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Susceptibility to hydrogen embrittlement was studied on quenched and tempered 42CrMo steel with Small Punch
Tests (SPT) using different punch displacement rates. Hydrogen was cathodically charged using an electrolyte
SPT composed of 1 M HySO4 with 0.25 g/1 As;03, and two different cathodic current densities (0.50 and 1.00 mA/
In-situ hydrogen charged tests 2 . . . e

. > cm®). The results were analysed using different embrittlement indices: related to the energy consumed at
Electrochemical charging . . o . . . . . .

maximum load, to the equivalent biaxial deformation at failure location and to the failed diameter. Failure

location is directly related to punch displacement and, consequently, to embrittlement.

All embrittlement indices increase as the punch displacement rate decreases (longer time for hydrogen
diffusion) and as the cathodic current density increases (higher hydrogen concentration in equilibrium with the
hydrogenated medium). On the other hand, the use of a pre-charging time before the start of the in-situ hydrogen
charged test produces no change in the results, as most hydrogen enters the sample due to the high plastic

deformation induced on its surface in the course of the mechanical test.

1. Introduction

The importance of hydrogen as an energy vector is now widely
recognized by both the scientific community and the general public.
Hydrogen energy technology is being developed to reduce the emission
of CO4 to the atmosphere and to decrease climate change evolution. The
current demand for hydrogen is triple that in 1975 [1], thus there is a
special interest in safe transport and storage of this element. Steel is the
most suitable material to manufacture pressure vessels and pipelines to
transport hydrogen. Austenitic stainless steel is the most reliable grade,
but its high price and low yield strength are drawbacks. It is necessary to
consider the suitability of other types of steels that combine high me-
chanical strength and good behaviour in the presence of this gas,
minimizing hydrogen embrittlement, HE [2-5].

To evaluate the mechanical properties of materials in the face of this
phenomenon, it is necessary to use specific equipment and procedures.
Different research works have used standard tests such as tensile tests
[6,7], slow strain rate testing [8-10], fracture toughness [11-13], and
crack growth fatigue resistance tests [14-16]. These techniques are the
most used because of their extended use in the mechanical character-
ization of materials under standard conditions. However, these tests
require samples with large dimensions; if the sample does not have
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enough material, it is difficult to characterize specific components and
structures. This is the case with welded joints or very low thickness
components. For these cases, miniature tests have been developed over
the last decades [17-19]. Most of these techniques have yet to be stan-
dardized, but they can help to evaluate the modification of certain
mechanical properties in well-defined environments. One of the most
widely used miniature tests is the Small Punch Test (SPT), which is used
to evaluate the tensile and fracture properties of materials in laboratory
conditions when only a small amount of material is available [20]. It can
be used to evaluate the mechanical behaviour of different kind of ma-
terials [21,22], particularly metallic materials [23-25], for which test
standards have been developed in both the USA and Europe [26,27].

Various researchers have also used SPT to study the effect of the
external environment on the mechanical properties of steels [28-30].
Some of them have applied this methodology to characterize hydrogen
embrittlement phenomena, but with different boundary conditions and
therefore, different results [31,32].

It has been found that the presence of internal hydrogen (pre-
charged before the SPT execution) does not always affect the mechanical
behaviour of these small specimens, especially when the amount of
hydrogen is low [18] or the test displacement rate is fast [33]. The
reason for this behaviour is the egress of the pre-charged hydrogen from
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the specimen in the course of the mechanical test [34].

On the other hand, the use of SP tests with in-situ hydrogen charging,
where the entry of hydrogen occurs during the mechanical test, has
provided better results [17]. However, there are still many open ques-
tions. Firstly, the way in which hydrogen is introduced into the sample:
from a gaseous atmosphere or electrochemically [35-38]. The use of a
pressurized hydrogen gas atmosphere would seem to be the most
appropriate method given that these are the in-service conditions in
most cases. Nevertheless, in addition to being a more expensive method,
the applied pressure can affect the standard SPT results. Hydrogen
electrolytic charge does not have, however, any of these handicaps, and
test conditions would be representative of the in-service ones if the same
amount of internal hydrogen were guaranteed. For this, it is necessary to
analyse not only how the electrolytic charging parameters (mainly
current density) affect the hydrogen concentration, but also the defor-
mation rate (punch displacement rate) applied during the test. It is
known that the rate of hydrogen ingress into the sample grows with the
strain rate [39]. Therefore, the longer the time at a given deformation
(lower test rates), the greater the amount of hydrogen entering the
specimen.

In order to clarify the above questions, the SPT methodology under
in-situ electrochemical hydrogen charging conditions was used in this
work to analyse the susceptibility to HE of a quenched and tempered
42CrMo4 steel. Two different current densities (0.50 mA/cm? and 1.00
mA/cm?) were used for electrochemical charging to generate different
hydrogen boundary conditions and hydrogen concentrations similar to
real in-service industrial conditions. The SPT tests were performed at
various displacement rates, obtaining different local hydrogen concen-
trations. The influence of different hydrogen pre-charging times prior to
in-situ SPT mechanical tests was also evaluated in this research.

2. Materials and experimental procedure
2.1. Materials

The material used in this study was a commercial 42CrMo4 steel
whose chemical composition is shown in Table 1. It is a medium carbon
steel alloyed with Cr and Mo. The good combination of strength and
toughness, in addition to its high fatigue resistance, make this steel an
ideal candidate for use in high-pressure hydrogen environments.

A plate of this steel (250x250x12 mm) was submitted to a heat
treatment consisting of austenitizing at 845 °C for 40 min, followed by
quenching in room temperature water and finally tempering at 700 °C
for 2 h. Fig. 1 shows the microstructure of the steel. It is tempered
martensite, in which carbide precipitation during the tempering stage is
notorious. As a relatively 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 (SEM image in Fig. 1.a). Most crystallographic
orientations are present in the EBSD image shown in Fig. 1.b). This
treatment was selected after an intensive study carried out by A. Zafra
et al. [40,41].

This steel was characterized in a previous work [39] using tensile
and fracture toughness tests according to the UNE-EN-10002-1 [42] and
ASTM E1820 [43] respectively. The measured hardness (HV10), yield
stress (oys), ultimate tensile strength (oy), tensile elongation (e),
reduction of area (RA) and fracture toughness (Jj.) are shown in Table 2.

Table 1
Chemical composition of 42CrMo4 steel (% weight).

Material 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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2.2. Hydrogen charging method

To simulate the working conditions for structures and components in
the presence of hydrogen, an electrochemical hydrogen charging
method was used. The electrolyte was 1 M HySO4 + 0.25 g/1 AsyOs, as it
had been used successfully in previous research works [41,44].

According to V. Arniella et al. [45] using this electrolyte and 0.50
mA/cm? of current density, we can obtain an homogenous hydrogen
distribution inside a cylinder 5 mm in diameter and 30 mm in length
after 3 h of charging time. Furthermore, in order to increase hydrogen
ingress in the sample, the same charging conditions but with a higher
current density (1.00 mA/cm?) was also used by the aforementioned
authors [45]. Table 3 shows the hydrogen concentrations at saturation
(3 h) obtained using both current densities.

Hydrogen diffusivity in the steel was analysed using electrochemical
permeation tests. The applied experimental set up was explained by G.
Alvarez et al. [12]. In order to assess whether the hydrogen diffusion
coefficient depends on the current density, permeation tests were per-
formed applying cathodic current densities of 0.50 and 1.00 mA/cm? in
the permeation cell. The obtained results, recovered in Fig. 2, show how
the transient varies with the applied cathodic current density, but the
diffusion coefficient is quite similar under both conditions: 2.89 107°
m?/s and 4.27 10°1° m?/s, for 0.50 mA/cm? and 1.00 mA/cmz, respec-
tively. Based on these results, it can be assumed that the use of a current
density of 0.50 or 1.00 mA/cm? will influence the hydrogen concen-
tration inside the sample but its effect on the diffusivity of the steel will
be negligible. Thus, an average hydrogen diffusion coefficient of 3.58
1071% m?/s was used in the rest of the paper.

2.3. Small punch tests

Small punch tests (SPT) were carried out using a standard SPT device
[46] with slight modifications to facilitate hydrogen entrance into the
sample surface from the previously described electrolyte while the me-
chanical test is carried out (in-situ hydrogen charged SPT). The standard
SPT device has a matrix die hole with a diameter of 4 mm and uses a
hemispherical-head punch 2.5 mm in diameter. To carry out the in-situ
electrochemically hydrogen charged SPT, the matrix die was placed at
the top and the punch at the bottom of the assembly (Fig. 3.a) and the
electrolyte was introduced in the small internal chamber machined just
above the matrix die, where a Pt electrode was also placed. A cathodic
current density (0.50 or 1.00 mA/cm?) was applied using a Pt coun-
terelectrode. All parts of the device in contact with the electrolyte were
made of ceramic material (Al;03) to avoid electric current losses.

Square SPT specimens with nominal dimensions of 10x10x0.5 mm
were used. The load was applied using a mechanical testing machine
equipped with a 5 kN-capacity load cell and the punch displacement was
measured with a COD extensometer. All the tests were performed in
laboratory conditions of pressure and temperature (1 bar, 25 °C).
Nevertheless, in order to evaluate the effect of the test displacement rate,
punch displacement rates varying from 0.001 mm/min to 0.26 mm/min
were used in the in-situ SP tests. The results obtained from these tests
were compared with those obtained from specimens tested without
hydrogen using a standard test rate of 0.20 mm/min [25]. At least two
SPT specimens were tested under each condition.

To determine whether pre-charging previous to the in-situ SP test
influences the results, some in-situ SPTs were performed using hydrogen
pre-charged specimens. To establish the necessary pre-charging time for
this specimen geometry (0.5 mm thickness) a diffusion finite element
model described in A. Zafra et al [41] was used. Considering the diffu-
sion coefficient obtained for both current densities, pre-charge times of
7 min (1.00 mA/cm?) and 15 min (0.50 mA/cm?) were calculated to
saturate the sample. Based on these results a pre-charging time of 15 min
was used for both current densities.

To quantify the embrittlement of hydrogen, the SPT Hydrogen
Embrittlement Index, HEIx spr, defined in equation (2) was used:
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Fig. 1. SEM-EBSD images of the heat treated 42CrMo4 steel, (a) SEM; (b) EBSD.

Table 2
Mechanical properties of the steel.
Material Hardness oy oy e RA Jie
(HV10) (MPa) (MPa) (%) (%) (kJ/m?)
42CrMo4 207 622 710 22 61 580
Table 3

Hydrogen concentration measurements under different current densities in the
42CrMo4 steel, [45].

Electrolyte Current density Hydrogen concentration, Co
(mA/cmz) (ppm)
1 M H3SO4 + 0.25 g/1 As;03 0.50 0.90 + 0.1
1.00 1.20 £ 0.1
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Fig. 2. Permeation test results: normalized intensity (permeation current
density over steady state current density) versus permeation time.
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where X4 and X2 represent the value of an appropriate SPT
parameter measured in air and under in-situ hydrogen charging
respectively. One of the most used parameter to be used in equation (2)

is the SPT fracture energy, Wspr [18]. It is defined as the area under the
SPT curve up to the maximum load (Wgpr, Fig. 3.b) divided by the
square of the specimen thickness. The HEIyspr could be expressed by
equation (3):

Air Hydrogen
W, / t(21 = Wer

SPT
Air ]2
WSPT/ L}

Another SPT parameter that could be used to express brittleness
caused by hydrogen is the equivalent biaxial deformation at failure, ey,
which is a parameter directly linked with the fracture toughness of steels
[25,47]. Expression (4) was used to calculate the e4;, where tris the local
thickness at the failure location and ty is the initial thickness of the SPT
sample (see Fig. 4):

ey —In (t_(’) @
Iy

Therefore, HEI,4s defines the hydrogen embrittlement index when e4¢
is the X parameter in equation (2). To measure the final local thickness
of the failed zone, t;, the specimen was diametrically cut as shown in
Fig. 4 for ductile (Fig. 4.a) and brittle (Fig. 4.b) behaviours. When
ductile failure occurs, a semi-circular crack develops in the failed region
of the sample (smile-shaped failure) [25]. On the other hand, brittle
failure gives rise to a circular crack with additional radial cracks [31]. As
both failure patterns can be fitted by a circle of diameter ¢ this failure
diameter could be another appropriate parameter to estimate the
hydrogen embrittlement index, HEI; A scanning electron microscope
(SEM JEOL-JSM5600) was used to accurately measure both, failure
thickness and failure diameter of the tested SPT specimens.

t2
HElLyspr (%) = /5 x 100 )

3. Results
3.1. Influence of hydrogen pre-charging

Fig. 5 shows the load-punch displacement curves obtained when the
in-situ hydrogen charging SP test was carried out at the standard test
rate (0.20 mm/min) with and without previous hydrogen pre-charging
(15 min of hydrogen pre-charging). This figure also shows, as a com-
parison, the SPT curves obtained with the material tested in air (without
H charging). Table 4 resumes the corresponding SPT parameters (mean
4+ standard deviation).

Under in-situ hydrogen charging, hydrogen embrittlement was
detected by a decrease in the maximum load, P, and punch displace-
ment, dp,, and, consequently, in the fracture energy, Wspr, even at the
standard test rate of 0.20 mm/min. This embrittlement increases when
the largest cathodic current density of 1.00 mA/cm? was applied. The
greater the applied cathodic current density, the greater the hydrogen
concentration at the specimen surface (Table 3), thus, embrittlement is
increased.

On the contrary, the use of a pre-charging time of 15 min before the
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Fig. 3. SPT testing procedure. (a) SPT device; (b) Load-Punch displacement curves.
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Fig. 4. SPT failure shape and thickness reduction in (a) ductile failure; (b) brittle failure.

start of the in-situ SPTs does not affect embrittlement: similar SPT pa-
rameters were obtained with and without pre-charging. During the SPT,
the largest tensile stress occurs on the sample surface, where hydrogen is
entering the specimen and the corresponding hydrogen content in
equilibrium with the cathodic current density is attained very quickly.
On the other hand, a lower hydrogen content is introduced during pre-
charging (no mechanical load is applied) than during the in-situ
hydrogen charged test, where high plastic deformation is generated on
the sample surface. Zafra et al [39] measured a four-fold increase in
hydrogen concentration in 42CrMo4 steel when a plastic pre-
deformation of 50% was applied.

Cutting
lines

Fitted circle
to failure shape

¢

Brittle Failure

3.2. Influence of displacement rate and current density in the in-situ
hydrogen charged tests

Fig. 6 shows the SPT curves obtained in the in-situ hydrogen charged
tests using different displacement rates under cathodic current densities
of 0.50 mA/cm? (Fig. 6.a) and 1.00 mA/cm? (Fig. 6.b). Taking into ac-
count that hydrogen pre-charging does not influence the mechanical
behaviour observed in these tests, this analysis was performed without
pre-charging the specimens. Punch displacement rates were varied be-
tween 0.001 and 0.26 mm/min.

As can be seen in Fig. 6 and Table 5, regardless of the applied
cathodic current density, as the displacement rate decreases so do the
values of the maximum load, Py, and the displacement at maximum
load, d,;,. Consequently, the fracture SPT energy, Wspr, also decreases.
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Fig. 5. SPT curves in air, under in-situ hydrogen charging and with additional hydrogen pre-charging (a) 0.50 mA/cm?; (b) 1.00 mA/cm?. Punch displacement rate:

0.20 mm/min.

Table 4
SPT results for uncharged, under in-situ H-charging and under in-situ H-charged
with 15 min of H-pre-charging. Punch displacement rate: 0.20 mm/min.

Test condition ic to P dm w/é
(mA/ (mm) N) (mm) (N/mm)
cm?)

Air - 0.466 + 1764 1.54 + 7442 +

0.006 +31 0.04 392

In-situ H-charged 0.50 0.471 + 1630 1.37 + 5965 +

without pre- 0.001 +14 0.01 431
charging 1.00 0.487 + 1346 111+ 3647 +
0.011 +37 0.01 174
In-situ H charged 0.50 0.473 + 1609 1.34 + 5622 +
(with pre-charging 0.009 +13 0.04 355
1.00 0.482 + 1499 1.17 £ 4350 +
0.013 +12 0.06 515

Comparing the results obtained under the two applied cathodic
current densities, it is clear that hydrogen embrittlement increases
slightly under a larger cathodic current density, although this effect is
barely appreciated under the lowest displacement rates.
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3.3. Post-failure analysis

Images of the in-situ hydrogen charged specimens after failure are
included in Figs. 7 and 8. These figures show cross-sections (above) and
top views (below) of the failed specimens tested under the different
displacement rates at 0.50 mA/cm? (Fig. 7) and 1.0 mA/cm? (Fig. 8)
cathodic current densities. Mean + Standard Deviation values of final
thickness at the failed region (tp), equivalent biaxial deformation at
failure (e49) and the corresponding diameter of the circle fitted to the
failed zone (¢) are shown in Table 6.

Images presented in Figs. 7 and 8 show a clear decrease in the
deformation of the specimens as well as a decrease of the thickness of the
failed region (tp) as the applied displacement rate decreases and the
cathodic current density increases. Consequently, as can be seen in
Table 6, the equivalent biaxial deformation at failure (e4) also decreases
under lower displacement rates and higher cathodic current density.

Images shown in the lower rows of Figs. 7 and 8 also evidence the
decrease in the diameter of the failed zone (¢) with the decreasing of the
displacement rate and higher cathodic current density. The presence of
radial cracks in the failed region of the specimens also denotes hydrogen
embrittlement. As the test rate decreases or cathodic current density
increases, more radial cracks appear on the surface of these specimens
(Figs. 7 and 8).
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Fig. 6. SPT curves at current densities of (a) 0.50 mA/cm? and (b) 1.00 mA/cm?*
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Table 5
SPT results for different displacement rates and cathodic current densities.
Test ic % to P, dnm testing w/g
condition  (mA/ (mm/ (mm) N) (mm) time N/
cm?) min) (min) mm)
Air - 0.20 0.466 1764 1.54 10.8 + 7442
+ + 31 + 0.1 + 392
0.006 0.04
In situ 0.50 0.26 0.476 1600 1.30 7.8 + 5965
+ + 38 + 1.5 + 602
0.011 0.03
0.20 0.471 1630 1.37 9.4 + 5422
+ + 14 + 0.6 + 431
0.001 0.01
0.14 0.486 1418 1.12 11.8 + 3919
+ + 66 + 1.3 +171
0.002 0.02
0.08 0.479 1211 1.00 17.3 £ 3133
+ + 29 + 0.3 + 53
0.008 0.03
0.02 0.461 1015 0.91 66.8 + 2636
+ + 62 + 2.2 + 242
0.010 0.03
0.002 0.460 709 0.61 435.6 1516
+ + 90 + +17.0 + 381
0.005 0.02
0.001 0.477 582 0.57 799.2 1101
+ + 51 + + 66.0 + 136
0.001 0.04
1.00 0.26 0.478 1616 1.35 7.4 + 5577
+ + 59 + 0.2 + 794
0.013 0.01
0.20 0.487 1346 1.11 7.6 + 3647
+ + 37 + 0.1 + 174
0.011 0.01
0.14 0.476 1362 1.12 10.8 + 3529
+ + 52 + 0.6 + 68
0.009 0.01
0.08 0.491 1078 0.91 15.6 + 2508
+ + 97 + 1.7 + 383
0.012 0.08
0.02 0.455 826 0.80 54.9 + 2147
+ +7 + 0.4 + 96
0.002 0.03
0.002 0.461 639 0.62 416.7 1361
+ + 32 + +14.1 + 36
0.006 0.01
0.001 0.481 683 0.57 780.5 1135
+ + 90 + + 42.4 + 23
0.006 0.04

4. Discussion

Expression (2) quantifies the susceptibility to hydrogen embrittle-
ment under the different testing conditions using the appropriate SPT
parameter. Table 7 shows the hydrogen embrittlement indices obtained
using the fracture SPT energy (HEIwspr), the equivalent biaxial deformation
(HElL.qp), and the diameter at failure (HEI). These HEI values plotted
versus the punch displacement rate are shown in Fig. 9.

As can be seen, for a given current density and regardless of the

0.18 mm/min v

0.20 mm/min v

v =0.26 mm/min v

0.08 mm/min v
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embrittlement index used, the susceptibility of the steel to hydrogen
embrittlement increases as the applied test rate decreases up to a certain
threshold. For the steel and hydrogen charging conditions used in this
work, maximum embrittlement is achieved when the test rate is
approximately 0.002 mm/min. As can be seen in Fig. 9, with a higher
cathodic current density, the obtained embrittlement indices are always
slightly higher.

In the in-situ hydrogen charging SPTs, the steel is affected by
hydrogen even when the highest punch displacement rate is used, with
HEIyspr (see Fig. 9.a) between 20% (i, = 0.50 mA/cm?) and 25% (i =
1.00 mA/cm?), and even 30% (i = 0.50 mA/cm?) and 42% (i; = 1.00
mA/cm?) when HEI,4 is used (Fig. 9.b).

These embrittlement values show a three-fold increase when a test
rate 10 times slower is applied (v = 0.02 mm/min), but do not continue
growing as fast when the test rate decreases 10 times more (v = 0.002
mm/min) and the embrittlement growth is barely appreciated when the
displacement test rate decreases to 0.001 mm/min. The HEI; index
shows lower embrittlement values but a similar trend than the HEIyspr
and HEI,4.

The evolution of all the HE indices with the test displacement rate is
very similar. All indices show a decreasing dependence on the punch
displacement rate as this parameter drops, but finally tend towards a
nearly constant value when the critical displacement rate of 0.002 mm/
min is reached. Based on these results and given the similar behaviour
observed with the different embrittlement indices, all of them are
considered valid to quantify the effect of the presence of hydrogen on the
mechanical behaviour of the analysed steel.

Furthermore, and regardless of the HEI used, Fig. 9 shows the
importance of hydrogen charging conditions. First at all, the steel is
sensitive to the presence of hydrogen in the in-situ hydrogen charged
tests even under the fast test displacement rate recommended by the
standard, which is not true when the SPT tests are performed on
hydrogen pre-charged specimens (ex-situ tests) [18]. Hydrogen losses on
the hydrogen pre-charged specimens during test preparation and
running undoubtedly explain this behaviour. Secondly, hydrogen
embrittlement increases as the test displacement rate decreases and
when cathodic current density grows. As the displacement rate de-
creases, testing time increases, giving more time for hydrogen diffusion
from the surface of the sample to interior. This process continues until a
sufficiently low displacement rate is applied and hydrogen saturation is
attained in the whole sample. On the other hand, when a larger cathodic
current density is applied, a higher hydrogen content in equilibrium
with the electrolyte is generated on the sample surface. This gives rise to
higher hydrogen gradients in the sample and, consequently, to larger
embrittlement indices. Moreover, local surface plastic deformation
while hydrogen is entering in the sample in the course of the in-situ
hydrogen charged SP tests induces much higher hydrogen concentra-
tion than when tests are performed in air on pre-charged samples.

Fig. 10 shows the evolution of the SPT curves obtained in air and
with in-situ hydrogen charging (Fig. 10.a) as well as the location of the
most stressed regions (Fig. 10.b and c) in these tests. According to [48],
the location of maximum stresses in an SPT specimen changes contin-
uously during the test due to punch friction and to specimen thickness

0.02 mm/min v =0.002 mm/min [ v=0.001 mm/min

Fig. 7. In-situ SPTs post-failure images corresponding to samples tested under an applied current density of 0.5 mA/cm?*
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0.02 mm/min §§ v=0.002 mn/min @ v=0.001 mm/min

Fig. 8. In-situ SPTs post-failure images corresponding to samples tested under an applied current density of 1.0 mA/cm>.

Table 6
Post-failed SPT measurements in tests performed under different displacement
rates and current densities.

reduction. Taking the centre of the specimen as a reference, the most
stressed region displaces farthest from the mid-point as the punch
displacement increases (higher contact angle, o in Fig. 10.b). The
highest stresses appear on the external surface of the sample that is the

Test condition & (mA/em?) v t &f () ¢ (mm) surface in contact with the electrolyte in the in-situ hydrogen charged
(mm/min) (mm)
tests.
Air - 0.20 0.158 1.08 1.89 Furthermore, when the displacement rate in the in-situ hydrogen
In situ 0.50 g'ig gii: g'zg 1'23 charged tests decreases (v, < vy in Fig. 10.a), failure takes place at lower
0.14 0.916 0.43 155 Ppax and dpgy values (lower Wspr and higher embrittlement), o angle
0.08 0.392 0.16 1.43 decreases as does failure diameter ¢, as is shown in Fig. 10.c.
0.02 0.479 0.06 1.21 Fig. 11 was obtained at the end of the in-situ hydrogen charged test
g-ggf g-igg g-(l); 1(1); performed under a cathodic density current of 1.00 mA/cm? and a
1.00 0.26 0.258 0.62 1s8 displacement rate of 0.02 mm/min. It can be seen in this figure that
0.20 0.346 0.34 155 many cracks were initiated on the lower surface of the specimen that is
0.14 0.376 0.24 1.49 in contact with the electrolyte. H.S. Shin et al. [47] concluded that these
0.08 0.393  0.22 1.38 secondary cracks correspond to local hydrogen accumulations and that
8'852 g'ﬁg g'gg 1'(1)2 their position changes during the SPT test due to the change in the
0.001 0.396 0.08 1.05 location of the region submitted to maximum stresses. In this case, the
critical crack started growing throughout the specimen thickness at
approximately 45° to the principal stress direction. This is a ductile
Table 7 mechanism (under maximum shear stress). However, the crack even-
Hydrogen embrittlement results tually deviated from this direction and final failure took finally place
perpendicularly to the principal stress plane in a brittle behaviour.
1 (mA/cmz) v (mm/min) HEIyspr (%) HEI 45 (%) HEI (%)
0.50 0.26 19.85 30.01 14.29 5. Conclusions
0.20 27.14 42.88 15.71
0.14 47.34 60.07 17.99 A .
0.08 57.90 85.17 2453 The susceptibility of 42CrMo4-700 steel under different hydrogen
0.02 64.58 94.44 35.98 environment conditions was qualitatively and quantitatively evaluated
0.002 79.63 90.04 41.32 using in-situ electrochemical hydrogen charged SPTs performed with
0.001 85.21 93.52 45.50 two different cathodic current densities and a wide range of displace-
1.00 0.26 25.07 42.88 16.32 ment rates.
0.20 51.00 68.25 17.99 e .
0.14 52.58 78.15 2116 A greater susceptibility to HE was observed when the displacement
0.08 66.30 79.32 26.68 rate is lower (longer testing time and more time for hydrogen diffusion)
0.02 71.15 95.37 38.10 and the applied cathodic current density is higher (higher hydrogen
g'ggf zi.;tls g;-gg :i:i concentration in equilibrium with the hydrogenated medium).

: : ’ : Hydrogen pre-charging does not modify the results obtained in the
in-situ hydrogen charged SP tests. During the in-situ SPTs, the high
plastic deformation generated on the surface of the specimen in contact

100 100 o 100
---tz-.é\ A -05mA/em®
® S ® (= 1.0mA/em’
=S === f == 80 \(‘. 80 .0 mA/em z |
\.: N \, = y=-112.0x+41.08 ; R“ = 0.904
S A \Q = ve . = y=-117.2x+39.67 ; R = 0.872
< 60 A X 60 A 360
£ = \ <
G 2 % L |2 |
o 40 M Ho40 H====f =
= A 1050 mA/em? v = A1=05mAfem’ N = TR,
® 1= 1,00 mA/cm? ® = 1.0 mA/cm? W 28
20 5 20/ _ ) \ 20
= y=-2419x+7937;R* = 0958 'V y=-2533x+9632; R = 0.966  y
= y=-197.4x+81.81;R*=0.945  \y = y=-176.0x+96.54 ; R = 0.916 |‘_ . fy
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Fig. 9. Hydrogen embrittlement index, HEI, calculated from: (a) Wspr, (b) eg5, (c) ¢.
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Fig. 10. Effect of SPT conditions on: (a) SPT curves, (b) location of maximum stress in SPT in air and (c) location of maximum stress in in-situ hydrogen charging

SPTs at two different punch displacement rates (vy < V7).

Critical
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cracks

.|
x25 1 mm

cracks

Fig. 11. SPT failed sample with a cathodic density current of 1 mA/cm? and a displacement rate of 0.02 mm/min.

with the electrolyte introduces a much larger quantity of hydrogen that
is introduced in the pre-charge phase.

Hydrogen embrittlement was evaluated using three embrittlement
indices based on three different SPTs parameters: the fracture SPT energy
(HEly), the equivalent biaxial deformation (HElqp), and the diameter at
failure (HEI4). All of them showed a similar trend, with a decreasing
dependence on the punch displacement rate as this parameter drops, but
all them finally tend towards a constant value when a critical
displacement rate of 0.002 mm/min is attained. Nevertheless, since the
first two indices capture the embrittlement phenomenon more accu-
rately, both HEIwspr and HEI are proposed as the best indices to
evaluate hydrogen embrittlement by means of in-situ hydrogen charging
SPTs.
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