseous 

hydrogen pre-charged SENT specimens were lower than those determined with CT specimens pre-charged 

under the same conditions. This finding can be explained by the faster hydrogen losses of the former 

samples due to their small thickness, 1 mm, as the lower triaxiality of the thin SENT specimen was taken 

into account by means of the ηSENT coefficient. However, when the displacement rate applied in all our tests 

decreased, embrittlement indexes always increased. Hence, there is still sufficient diffusible hydrogen in 

the samples to trigger hydrogen embrittlement mechanisms, especially when the test duration is long 

enough to allow the diffusion of hydrogen to accumulate in the high triaxiality process region existing 

ahead of the crack tip.   

On the other hand, the cathodic pre-charging methodology produced on the SENT geometry much higher 

hydrogen embrittlement than the gaseous pre-charging method. In the former case, a HEI of 71% was 

measured for a displacement rate of 0.1 mm/min (for the initiation of crack growth, 0.2 mm). Moreover, 

when the displacement rate decreased tenfold (v=0.01 mm/min), a hydrogen embrittlement index of 84% 

was obtained. 

In order to explain all these results, it is important to take into account the diffusible hydrogen concentration 

provided by the two pre-charging methods, which is the hydrogen able to move in the process zone to 

promote the embrittlement. As already shown in Table 4, the initial hydrogen concentration (CH0) measured 

in the case of the gaseous pre-charge is somewhat lower than that measured after cathodic pre-charging. 

The final concentration (irreversible trapped hydrogen, CHf) in the steel is similar in both cases. Thus, the 

diffusible hydrogen is higher in the case of cathodic pre-charging (0.4 ppm against 0.2 ppm), a fact which 

could explain the higher HEI obtained in this case. Zhao et al [35] studied the difference between gaseous 

and electrolytic charging methods using a hydrogen gas pressure of 10 MPa at 85ºC for 96 hours and 1N 

H2SO4 electrolyte with 0.25 g/l As2O3 for 3 hours under a current density of 10 mA/cm2 on a ferritic-

pearlitic low alloyed steel. These authors measured a much greater hydrogen content after the electrolytic 

charging. It is also worth noting that hydrogen fugacity associated to electrolytic pre-charging is usually 

much greater than can be obtained in hydrogen gas [36]. 



In our study, gaseous pre-charging was carried out by introducing the specimens into the reactor for a very 

long time at high temperature but, once this pre-charge was concluded, in order to remove the specimens 

from the autoclave, it was necessary to decrease the temperature to 80ºC and during this phase the thin 

SENT specimen experiment a significant loss of hydrogen. On the other hand, any hydrogen loss occurs 

since the end of the precharge and the start of the mechanical test in the case of the electrolytically pre-

charged specimens. Then, assuming that the initial average hydrogen concentration (CH0) could be similar 

regardless of the pre-charging method employed (Table 4), the local hydrogen concentration near the crack 

tip at the surface of the cathodically pre-charged specimens would be higher than that in the gaseous pre-

charged specimens, being sufficient in this case to reach the critical hydrogen concentration and trigger 

hydrogen embrittlement mechanisms [37].  

Strain values at any point on a specimen surface were also obtained by means the DIC method. Thus, the 

evolution of the strain on the crack front ligament in the course of the test was measured on this way. Figure 

7 shows the envelope curve of these deformation measurements for the two types of hydrogen pre-charging 

methods and also for the as-received material (without hydrogen). It is worth noting that the gaseous pre-

charged specimens attained close to or slightly higher strain values than those of the as-received specimens. 

However, the cathodically pre-charged specimens needed lower local strain values to trigger crack growth. 

The higher strain values for crack growth needed for the gaseous pre-charged samples would indicate the 

development of greater plasticity and hence the prevalence of a HELP (hydrogen enhanced localized 

plasticity) mechanism, the presence of hydrogen facilitates the movement of dislocations, and a ductile 

failure process (initiation, growth and coalescence of microvoids) predominates, although some HEDE 

(hydrogen enhanced decohesion) was also observed (some small cleavage regions in Fig. 6c). In accordance 

with Djukic et al. [38], the lower concentration of hydrogen accumulated in these samples was not sufficient 

to reach the critical content necessary for a HEDE dominant fracture micromechanism.  

On the other hand, the higher average concentration of diffusible hydrogen in the electrochemically pre-

charged specimens (0.4 ppm versus 0.2 ppm, Table 4) allows hydrogen to reach the necessary critical 

hydrogen concentration in the region ahead of the crack front for the HEDE mechanism to develop. The 

high local hydrogen concentration existing in the process zone reduced the cohesive strength of internal 

interphases (martensite lath and packet boundaries) and crack growth takes place under lower local strains 

[39,40]. In this case, a clear change in the failure micromechanism, from microvoids coalescence to a brittle 

cleavage mechanism took place due to the presence of hydrogen.  

It can also be appreciated in Fig.7 that the decrease in the displacement rate decreases the local strain at the 

crack tip necessary for crack growth. When a lower displacement rate is applied, the hydrogen concentration 

in the crack tip process zone will increase due to the longer time given to the diffusible hydrogen to move 

and accumulate in the high triaxiality region at the crack front. Therefore, the cohesive strength in this 

region will decrease, and the necessary strain values to trigger the fracture micromechanism (HEDE) will 

also decrease accordingly. This is especially notable in the cathodically pre-charged samples, as diffusible 

hydrogen content is larger and HEDE micromechanims fully developed. 

5 CONCLUSIONS 

The experimental work reported in this paper enabled us to draw the following conclusions: 

The use of SENT specimens has allowed us to characterize the fracture toughness of a CrMoV steel and 

compare the effect of two different hydrogen pre-charged methods: gaseous hydrogen at high temperature 

and pressure, and electrolytic pre-charging at room temperature. 

The fracture toughness measured using thin SENT specimens was comparable to that determined with 

standard CT specimens when an appropriate  dimensionless coefficient is used. 

Electrolytic hydrogen pre-charging gives rise to significantly higher hydrogen embrittlement indexes than 

gaseous pre-charging, 84% against 20% for the initiation of crack growth in fracture toughness tests 

performed under a low displacement rate of 0.01 mm/min, mainly due the higher diffusible hydrogen 

content present on the former samples. This conclusion was further confirmed by differences in the 

operative fracture micromechanisms observed under the two pre-charging methods: ductile microvoid 



coalescence predominates when hydrogen was pre-charged from a gaseous environment but a brittle, 

cleavage failure micromechanism was the one observed after electrolytic pre-charging. 

The strain evolution ahead of the crack front was also evaluated by means of digital image correlation (DIC) 

system: significant lower local strain values were needed to trigger crack growth in the cathodically pre-

charged specimens (higher diffusible hydrogen) in comparison with the gaseous pre-charged samples. 

Finally, the effect of the displacement rate on the steel hydrogen embrittlement was also quantified: the 

lower the displacement rate, the higher the hydrogen embrittlement produced, as there is more time for 

hydrogen to diffuse and accumulate in the process zone ahead of the crack tip.  
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Figure 1. Microstructure of the 2.25Cr1Mo0.3V steel, 2000x 

 

 

 

 

 
Figure 2. Cathodic pre-charging method: a) cathodic polarization scheme; b) cathodic pre-charge of a 

SENT specimen 

 



 

Figure 3. DIC results. a) Load - LLD curve; b) Initial stage of the test; c) Crack growth during the test 

 

 

Figure 4. Fracture toughness tests without hydrogen: a) J-R curves for SENT and CT specimens; b) 

Relationship between SENT and a/W. 



 

Figure 5. SENT J-R curves (as-received and hydrogen pre-charged specimens): a) v = 0.1 mm/min; b) v 

= 0.01 mm/min 



 
Figure 6. Fracture SENT surfaces: a) General specimen surface view; b) specimen without hydrogen; c) 

gaseous pre-charged specimen; and d) electrolytic pre-charged specimen. 

 

 

 

Figure 7. Crack tip strain distribution experimentally measured throughout the fracture toughness tests 

 


