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� Hydrogen embrittlement is enhanced when the tests are performed with in-situ H-charging.

� Plastic straining at the notch tip severely increases hydrogen absorption.

� Martensite lath decohesion is the predominant failure mechanism in these tests.
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The study of steels which guarantee safety and reliability throughout their service life in

hydrogen-rich environments has increased considerably in recent years. Their mechanical

behavior in terms of hydrogen embrittlement is of utmost importance. This work aims to

assess the effects of hydrogen on the tensile properties of quenched and tempered

42CrMo4 steels. Tensile tests were performed on smooth and notched specimens under

different conditions: pre-charged in high pressure hydrogen gas, electrochemically pre-

charged, and in-situ hydrogen charged in an acid aqueous medium. The influence of the

charging methodology on the corresponding embrittlement indexes was assessed. The role

of other test variables, such as the applied current density, the electrolyte composition, and

the displacement rate was also studied. An important reduction of the strength was

detected when notched specimens were subjected to in-situ charging. When the same

tests were performed on smooth tensile specimens, the deformation results were reduced.

This behavior is related to significant changes in the operative failure micromechanisms,

from ductile (microvoids coalescence) in absence of hydrogen or under low hydrogen

contents, to brittle (decohesion of martensite lath interfaces) under the most stringent

conditions.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

In a global context of environmental awareness, one of the

main objectives is to reduce the amount of CO2 emitted into

the atmosphere. The search for environmentally friendly and
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economical energy systems is the subject of much research.

Hydrogen has recently emerged as an attractive energy source

as it can be obtained from renewable sources such as wind,

solar, hydro or geothermics. It is versatile and produces zero

CO2 emissions [1]. Therefore, the study of materials that can
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Table 1 e Chemical composition of 42CrMo4 steel (%
weight).

C Cr Mo Mn Si P S

42CrMo4 0.42 0.98 0.22 0.62 0.18 0.008 0.002
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safely and economically store and transport hydrogen under

high pressure has become a topic of special interest [2].

The effects of hydrogen on metallic materials have been

studied for many years [3]. Hydrogen embrittlement (HE) is a

process in which hydrogen accumulates in specific micro-

structural regions, such as grain boundaries and other inter-

nal interfaces, reducing their cohesive strength and

promoting sub-critical failure [4].

HE begins with the ingress of hydrogen in the alloy. This

can take place during fabrication and processing (casting,

chemical cleaning, pickling, electroplating, electrochemical

machining, cathodic protection and welding). Hydrogen can

also enter into the metal through an external source, such as

cathodic electrochemical reactions at low temperatures

(corrosion) or gaseous hydrogen exposure at high pressures or

at elevated temperatures [5].

Once hydrogen has been absorbed into the metal,

hydrogen atoms diffuse through its microstructure and some

of them are trapped in “hydrogen traps”. Hydrogen traps

reduce hydrogen diffusivity and foster hydrogen accumula-

tion in certain microstructural locations. These are deter-

mining factors for the initiation and propagation of cracks

[6e8]. Although the effect of hydrogen on metallic materials

has been extensively studied, the mechanism behind it is not

yet fully understood. It is known that the absorption of

hydrogen, its diffusion, and themicrostructure of the steel are

key factors in this process. Several mechanisms have been

accepted to describe hydrogen-induced failures in metals. In

steels the best known are hydrogen enhanced localized plas-

ticity (HELP) [9e11], hydrogen enhanced decohesion (HEDE)

[12,13], hydrogen adsorption induced by dislocation emission

(AIDE) [14], and hydrogen-enhanced strain-induced vacancies

(HESIV) [15].

Austenitic stainless steels and aluminum alloys are very

resistant to hydrogen embrittlement, partly due to their low

hydrogen diffusion coefficient [16,17]. Austenitic stainless

steels are currently the most widely used steels in applica-

tions which are subjected to strong hydrogen pressure, how-

ever, due to their low yield strength and high cost, they are not

a good choice in many hydrogen applications [18]. On the

other hand, medium strength CrMo quenched and tempered

martensitic steels are a good choice for pressure vessels,

pipes, compressors, valves, registers, sensors, etc. when

handling hydrogen at high pressures (up to 100 MPa) [19], but

the long-term mechanical performance of these steels in

hydrogen rich environments is not yet enough clear. This is an

issuewhichmust be studied in order to offer these steels as an

alternative which guarantees their performance, as failure

could have catastrophic consequences [20,21].

There are three ways to study themechanical properties of

steels in high-pressure hydrogen environments. Firstly, in-

situ tests under high hydrogen pressure. This type of instal-

lation is very expensive and not always available. Secondly,

specimens can be pre-charged with hydrogen (electrochemi-

cally or under high pressure) before testing (ex-situ tests).

Finally, in-situ tests using electrochemical hydrogen charging.

In the case of ferrous steel specimens, hydrogen diffusion

coefficients are quite high [22], resulting in a rapid loss of pre-

charged hydrogen. Therefore, mechanical tests with
simultaneous hydrogen charging processes are preferred in

this case.

Numerous authors have applied all these hydrogen-

charging methods to determine the hydrogen-embrittlement

susceptibility of different steels, studying the effect of

several parameters such as steel composition, grain size

[23e26], displacement rate [27], pre-charging methodology

[28], tempering temperature [29], steel microstructure [30,31]

and steel alloying (with Mo or V) [32,33].

However, only a few have compared the different charging

methods. Asadipoor et al. [34] studied hydrogen embrittle-

ment in X70 pipeline steel by means of tensile tests under

vacuum in-situ H-plasma charging (IHPC), and ex-situ elec-

trochemical H-charging (EEHC), demonstrating that EEHC is

more effective than IHPC when evaluating hydrogen embrit-

tlement. The influence of the charging method was also

evaluated by Alvarez et al. [35] comparing a gaseous hydrogen

and an electrochemical charging method. In this work the

authors studied the influence of these pre-charging methods

on the hydrogen embrittlement of three steels: an S355

structural carbon steel, a quenched and tempered alloyed

steel (H8), and a weldmetal of a real CrMoVwelded joint (WM)

using Small Punch tests. Higher hydrogen embrittlement in-

dexes, related to the energy consumed per unit of area, were

always observed after electrochemical pre-charging. The dif-

ferences were attributed to significant losses of hydrogen

during the cooling process necessary before extracting the

samples after the gaseous pre-charging.

The aim of this work was primarily to develop a simple

methodology to study themechanical behavior of a quenched

and tempered 42CrMo4 steel in in-situ H-charging conditions.

Secondly it aimed to compare the influence of hydrogen

charging methodologies on the embrittlement of smooth and

notched specimens by means of tensile tests. Ex-situ (after

gaseous and electrochemical pre-charging) and in-situ (elec-

trochemical charging) tests were performed. Other aspects

studied were the influence of the amount of hydrogen intro-

duced in the samples and the displacement rate applied in the

corresponding tests.
Materials and methods

Steel and heat treatment

The material used in this study was a commercial 42CrMo4

steel whose chemical composition is presented in Table 1. It is

a medium carbon steel alloyed with Cr and Mo. Both its

strength and toughness as well as its high fatigue resistance,

make this steel an ideal candidate for use in high-pressure

hydrogen environments [36].
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A plate of 42CrMo4 steel (250 � 250 � 12 mm) was sub-

mitted to a heat treatment consisting of austenitizing at 845 �C
for 40 min, followed by quenching in room temperature water

and tempering at 700 �C for 2 h.

Hydrogen charging

One set of specimens was pre-charged in gaseous hydrogen at

high pressure. Another set was electrochemically pre-

charged. A third set of specimens was submitted to in-situ

mechanical testing via electrochemical H-charging. Fig. 1

shows the two kinds of hydrogen precharging of the speci-

mens before their testing in air conditions (ex-situ tests,

Fig. 1(a)) and also the arrangement used to perform in-situ

hydrogen tensile tests (Fig. 1b).

Precharging methods
The gaseous pre-charge was carried out in a high-pressure

reactor, designed according to ASTM G146 [37]. Prior to

hydrogen charging, an oxygen-free environment is ensured

through inert gas purging. To ensure the saturation of the

specimens, the following charging conditions were employed:

19.5 MPa at 450 �C for 21 h [36]. Then, the reactor was cooled

for 1 h until it reached 85 �C, at which temperature the spec-

imens were extracted. Some hydrogen loss is unavoidable

during this stage [36]. The pre-charged specimens were then

placed in liquid nitrogen (�196 �C) to limit further hydrogen

losses. Cylindrical samples of 10 mm in diameter and 30 mm
Fig. 1 e (a) Electrochemical and gaseous hydrogen pre-charging

situ hydrogen test.
in length were introduced into the reactor together with the

tensile specimens in order to determine the hydrogen con-

centration at the beginning of the mechanical tests as well as

its evolution during the ex-situ tests.

Two different electrolytes were used for electrochemical

pre-charging: 1) an acid electrolyte based on a 1 M H2SO4 so-

lution and, 2) the same solution plus 0.25 g/l of As2O3. The

addition of As2O3 to the electrolyte hinders the recombination

of hydrogen atoms (H þ H / H2), so a higher concentration of

hydrogen on the metal surface is generated and a higher

hydrogen content is attained in the sample [38]. In order to

vary the quantity of hydrogen introduced into the steel, two

current densities; ic, of 0.5 and 1 mA/cm2 were used for elec-

trochemical pre-charging from the aforementioned acid so-

lution. For the same reason, the same electrolyte without

As2O3 was also used under a current density of 1 mA/cm2.

Different pre-charging times, ranging from 1 to 6 h, were used

(at least 3 tests per condition were performed) to determine

the saturation time corresponding to each charge. In this case

cylinders of 5 mm in diameter and 30mm in length were used

to evaluate the evolution of the hydrogen concentration. The

same electrolytes and current densities were also employed in

the in-situ hydrogen charging tensile tests.

For both the gaseous and electrochemical pre-charge the

specimen surfaces were polished to ensure better hydrogen

ingress. In addition, all the specimens were washed with

water and acetone before pre-charging and also before the

start of the in-situ tests.
followed by ex-situ test (b) configuration to perform the in-
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Measurement of hydrogen content and diffusion simulation

The content of hydrogen introduced into the samples was

measured by means of Thermal Desorption Analysis (TDA),

using the cylindrical pins already described. For this purpose,

a LECO DH603 hydrogen analyzer, able to measure hydrogen

concentrations from 0.1 to 2500 ppm, was employed. The

analysis measurement principle is based on the difference in

thermal conductivity between a reference gas flow of pure

nitrogen and a secondary flow composed on nitrogen and the

hydrogen thermally extracted from the analyzed sample

keeping the sample at 1100 �C for 400 s. The analyzer was

previously calibrated using appropriate standards supplied by

LECO.

The hydrogen flux, J, of the steel samples was also calcu-

lated by means of a simple uni-directional finite element

analysis (FEA), implemented in an Abaqus commercial code,

employing Fick's diffusion law, as described in Equation (1).

J¼ � DappVCH (1)

where Dapp is the apparent hydrogen diffusion coefficient of

the steel and CH the hydrogen concentration. A certain

hydrogen content on the sample surface, Cs, was imposed,

being zero the hydrogen content in the rest of the sample.

Finite element axisymmetric hydrogen diffusion analysis was

performed on the radial direction using a cylindrical sample

with a diameter of 5 mm, and assuming a room temperature

hydrogen diffusion coefficient, Dapp of 2.2 10�10 m2/s [39]. The

Cc/Cs ratio between the hydrogen content present in the

center of the sample, Cc, and on its surface, Cs, was then

calculated for different charging times.

Tensile tests

Tensile tests on both smooth and notched cylindrical speci-

mens, whose geometries and dimensions are shown in Fig. 2,

were performed at room temperature following the in-

dications given by the ISO 6892-1 standard [40]. The circum-

ferential notch had a depth of 2 mm and a notch tip radius of

0.15 mm, to give rise to a stress concentrator, kt ¼ 4.3 [36].
Fig. 2 e Smooth and notched tensile specimen geometry

(in mm).
Longitudinal deformation of the specimens during the tests

wasmeasured bymeans of an extensometer with a calibrated

length of 25 mm.

As a reference, as-received (AR) uncharged specimens of

both geometries were first tested in laboratory conditions at a

test displacement rate of 0.4 mm/min, according to tensile

testing standards. In order to study the influence of this

parameter on hydrogen embrittlement, displacement rates

between 0.4 and 0.01 mm/min were used with hydrogen pre-

charged specimens and also with in-situ tests. In the case of

the notched specimens, tensile strength (sN) was defined as

the maximum tensile load divided by the initial cross-

sectional area of the notch region. The effect of hydrogen

embrittlement was quantified through the hydrogen embrit-

tlement index (HEI), which is defined by equation (2). HEI

varies from 0%, (no embrittlement at all), to 100%, (maximum

embrittlement).

HEI ½%� ¼ X� XH

X
$100 (2)

where, X and XH are the measured steel properties evaluated

without and with hydrogen, respectively.

Microstructure and fracture surfaces

The microstructure of the steel and the fracture surfaces of

the tested specimens were observed in a scanning electron

microscope (SEM JEOL-JSM5600) under a voltage of 20 kV. For

the microstructural examination, the samples were ground,

polished in synthetic cloths with diamond pastes of 6 and

1 mm, and finally chemically etched with Nital-2%. Vickers

hardnessmeasurements, HV30, were also performed applying

a load of 30 kg for 15 s.
Results and discussion

Microstructure of the 42CrMo4 steel

Fig. 3 shows the tempered martensite microstructure of the

steel under 5000� and 10000� magnifications. Carbide pre-

cipitation (iron/chromium carbides) is notorious during the

tempering stage. As a high tempering temperature was

applied (700 �C), internal stresses induced in the quench stage

were relaxed and carbides precipitated and grew to attain a

uniform distribution with a quasi-globular shape [36]. A

Vickers hardness of 223 was also measured.

Hydrogen saturation curves

Hydrogen measurements at different charging times in a 1 M

H2SO4 solution with 0.25 g/l of As2O3 with a density current of

0.5 mA/cm2 and its fitting to the FEA model results are plotted

in Fig. 4. The relation Cc/Cs between the hydrogen content

present in the center of the sample, Cc, and on its surface, Cs,

numerically calculated using Equation (1) is also shown (this

curve does not depend on the hydrogen content on the sample

surface). It is noted that approximately 90% of the surface

hydrogen concentration is expected to be attained in the

center of the sample after 3 h. In these conditions an average

https://doi.org/10.1016/j.ijhydene.2022.03.203
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Fig. 3 e a) SEM micrographs of the heat treated 42CrMo4 steel, and b) detail form the microstructure.

Fig. 4 e Experimental data and simulated hydrogen

diffusion results, Cc/Cs (1 M H2SO4 solution with 0.25 g/l of

As2O3, with a density current of 0.5 mA/cm2).
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hydrogen content of 0.95 ppm was measured after a charging

time of 3 h, and of 1.01 ppm after 6 h. Based on these results, a

pre-charging time of 3 h was chosen for all the ex-situ tests

(near-saturation condition).

Various electrochemical charging conditions were tested

for a fixed time of 3 h in order to introduce different amounts

of hydrogen into the steel samples. The pre-charging tested

conditions and the obtained results are presented in Table 2.
Table 2 e Hydrogen content after different pre-charging
conditions (electrochemical pre-charging time was
always 3 h).

Charging condition CH (ppm)

1 M H2SO4 solution, with As2O3 (1 mA/cm2) 1.2

1 M H2SO4 solution, with As2O3 (0.5 mA/cm2) 0.95

1 M H2SO4 solution (1 mA/cm2) 0.5

Gaseous pre-charging 1.2
The influence of the applied current density and the strong

effect of As2O3 addition, which avoids hydrogen atomic

recombination, is observed. It is also worth noting that one of

the applied electrochemical conditions was able to introduce

the same amount of hydrogen as in the gaseous pre-charging

(1.2 ppm).

Tensile tests and fracture analysis

Notched specimens
Hydrogen pre-charged specimens. Results obtained from ex-

situ tensile tests performed with notched specimens on the

reference (non-charged), gaseous, and electrochemical pre-

charged samples are shown in Table 3.

Mean values of the notched tensile strength, sN, together

with the corresponding embrittlement index, HEI, and the

embrittled depth (measured on the failure surface) are recor-

ded in Table 3. This table also shows the applied displacement

rate and the time consumed in each test.

Hydrogen embrittlement indexes were very low (less than

6%) in all the gaseous pre-charged tests but increased slightly

as the displacement rate decreased. However, for the slowest

applied displacement rate (0.004 mm/min), HEI decreased

again due to hydrogen loss in the course of the test, which had

a total duration of 14 h.

When the notched specimens were electrochemically pre-

charged, although similar initial hydrogen contents were

measured on both set of tests, the HEIs were significantly

higher than those obtained after gaseous pre-charging. In

addition, a clear influence of the applied test rate is also

observed, increasing from 7.5% to 13.8% when the displace-

ment rate decreased from 0.4 to 0.1 mm/min.

Table 3 also shows the embrittled depth, which was

measured in the scanning electron microscope on the failed

surfaces. This is another sign of embrittlement that will be

explained in the failure analysis section.

In-situ H-charged tests. The in-situ H-charged tests were car-

ried out using two different electrolytes (1 M H2SO4 with and

without As2O3 poison) and two different current densities

(0.5 mA/cm2 and 1 mA/cm2). The results obtained are shown

in Table 4.

Whatever the test condition used, the hydrogen embrit-

tlement indexes measured with in-situ hydrogen charging

https://doi.org/10.1016/j.ijhydene.2022.03.203
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Table 3 eNotched tensile strength (sN) and embrittlement index (HEI) corresponding to notched tensile tests performed on
pre-charged specimens.

Pre-charging method CH (ppm) Displacement
Rate (mm/min)

Time (min) sN (MPa) HEI (%) Embrittled
depth (mm)

AR e 0.4 12 1330 e e

Gaseous pre-charging 1.2 0.4 9 1273 4.3 0

0.04 80 1258 5.4 0

0.004 840 1294 2.7 0

Electrochemical pre-charging

1 M H2SO4 þ As2O3

i ¼ 1 mA/cm2

1.2 0.4 10 1230 7.5 0.1

0.1 44 1146 13.8 0.3

Table 4 e Notched tensile strength (sN) and embrittlement index (HEI) corresponding to notched tensile tests performed
with in-situ hydrogen charging.

H-charging conditions Dis.Rate (mm/min) Time (min) sN (MPa) HEI (%) Embrittled
depth (mm)

AR 0.4 12 1330 e e

1 M H2SO4 þ As2O3

i ¼ 1 mA/cm2

0.4 11 1069 19.6 0.51

0.1 38 931 30.0 0.87

1 M H2SO4 þ As2O3

i ¼ 0.5 mA/cm2

1 6 1155 13.2 0.34

0.4 15 1129 15.1 0.40

0.1 51 1094 17.7 0.75

0.05 112 972 26.9 0.80

0.02 198 1030 22.6 0.78

0.01 266 882 33.7 0.84

1 M H2SO4

i ¼ 1 mA/cm2

1 7 1173 11.8 0.26

0.4 16 1131 14.9 0.32

0.1 59 1124 15.5 0.58

0.05 158 1115 16.2 0.68

0.02 225 1134 14.7 0.42

0.01 456 1124 15.5 0.63
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were much higher than those obtained with hydrogen pre-

charged specimens. Moreover, embrittlement indexes

increased with the hydrogen activity of the environment

(higher current density and As2O3 addition) and with the

decrease of the displacement rate. In this latter case, the

displacement rate influence was small in tests performed

with the low hydrogenated medium (H2SO4 without arsenic

oxide).

Fracture analysis. The fracture surface of all the specimens

was observed with the SEM in order to identify the operative

fracture micromechanisms. The only failure mechanism

present in the as-received steel (AR) was fully ductile, char-

acterized by microvoid coalescence (MVC), as can be seen in

Fig. 5(a). In the case of the specimens pre-charged in gaseous

hydrogen, the same MVC micromechanism was also

observed, and the action of hydrogen was only evidenced by

the presence of shallow elongated dimples, shown in Fig. 5(b).

These singular characteristics are generally associated with

strain localization ahead of the notched region due to local

accumulation of hydrogen, following the mechanism

described as hydrogen-enhanced localized plasticity (HELP).

The same mechanism was also observed in the
electrochemically pre-charged specimens. However, as seen

in Fig. 5(c), a thin flat region just ahead of the notch front was

also observed in this latter case. This regionwas identified as a

brittle zone in which the observed micromechanism was

transgranular fracture. This took place following a hydrogen-

enhanced decohesion (HEDE) mechanism, consisting of

decohesion of the martensite lath interfaces (MLD, Fig. 5(d))

[36,41].

Fig. 6 shows typical examples of the fracture surfaces of the

in-situ charged specimens. In all of them, two regions with

differentiated failure mechanisms are present (Fig. 6(a)):

ductile fracture in the center (Fig. 6(b), MCV), and trans-

granular fracture in the peripheral region extending from the

front of the notch (Fig. 6(c), MLD). The detailed view of this

region presented in Fig. 6(c) corresponds to the action of a

decohesive embrittlement mechanism, with decohesion tak-

ing place along the interfaces between martensitic laths

(MLD). Important secondary cracks mostly concentrated in

the area between the aforementioned two regions were also

visible in Fig. 6(a).

The failure of the specimens in the tests performed under

in-situ hydrogen charging starts in the region located just

ahead of the notch, where maximum of both normal and

https://doi.org/10.1016/j.ijhydene.2022.03.203
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Fig. 5 e Fracture micromechanisms in notched tensile specimens: (a) reference uncharged sample, (b) gaseous pre-charged,

(c, d) electrochemically pre-charged specimens.

Fig. 6 e Fracture micromechanisms. In-situ H-charged notched tensile specimen at 0.5 mA/cm2 and 0.05 mm/min, (a)

general view, (b) MVC micromechanism, and (c) MLD micromechanism.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 7 ( 2 0 2 2 ) 1 7 0 5 6e1 7 0 6 817062
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Fig. 7 e Smooth tensile tests under in-situ hydrogen

charging. Stress-elongation curves.
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hydrostatic stresses are generated. Hydrogen accumulates

progressively in this region throughout the charging process

triggering the aforementioned decohesion mechanism [42].

Smooth specimens
Based on the fact that hydrogen embrittlement was negligible

when pre-charged notched specimens were used, it was

decided to test the smooth tensile specimens under only in-

situ H-charging at the lowest displacement rate, 0.01 mm/

min. Fig. 7 and Table 5 show the results from these tests using

different electrolytes and current densities.

Table 5 resumes the mean values of different tensile

properties, yield stress, sys; ultimate tensile strength, sut;

elongation at failure, e; and reduction of area, RA. This table

also shows the hydrogen embrittlement indexes obtained

using the three last parameters: HEIsut, HEIe, and HEIRA. Yield

and ultimate tensile strengths are barely affected by the

ingress of hydrogen (embrittlement indexes below 5%). How-

ever, in the test performedwith a current density of 1mA/cm2

and using As2O3 in the electrolyte significant embrittlement

was observed both in elongation and in reduction of area,

reaching embrittlement indexes of 91% and 87% respectively.
Table 5 e Tensile tests with in-situ hydrogen charging. Embrit
ultimate tensile strength, HEIsut, elongation, HEIe, and reductio

H-charging
conditions

Dis. Rate
(mm/min)

Time
(min)

sys (MPa) sut (MPa)

AR 0.4 20 622 ± 2 712 ± 5

1 M H2SO4 þ As2O3

i ¼ 1 mA/cm2

0.01 321 646 691

1 M H2SO4 þ As2O3

i ¼ 0.5 mA/cm2

0.01 305 657 697

1 M H2SO4

i ¼ 0.5 mA/cm2

0.01 459 636 683
Failure always initiates in the center of the specimen trans-

verse section, where the hydrostatic stress attains maximum

values. As stated by other researchers [25,31,43] similar

behavior was reported in in-situ tested smooth tensile speci-

mens of different steels.

Fracture analysis. A fully ductile mechanism was observed in

the referenced AR uncharged specimens, but failure micro-

mechanisms observed in the in-situ H-charged smooth tensile

specimens varied with the electrochemical charging condi-

tions. The observed mechanism was fully brittle (MLD) when

the electrolyte with As2O3 was employed, regardless of the

applied current density: 1 mA/cm2 (Fig. 8(a)) or 0.5 mA/cm2 (8

(c)). On the contrary, only a ductile mechanism (MVC) was

observed when the electrolyte without As2O3 (Fig. 8(b)) was

used. The lower capacity to introduce hydrogen under this

condition (0.5 ppm, Table 2) was unable to trigger the deco-

hesion failure of the sample and microvoid coalescence was

the only operative micromechanism.
Discussion

Hydrogen charging conditions

The importance of hydrogen charging conditions is clearly

seen in Fig. 9(a), which compares the embrittlement indexes

measured with gaseous and electrochemically pre-charged

specimens with the results obtained by means of in-situ

hydrogen charged tests performed on notched tensile speci-

mens (1.2 ppm H were introduced under the three referred

conditions, Table 2).

The same effect is seen in Fig. 9(b), related here to the depth

of the peripheral embrittled region. The high HEI and embrit-

tled depth found in the in-situ H-charging tests performedwith

low hydrogen activity, electrolyte without As2O3, i ¼ 1 mA/cm2

(16.2% and 0.68 mm, Table 4) are also noteworthy.

In order to explain these results, the elapsed time between

the end of H-charging and the start of themechanical testmust

be taken into account.When the gaseous pre-charging finishes,

the samplesmust be cooled from450 �C to 85 �C before they can

be removed from the reactor. This process takes approximately

1 h. Significant hydrogen losses occur during this cooling stage.

Hydrogen egress is especially significant in the region closest to
tlement indexes related to the yield strength, HEIsys,
n of area, HEIRA.

HEIsut (%) e (%) HEIe (%) RA (%) HEIRA (%)

e 23.4 ± 0.6 e 61.3 ± 1.7 e

3 2.1 91 8.0 87

2 3.0 87 9.7 84

4 14.5 38 37.8 38
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Fig. 8 e Fracture micromechanisms in in-situ H-charged smooth tensile specimens, (a) 1 mA/cm2 with As2O3, (b) 1 mA/cm2

without As2O3, (c) 0.5 mA/cm2 with As2O3.

Fig. 9 e H pre-charged specimens and in-situ H tests, 1.2 ppm H, (a) hydrogen embrittlement indexes plotted against

displacement rate, (b) measured embrittled depth against displacement rate.
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the specimen surface, the region just ahead of the notch front

where the fracture process initiates. However, in the electro-

chemical pre-charged specimens, when the mechanical test

starts, hydrogen is uniformly distributed along the specimen

section. Consequently, a higher hydrogen content is present in

the process zone ahead of the notch than with gaseous pre-

charging, leading to higher embrittlement indexes.

In the case of the in-situ H-charging tests, hydrogen is

introduced while the specimen is mechanically loaded. Thus,

hydrogen charging takes place when the steel is subjected to

high levels of plastic deformation, especially in the region

located just ahead the specimen notch. The effect of the degree
of plastic deformation on this steel was studied by Zafra et al.

[39,44]. In their research they performed build-up permeation

transients on this same steel, subjected to different degrees of

plastic pre-deformations. They used the same electrolyte with

As2O3 employed in this work, starting with a density current of

0.5 mA/cm2. The current was successively increased in 0.5 mA/

cm2 steps for the first two transients and then in 1 mA/cm2

steps until saturation was reached. The measured subsurface

hydrogen concentration at saturation was plotted in Fig. 10

against the applied plastic pre-deformation.

It can be seen that hydrogen concentration in equilibrium

with the hydrogenated medium increases strongly with

https://doi.org/10.1016/j.ijhydene.2022.03.203
https://doi.org/10.1016/j.ijhydene.2022.03.203


Fig. 10 e Hydrogen concentration at saturation against

plastic pre-deformation. 42CrMo4 steel quenched and

tempered at 700 �C (data from Ref. [44]).

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 7 ( 2 0 2 2 ) 1 7 0 5 6e1 7 0 6 8 17065
applied plastic pre-deformation. More than a four-fold in-

crease in hydrogen concentration was measured in this steel,

from 2.4 ppm in the non-deformed sample to 9.9 ppm when a

plastic pre-deformation of 50% was applied.

According to the Oriani theory [45], hydrogen atoms are

attracted by the applied hydrostatic stress, sH, until an equi-

librium hydrogen concentration, CH, given by Equation (3) is

attained:

CH ¼C0e
sHVH
RT (3)

where C0 is the diffusible hydrogen concentration in the

absence of stress and VH is the partial molar volume of

hydrogen, approximately 2$10�6 m3/Hmol in a ferrous micro-

structure. Under these assumptions, the amount of hydrogen
Fig. 11 e Scheme of the in-situ hydrogen-charged notch tensile te

C3
H, …); hydrostatic stresses, sH; and plastic deformation, εp; at
ahead of the notch region in the in-situ tests at failure was

much higher than the C0 concentration measured in non-

deformed samples, and also significantly higher than the one

existing in the process region in pre-charged specimens.

Fig. 11 shows the stress and strain distributions (hydro-

static stress, sH; and plastic strain, εp) in the notch region

during an in-situ tensile test, and the entrance of hydrogen

from a hydrogenated mediumwith hydrogen activity, aH. The

progressive evolution of the hydrogen distribution throughout

the test (C1
H; C

2
H; C

3
H…) until specimen failure is also shown in

Fig. 11. Hydrogen accumulation in the process zone is driven

by the hydrogen activity of the environment and particularly

by the plastic strain in the front of the notch.

Notched strength threshold

Fig. 12(a) shows the evolution of the notched tensile strength

with the applied displacement rate obtained in the in-situ tests

performed with the electrolyte with As2O3 under 0.5 mA/cm2

and with the same electrolyte without As2O3 under 1 mA/cm2

(Table 4). The notched strength of the steel decreases with the

displacement rate, as a longer time for hydrogen diffusion from

the specimen surface to the process zone located ahead of the

notch tip is available. Hydrogen atoms accumulate progres-

sively in the martensite lath interfaces existing on the process

zone of the specimen until the MLD brittle micromechanism is

finally triggered and failure takes place.

The tensile strength of the notched specimens determined

in the in-situ hydrogen charged tests performed under low

hydrogen activity (electrolyte without As2O3) seems to satu-

rate at displacement rates around 0.1 mm/min, to give a

threshold strength of around 1100 MPa (corresponding to an

HEI of 17%). However, under higher hydrogen activity (elec-

trolyte with As2O3), the notched tensile strength of the steel

decreases continuously with the displacement rate. The

extrapolation of all these results to an extremely low

displacement rate gives a threshold strength of approximately

850 MPa, which corresponds to an HEI of 36%.
st. Progressive hydrogen concentration distribution (C1
H; C

2
H;

the notch tip. ZP is the plastic zone.

https://doi.org/10.1016/j.ijhydene.2022.03.203
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Fig. 12 e (a) Notched strength threshold determination in the in-situ hydrogen charged tensile tests (b) detail of (a).
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Conclusions

Hydrogen embrittlement indexes measured with in-situ

hydrogen charging of notched tensile specimens were much

higher than those obtained with hydrogen pre-charged spec-

imens. They increase with the hydrogen activity of the hy-

drogenated medium and with the decrease of the

displacement rate applied in the test (longer time for

hydrogen diffusion). In the case of the in-situ hydrogen

charging tests, hydrogen is introduced while the specimen is

mechanically loaded, so that hydrogen charging takes place

while the steel surface is deforming plastically. Plastic defor-

mation at the notch tip region can reach very high values,

giving rise to a much greater accumulation of hydrogen in the

process zone of the notched tensile specimens than in the

hydrogen pre-charged ones.

Hydrogen accumulation in the process region of the

notched tensile specimens induces a change in the failure

micromechanism. When there is no hydrogen or when

hydrogen concentration in the process region is low, the

failure micromechanism is ductile (microvoid coalescence).

Higher accumulations of hydrogen give rise to a brittle

micromechanism, known as hydrogen-enhanced decohesion,

HEDE, that involves decohesion of martensite lath interfaces

in this particular quenched and tempered steel.

Embrittlement indexes related to strength are not relevant

in the case of in-situ hydrogen charged tensile tests performed

with smooth specimens, due to the absence of stress concen-

trators. However, they can attain very high values for elonga-

tion and reduction of areawhenhighhydrogen concentrations

are attained in specimens tested at very low displacement

rates. Under these testing conditions, brittle martensite lath

decohesion is also the predominant failure micromechanism.
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