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Abstract: Research into safer, durable steels to be used in hydrogen-rich environments has been
gaining importance in recent years. In this work, 42CrMo4 steel was subjected to quenched and
tempered heat treatments using different temperature and time durations, in order to obtain different
tempered martensite microstructures. Tensile tests on smooth and notched specimens were then
performed in the air as well as with in situ electrochemical hydrogen charging using two different
hydrogenated conditions. The harmful effects of hydrogen are more evident in tensile tests performed
on notched specimens. The harder (stronger) the steel, the more hydrogen embrittlement occurs. As
the steel’s internal local hydrogen concentration rises, its strength must be gradually reduced in order
to choose the best steel. The observed embrittlement differences are explained by modifications in
the operative failure micromechanisms. These change from ductile (microvoid coalescence) in the
absence of hydrogen, or under low hydrogen levels in the case of the softest steels, to brittle (cleavage
or even intergranular fracture) under the most severe conditions.
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1. Introduction

Hydrogen’s versatility, along with its zero carbon emissions, make it an ideal energy
vector for future energy systems [1]. Extensive study has been conducted over the last two
decades into the development of systems and equipment for the generation and storage of
gaseous hydrogen and for the conversion of hydrogen into other kinds of energy. Significant
breakthroughs, including increased efficiency and reduced costs, have been made [2]. In
recent years, there has been a general interest in researching new materials that could
carry and store hydrogen safely [3]. In order to mitigate hydrogen embrittlement and
better understand how hydrogen influences the mechanical characteristics of medium- and
high-strength steels, several investigations have been conducted of these materials [4,5].

The accumulation of hydrogen in specific microstructural areas, such as grain bound-
aries and other internal interfaces, results in hydrogen embrittlement (HE) during process-
ing and fabrication (casting, chemical cleaning, pickling, electroplating, electrochemical
machining, and welding). The entrance of atomic hydrogen into the crystalline network in
metallic alloys usually reduces ductility, decreases fracture toughness, and increases the
rate of crack growth under cyclic loads [6,7]. HE then produces failure at lower mechanical
stresses by reducing the cohesive resistance of the internal surfaces.

The effects of hydrogen on metallic materials have been extensively studied, although
the fundamental mechanics still remain unclear. The steel’s strength and the amount of
internal hydrogen are important features in hydrogen embrittlement failures. Usually,
they are brittle failures, with cleavage or intergranular fracture micromechanisms. Failures
caused by hydrogen have been linked to a variety of potential micromechanisms. The
most well-known are hydrogen-induced decohesion (HEDE) [8,9] and hydrogen-enhanced
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localized plasticity (HELP) [10,11]. Most recently, the HELP-mediated HEDE theory demon-
strated the synergistic action of both micromechanisms [12,13]. The absorption of hydrogen
into the steel, the atomic diffusion along its crystalline network, and the microstructure of
the steel with different hydrogen traps are key aspects of these processes.

Among the many works dealing with the negative impact of hydrogen on the tensile
properties of structural steels is the CHMC1-2014 standard published by the Canadian
Standard Association, which evaluates the hydrogen compatibility and the suitability of
materials to hydrogen services. It provides hydrogen embrittlement indexes (HEI) related
to the reduction in area and notch tensile strength in slow-strain rate tensile tests carried out
with smooth and notched specimens. Materials with HEI < 10% are considered appropriate
for hydrogen services, whereas those with HEI > 50% are denoted as unsuitable [14]. The
rest of the materials are subjected to hydrogen embrittlement and must be tested for fatigue
crack growth rate and fracture toughness in gaseous hydrogen.

Regarding tensile properties, different authors have demonstrated that the hydrogen
effect in steels is mainly reflected in ductility reductions (elongation and reduction in area),
with yield strength and ultimate tensile strength remaining practically unaffected [15,16].
Nevertheless, the presence of hydrogen can even reduce the steel tensile strength in the
case of high-strength steels or when tests are performed under high hydrogen levels [7,17].
On the other hand, there is broad agreement about how hydrogen affects the tensile
behaviour of steels with notches: the presence of a stress concentrator may greatly lower
both ductility and strength [17]. Zafra et al. [18] investigated the impact of tempering
temperature on 42CrMo4 steel’s susceptibility to hydrogen embrittlement using smooth
and notched tensile specimens pre-charged with gaseous hydrogen. The embrittlement
indexes increase with steel hardness, which is consistent with changes observed in their
corresponding fracture micromechanisms. Zafra et al. [19] used 42CrMo4 hydrogen pre-
charged specimens quenched and tempered at 600 ◦C for different times to show a linear
reduction in fracture toughness as a result of the internal hydrogen that is present when the
steel’s yield strength increases. Wang et al. [17] demonstrated that hydrogen embrittlement
increases with the stress concentration factor in notched tensile tests performed on high-
strength quenched and tempered 34CrMo4 steel. Higher hydrostatic stresses are produced
ahead of the notch due to the existence of a larger stress concentration factor. As a result,
hydrogen atoms accumulate in that location, increasing the local hydrogen concentration
and lowering the stress needed to fracture the specimen. Hydrogen embrittlement increases
with the steel yield strength because the hydrostatic stress level also increases [20,21].
Imdad et al. [22] studied the effect of in situ electrochemical hydrogen charging on 42CrMo4
steel submitted to annealed, normalised, and quenched and tempering heat treatments at
different temperatures using notched tensile specimens, showing substantial degrees of
plastic deformation in the notch tip region, causing a high accumulation of hydrogen in the
processing zone, which results in significant reduction in strength.

The main goal of this research is to investigate how different tempering temperatures
and times affect the embrittlement of smooth and notched tensile specimens of 42CrMo4
steel tested while hydrogen is electrochemically introduced (in situ hydrogen charging). In
this case, hydrogen enters the specimen at the same time as it is loaded, while its surface
is plastically deformed (as also occurs in defects present in pipes and vessels in contact
with hydrogen). In general, it was observed that the strength of the steel decreases as
the local hydrogen concentration in the process zone increases and the operative failure
micromechanisms are modified from microvoids’ coalescence in all tests performed in
air, to quasi-cleavage in tests with the simultaneous entrance of hydrogen. Intergranular
failures were also observed in notched tensile specimens performed with grades with the
greatest hardness and yield strength.
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2. Materials and Experimental Methods
2.1. Heat Treatments

The chemical composition of the 42CrMo4 steel used in the present work is shown
in Table 1. Because of its strength, hardness, and fatigue resistance, this steel is frequently
employed in high-pressure hydrogen environments [19].

Table 1. 42CrMo4 steel’s chemical composition (weight percent).

C% Cr% Mo% Mn% P% S%

0.42 0.98 0.22 0.62 0.008 0.002

The steel was delivered as a hot-rolled plate with dimensions of 250 mm in length,
250 mm in width, and 12 mm in thickness. The steel was submitted to the quenching and
tempering treatments described in Table 2 to produce tempered martensite microstructures
(Q + T). All samples were quenched from 845 ◦C and tempered at 600 ◦C for different tem-
pering times, ranging from a very small time (3 min) to a very long time (24 h). Additionally,
a completely tempered microstructure (725 ◦C for 4 h) was also produced.

Table 2. Heat treatments: WQ = water-quenched and T = tempered.

Steel Grade Heat Treatment

QT600-3m 845 ◦C/40 min + WQ + 600 ◦C/3 min tempered
QT600-30m 845 ◦C/40 min + WQ + 600 ◦C/30 min tempered
QT600-2h 845 ◦C/40 min + WQ + 600 ◦C/2 h tempered

QT600-24h 845 ◦C/40 min + WQ + 600 ◦C/24 h tempered
QT725-4h 845 ◦C/40 min + WQ + 725 ◦C/4 h tempered

Vickers hardness testing was performed with a 32 kg load applied for 15 s.

2.2. Tensile Tests

According to ISO 6892-1:2017 [23], tensile tests were performed on cylindrical, smooth
and circumferentially notched specimens, whose geometries and dimensions are shown
in Figure 1. An Instron 5582 tensile testing equipment was used for the experiments. The
notch cross-section radius was 2.5 mm, and the notch depth and radius were 2 mm and
0.2 mm, respectively. The notched specimen’s stress concentration factor, kt, was 3.71 [24].

Testing Conditions

Tensile specimens with notches and smooth surfaces were tested under three different
conditions. The first test was always conducted at a standard displacement rate of 0.4 mm/min
in air at room temperature without hydrogen, according to current standards. The remaining
two criterions involved testing with external hydrogen using in situ electrochemical hydrogen
charging. Conditions with relatively low hydrogenation were created with an acidic 1 M
H2SO4 solution and a current density of 1 mA/cm2. On the other hand, utilizing the same
acidic solution and 0.25 g/L of As2O3, together with a current density of 0.5 mA/cm2, resulted
in a strongly hydrogenated situation. As2O3 was added to prevent hydrogen atoms from
recombining, which increases hydrogen entry. Under these low and high hydrogen-charging
conditions, the same steel (quenched and tempered at 700 ◦C for two hours, with a hardness of
223 HV) was saturated with hydrogen at concentrations of 0.5 and 0.95 ppm, respectively [25].
In the former, a typical high-pressure hydrogen service is represented, while in the latter, the
steel is exposed to approximately twice as much hydrogen.
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Figure 1. Geometry and dimensions of specimens: (a) smooth tensile; (b) notched tensile specimens.

The displacement rate used for all in situ hydrogen-charged testing was extremely
low, at 0.01 mm/min. As room temperature, the hydrogen diffusion coefficients of these
steels varied between 3.43 × 10−11 m2/s, in the case of the grade tempered for the shortest
time (QT600-3m), and 1.43 × 10−10 m2/s for the fully tempered grade (QT725-4h) [26].
Sufficient time for hydrogen to diffuse and accumulate in the process zone was provided,
thus maximizing hydrogen embrittlement under the tested conditions. The applied load
and the specimen elongation were continuously logged. Yield strength, σys, ultimate tensile
strength (σts), tensile elongation (e), and reduction in area (RA) were measured for the
smooth tensile tests. In case of the notched specimen, the maximum recorded tensile load
was divided by the initial cross-sectional area at the notch (with a nominal diameter of
5 mm), as shown in Figure 1b, to obtain the ultimate strength at failure, σNS, with the
notched specimens. In general, only one test was performed per condition, with tests
being repeated when any signs of inconsistency were observed. The obtained results were
consistent enough.

The hydrogen embrittlement index (HEI) was used to quantify the degree of hydro-
gen embrittlement. The HEI ranges between 0% (no embrittlement; XH = X) and 100%
(maximum possible hydrogen embrittlement; XH = 0):

HEI% =
X − XH

X
·100

where XH and X are the obtained steel properties, measured with and without hydrogen,
respectively.

3. Results and Discussion
3.1. Microstructure

The SEM microstructures of all these samples are presented in Figure 2. They all are
tempered martensite. The steel grade that was tempered at 600 ◦C for a very short time
(3 min) was barely tempered (although some carbides had already precipitated, Figure 2a),
and had high hardness (484 HV). After tempering at 725 ◦C for 4 h a fully tempered
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microstructure, the lowest hardness (206 HV) was attained, as shown in Figure 2e. Carbide
morphology and size are strongly modified during tempering. Initially, elongated carbides
precipitiate at the borders of martensitic laths, packs, or blocks. However, when tempering
time or temperature increase, these carbides fragment, grow, and eventually globulize,
producing a more uniform distribution. Dislocation density and martensite acicularity both
concurrently decrease, relaxing the martensitic structure [20].

Figure 2. 42CrMo4 microstructures of (a) QT600-3m, (b) QT600-30m, (c) QT600-2h, (d) QT600-24h,
and (e) QT725-4h at magnification ×10,000.

The effect of tempering is better shown, representing the hardness versus the temper-
ing parameter, which considers both temperature and time, with T expressed in K and time
in hours:

P = T (20 + log t)

Figure 3 shows the linear connection between the tempering parameter and hardness.
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Figure 3. HV30 hardness versus tempering parameter.

3.2. Tensile Results and Failure Analysis
3.2.1. Smooth Tensile Test Results

Table 3 shows the tensile test results obtained with smooth tensile specimens, including
displacement rate, yield, and ultimate strengths, σys and σut, as well as embrittlement
indexes related to the ultimate tensile strength and reduction in area (RA).

Table 3. Smooth tensile test results. Tests in air and under low- and high-hydrogenation conditions.

Steel
Grade Hardness Test Conditions Displacement

Rate (mm/min)
σys

(MPa)
σts

(MPa)
HEI (σts)

(%)
HEI (RA)

(%)

QT600-3m
air 0.4 1585 1770 -- --

484 HV low H 0.01 -- 865 51 100
high H 0.01 -- 365 79 100

QT600-30m
air 0.4 1119 1204 -- --

332 HV low H 0.01 1094 1094 9 65
high H 0.01 1079 1079 10 70

QT600-2h
air 0.4 910 1002 -- --

307 HV low H 0.01 923 956 4.6 70
high H 0.01 842 919 8.3 80

QT600-24h
air 0.4 796 884 -- --

280 HV low H 0.01 780 866 2 74
high H 0.01 765 844 4.5 80

QT725-4h
air 0.4 526 607 -- --

206 HV low H 0.01 564 608 0 63
high H 0.01 598 644 0 83

Figure 4 shows the stress–strain plots recorded with these grades. The sample
quenched and tempered for only three minutes at 600 ◦C, with a hardness of 484 HV,
was fully embrittled in both hydrogen environments, with failure taking place in the elastic
region, well below the yield strength obtained in the hydrogen-free test (Figure 4a). The
corresponding ultimate tensile strength suffered huge reductions: 51% without and 79%
with the arsenic oxide in the electrolyte. Maximum embrittlement indexes of 100% related
to the reduction in area were obtained.
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Figure 4. Stresss–train curves of smooth tensile tests performed on: (a) QT600-3m, (b) QT600-30m,
(c) QT600-2h, (d) QT600-24h, and (e) QT725-4h.

In both hydrogenated conditions, with the sample tempered at 600 ◦C for 30 min
(Figure 4b), failure only occurred at the end of the elastic region, with no plastic deformation.
High hydrogen embrittlement indexes related to reduction in area were again observed in
this grade (65% and 70%). Nevertheless, HEIs related to the strength were low (9–10%).
Samples tempered at 600 ◦C for 2 h and 24 h suffered some plastic deformation before
failure in both hydrogenated media (Figure 4c,d). A marked reduction in area was detected
in tests with simultaneous hydrogen charging. Finally, Figure 4e shows the stressst–rain
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plot of the sample tempered at 725 ◦C for 4 h. An increase in the yield strength was
detected (solid solution hardening due to hydrogen) but, even with this low-hardness, fully
tempered microstructure, high hydrogen embrittlement indexes related to reduction in
area were calculated in both hydrogen media (63% and 83%).

Figure 5a shows the failure surface of the grade with the highest hardness (QT600-3m)
tested in air. It has a fully ductile behaviour: microvoids coalescence (MVC) was the only
failure micromechanism that was observed. MVC was also observed in the rest of the tests
performed in air (Figure 5b shows the grade with the lowest hardness, QT725-4h).

Figure 5. Failed surfaces of smooth tensile test specimens tested in air: (a) QT600-3m; (b) QT725-4h.

A notable change in the operative failure micromechanism took place when these
grades were tested with simultaneous hydrogen charging. Quasi-cleavage (QC) was the
main operative failure micromechanism in highly hydrogenated conditions, but intergran-
ular failure (IG) was also observed in the grade with the highest hardness, tempered for
the shortest time: QT600-3m (Figure 6a). When the electrolyte without arsenic oxide was
used, QC was also the operative failure micromechanism in most cases, but MVC was also
observed in QT600-24h and QT725-4h steel grades (Figure 6c,d).

3.2.2. Notched Tensile Test Results

Table 4 shows the results of the notched tensile tests performed in air and under in
situ hydrogen charging conditions. The grade with the highest hardness and strength
exhibits exceptionally high embrittlement indexes (related to notch strength) under both
hydrogenated conditions (77% and 78%). For the remaining grades, the HEI was similarly
high, but it progressively dropped as the temperature and tempering time increased and
hardness decreases. As more hydrogen is present in the solution containing arsenic oxide
(high H), HEI was also consistently greater in this condition.

The stress–strain plots recorded in all these tests are presented in Figure 7. Extraordi-
nary reductions in notched tensile strength were observed in the grades with the highest
hardness, QT600-3m and QT600-30m, tested in both hydrogenated media, and also with
QT600-2h when tested in highly hydrogenated medium (solution with As2O3), with HEI
values of approximately or higher than 50%. Failure took place after low plastic deforma-
tions occurred in the rest of in situ hydrogen charged tests. Only the two grades with the
lowest hardness (QT600-24h and QT725-4h) tested in the medium with low hydrogenation
(without As2O3), with HEI indexes below 10%, can be regarded as suitable for hydrogen
services according to CHMC1-2014 [14].
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Figure 6. Failed surfaces of smooth tensile test specimens: (a) QT600-3m tested in the electrolyte
with As2O3; (b) QT725-4h tested in the electrolyte with As2O3; (c) QT600-24h tested in the electrolyte
without As2O3; (d) QT725-4h tested in the electrolyte without As2O3.

Table 4. Notched tensile test results. Tests in air and in low- and high-hydrogenation conditions.

Steel
Grade Hardness Test Conditions Displacement

Rate (mm/min)
σNS

(MPa)
HEI (σNS)

(%)

QT600-3m
air 0.4 2055 --

484 HV low H 0.01 476 77
high H 0.01 457 78

QT600-30m
air 0.4 1870 --

332 HV low H 0.01 930 50
high H 0.01 792 58

QT600-2h
air 0.4 1701 --

307 HV low H 0.01 1299 31
high H 0.01 891 48

QT600-24h
air 0.4 1455 --

280 low H 0.01 1306 10
high H 0.01 1083 26

QT725-4h
air 0.4 1053 --

206 low H 0.01 961 9
high H 0.01 851 19
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Figure 7. Stress–strain curves of notched tensile tests performed on: (a) QT600-3m, (b) QT600-30m,
(c) QT600-2h, (d) QT600-24h, and (e) QT725-4h grade.

Microvoids’ coalescence (MVC) was the failure micromechanism in all notched tensile
test carried out in air, whereas quasi-cleavage (QC) and intergranular failure (IG) were
seen in tests conducted in the two hydrogenated media. When the embrittlement index
was greater than 50%, IG was visible, while QC was seen in the remaining grades. A
few examples of these micromechanisms are displayed in Figure 8: IG in the sample
with maximum hardness (QT600-3m) and QC in the fully tempered sample (QT725-4h).
Figure 9a,b show the failed surface of QT600-30m tested in the two hydrogenated media.
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A slight increase in the intergranular micromechanism is observed when the test was
performed in the high-hydrogenated medium (with As2O3).

Figure 8. Failure micromechanisms observed on notched tensile test specimens with in situ hydrogen
charged in the electrolyte without As2O3: (a) QT600-3m; (b) QT725-4h.

Figure 9. Failure micromechanisms observed on QT600-30m notched tensile test specimens with in
situ hydrogen charged in: (a) the electrolyte without As2O3; (b) the electrolyte with As2O3.

4. Discussion

The ultimate tensile strength values (σts) for smooth tensile samples of all quenched
and tempered (QT) grades evaluated in air, under low-hydrogenation (mild H), and strongly
hydrogenated (high H) conditions are plotted against HV30 hardness in Figure 10. In all
the tests performed in air (blue squares in Figure 10), the ultimate tensile strength is
directly proportional to the steel’s hardness: a greater hardness corresponds to higher
tensile strength. The effect of hydrogen on the ultimate tensile strength measured in these
grades is generally very low, with the exception of the significant decrease observed in
the grade with the highest hardness (quenched and tempered for 3 min, 484 HV). Under
both hydrogenated conditions, the highest ultimate tensile strength was obtained with
the quenched grade tempered at 600 ◦C for 30 min (1094 and 1079 MPa under low and
high hydrogen, respectively). Results in the same line were obtained by different authors
using different steels and hydrogenated conditions (pre-charged specimens and gaseous
hydrogen charging) [15,16,19].
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Figure 10. Ultimate tensile strength (σts) versus HV30 hardness. Smooth tensile specimens of
quenched and tempered 42CrMo4 grades tested in air and under in situ H charging.

The hydrogen embrittlement indexes related to the ultimate tensile strength (σts)
and reduction in area (RA) for the steels tested in low- and high-hydrogen conditions
are displayed in Figure 11, as well as a comparison with their Vickers hardness. Except
for the grade with the highest hardness, which was tempered for only three minutes,
the embrittlement indexes related to the tensile strength are quite low (less than 15%).
However, extremely significant embrittlement indexes, consistently exceeding 60% and
70%, were measured in the low and highly hydrogenated media, respectively, in relation to
the reduction in area. In all cases, higher hydrogen embrittlement indexes were obtained
with the medium that introduces more hydrogen (solution with arsenic oxide).

Figure 11. Influence of steel hardness on the hydrogen embrittlement indexes related to tensile
strength and to reduction in area.

Because hydrogen enters, diffuses, and accumulates in the region directly ahead of the
notch, hydrogen embrittlement is always greater when the stress concentrators (notched
tensile specimens) are present, where a state of high hydrostatic stress is produced (high
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triaxiality). Hydrogen atoms are attracted by the hydrostatic stress, σH, existing just ahead
of the notch until an equilibrium hydrogen concentration, CH, given by the following
expression, is attained [27]:

CH = C0 exp (σHVH/RT)

where C0 is the hydrogen concentration at zero stress and VH is the partial molar volume
of hydrogen, which can be approximated by 2 × 10−6 m3/molH in a ferritic microstructure.
The hydrogen diffusion distance from the tip of the notch, where hydrogen is entering
the specimen, to the location the hydrostatic stress maximum just ahead of the notch was
calculated by Zafra [28] to be between 0.1 and 0.2 mm.

The notched tensile strength was plotted versus the steel hardness in air and in
both hydrogenated environments for various quenched and tempered microstructures in
Figures 12 and 13. The greatest notched tensile strength in air is found in the hardest grade
(484 HV, QT600-3m). Notched strength progressively reduces in these tests, as hardness
does. In the tests of media with low hydrogenation, a dramatic decrease in the notched
tensile strength is suffered by all grades with a hardness higher than 300 HV. The maximum
value of the notched tensile strength was obtained with the grades quenched and tempered
at 600 ◦C for 2 h (307 HV) and 24 h (280 HV), 1299 and 1306 Mpa, respectively. Zafra [17]
also observed the same trend on the same steel using different tempering temperatures and
specimens pre-charged in gaseous hydrogen at a high temperature.

Figure 12. Tensile strength of notched steel in relation to steel hardness for all quenched and tempered
grades evaluated under low-H and air conditions.

In the tests performed in highly hydrogenated medium, the effect of hydrogen is similar
but even more dramatic. Very high decreases in notched tensile strength were observed in tests
with electrochemical hydrogen charging in grades with a hardness higher than 275 HV. The
maximum value of the notched tensile strength in these hydrogen conditions was obtained
with the grades quenched and tempered at 600 ◦C for 24 h (1083 MPa).

Since yield strength is the characteristic that is usually used to evaluate hydrogen
embrittlement and design structural components, Figure 14 plots the hydrogen embrittle-
ment indexes that were obtained with all these grades in both high- and low-hydrogenated
conditions against the yield strength of these steels. The quenched and tempered grades
show a reasonably linear increase in these indexes along with the yield strength in both
hydrogenated conditions. Changes in the operative failure micromechanism, from quasi-
cleavage (QC) to intergranular failure (IG), justifies the increase in embrittlement with the
steel yield strength. These two failure micromechanisms were also observed in most works



Hydrogen 2023, 4 1048

related to hydrogen embrittlement, and intergranular failure always corresponds to the
most aggressive hydrogen conditions and larger embrittlement indices [17,18,22].

Figure 13. Notched tensile strength versus steel hardness of all quench and tempered grades tested
in air and in high-H conditions.

Figure 14. HEI related to notched strength vs. steel yield strength (σys) for quenched and tempered
grades tested in both hydrogenated conditions.

5. Conclusions

In situ electrochemical hydrogen-charged experiments on smooth and notched ten-
sile specimens result in a significant intake of hydrogen. With smooth tensile specimens,
embrittlement indexes related to the ultimate tensile strength in both low- and highly hy-
drogenated media were low, except for the grade with the highest hardness and maximum
strength (tempered for 3 min at 600 ◦C). The grade quenched and tempered at 600 ◦C for
30 min had the greatest ultimate tensile strength in tests performed in both hydrogenated
conditions. Hydrogen embrittlement indexes corresponding to the reduction in area show
a continuous increase with the steel hardness in both hydrogenated environments. High
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values, always above 60% and 70% were measured in low- and highly hydrogenated
conditions, respectively.

For notched tensile specimens, the notch tip region suffers very high levels of plastic
deformation and high hydrostatic stresses develop in the process zone located just ahead
of the notch, where there is an important build-up of hydrogen. When evaluated in the
low-hydrogenation media, notched tensile strength significantly droped in quenched and
tempered steels with a hardness over 300 HV; in the highly hydrogenated medium, notched
tensile strength decreased drastically in steels with a hardness above 275 HV. In the low-
hydrogenation media utilized in this experiment, QT600-2h and QT600-24h are the grades
with the maximum notch tensile strength, while in the highly hydrogenated medium,
QT600-24h has the highest notched strength.

The operative failure micromechanisms change from microvoids’ coalescence, in all
tests performed in air, to quasi-cleavage in tests with simultaneous hydrogen entrance,
although intergranular failure was also observed in tests on notched tensile specimens with
maximum hardness grades and maximum yield strength.
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