International Journal of Hydrogen Energy 63 (2024) 657-667

ELSEVIER

Contents lists available at ScienceDirect
International Journal of Hydrogen Energy

journal homepage: www.elsevier.com/locate/he

International Journal of

Check for

Effect of electrochemical charging on the hydrogen embrittlement e
susceptibility of a low-alloyed tempered martensitic steel submitted to high

internal pressure

L.B. Peral™, A. Diaz”, C. Colombo ¢, J. Alegre”, LI. Cuesta”

2 University of Oviedo. SMUMECAMAT Research Group, Escuela Politécnica Superior de Ingenieria de Gijon, 33203, Gijon, Spain
® University of Burgos, Hydrogen Technologies Research Laboratory (H2Lab), Escuela Politécnica Superior, Avenida Cantabria s/n, 09006, Burgos, Spain
¢ Politecnico di Milano, Department of Mechanical Engineering, Via La Masa 1, 20156, Milano, Italy

ARTICLE INFO ABSTRACT

Handling Editor: Dr. E.A. Veziroglu

Keywords:

Hydrogen embrittlement
Electrochemical permeation
Cathodic hydrogen precharge
High internal pressure
Fracture micromechanisms

The influence of hydrogen on the mechanical behavior of a quenched and tempered 42CrMo4 steel has been
evaluated by means of high internal pressure fracture tests carried out on hydrogen precharged notched cylin-
drical specimens. The notched cylindrical specimens were precharged for 3 h time with 1.2 mA/cm? in two
different aqueous media: 1 M HpSO4 added with 0.25 g/1 AspO3 and 3.5% of NaCl solution. Hydraulic fracture
tests were performed at different ramps of pressure: 7000, 220, 80, 60 and 30 MPa/h, respectively. Hydrogen
damage was more marked when the acid aqueous medium (1 M H2SO4 + 0.25 g/1 As,O3) was employed. In this
case, a higher hydrogen concentration was introduced, leading to hydrogen decohesion micromechanisms

(HEDE) near the notched region, especially when tests were performed at 60 MPa/h. Hydrogen embrittlement
susceptibility is discussed in terms of the microstructural singularities and the operative fracture micro-
mechanisms observed in each case.

1. Introduction

Quenched and tempered steels alloyed with chromium, chromium-
molybdenum or chromium-molybdenum-vanadium have been widely
used to build pressure vessels used in the petrochemical industry.
Nevertheless, hydrogen dissolved in low-alloyed steels can drastically
influence their mechanical properties leading to hydrogen embrittle-
ment (HE) phenomenon. HE is dependent on several factors such as
hydrogen-charging methodology or loading rate. Hence, the degree of
susceptibility of materials to HE influences their selection to work safely
in a hydrogen atmosphere.

During last years, many studies have been carried out to analyze the
effect of hydrogen on the mechanical properties of low-alloyed
martensitic steels. In this regard, Matsunaga et al. [1] studied the ef-
fect of hydrogen in a quenched and tempered Cr-Mo steel (6ys = 671
MPa) by slow strain rate tensile in-situ tests (0.12 mm/min). They re-
ported a marked reduction in ductility after testing in hydrogen gas
under a pressure of 115 MPa. On the other hand, Peral et al. [2] also
studied the influence of hydrogen in different quenched and tempered
Cr-Mo-V steel grades (cys = 430-761 MPa) by slow strain rate tensile
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ex-situ tests. In this study, hydrogen-precharged notched samples were
used. Hydrogen damage was mainly observed at the lowest displace-
ment rates (0.0004 mm/min) and it was especially clear in the V-free
grades. V. Arniella et al. [3] analyzed hydrogen effect on tensile prop-
erties of a tempered 42CrMo4 steel (cys = 622 MPa) by means of ex-situ
and in-situ tests at different displacement rates. An important reduction
of the tensile strength was noted, especially, when notched specimens
were subjected to in-situ electrochemical H-charging in an acid aqueous
medium. The same grade of steel was also employed by G. Alvarez et al.
[4] to study the influence of current density and displacement rate on
hydrogen embrittlement susceptibility by means of electrochemical
in-situ small punch tests. Hydrogen damage susceptibility increased as
displacement rate decreased and the applied current density increased.

Furthermore, hydrogen influence on fracture toughness of Cr-Mo
steels has been also widely studied through the literature. A. Zafra et al.
[5] evaluated the influence of tempering time on the fracture toughness
of hydrogen pre-charged 42CrMo4 steel. The fracture toughness is
reduced due to internal hydrogen and HE increased when the tempering
time decreased. A similar study was also conducted in Ref. [6]. Peral
et al. [7] also analyzed the effect of hydrogen on fracture toughness of
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Table 1

Chemical composition (weight %).
Fe C Mn Si Cr Mo
bal. 0.42 0.62 0.18 0.98 0.22

Cr-Mo-V steel grades, using CT specimens thermally pre-charged with
hydrogen gas. In accordance with [6], they also reported that HE was
also found to be much greater in the Cr-Mo grades tempered at the
lowest temperatures. Besides, in the V-added grade, the presence of
hydrogen did not modify the failure micromechanims. In this regard,
sub-micrometric vanadium carbides [8] precipitated during the
tempering treatment act as strong hydrogen trapping sites, relieving
hydrogen damage [9]. In this respect, the effect of ‘hydrogen trapping’
plays an important role in the hydrogen embrittlement process.
Hydrogen atoms are known to be retained in tempered martensite mi-
crostructures at microstructural traps, such as prior austenitic grain
boundaries, martensitic laths, block and packet interfaces, dislocations,
matrix-precipitated carbide interfaces and matrix-inclusion interfaces
[2,10-12].

Regarding the influence of hydrogen on the fatigue crack growth rate
(FCGR) of Cr-Mo steels, L. Briottet et al. [13] evaluated the fatigue crack
initiation and growth on a low alloy quenched and tempered Cr-Mo
steel (oys = 630 MPa) under hydrogen pressure in the range 0.5-35 MPa
(in-situ tests). They found that the effect of hydrogen on the fatigue
crack growth rate depends on the stress intensity factor amplitude (AK)
and gas pressure. At low AK and pressures lower than 0.5 MPa, the effect
of hydrogen was negligible whereas FCGR notably increased at 10 MPa
Ho. However, at higher AK values, the FCGR increased, even at low
pressure. On the other hand, Murakami et al. [14] studied the effect of
internal hydrogen, by ex-situ tests, in the FCGR of a Cr-Mo steel JIS
SCM435. Hydrogen damage was more pronounced for the lowest AK
values and FCGR especially increased with decreasing test frequency. At
higher value of AK, hydrogen-charged samples gradually merge to the
line of the uncharged samples, because the crack propagates much faster
than hydrogen diffusion to the crack tip. This behavior was clearly re-
ported in Ref. [15]. Despite many studies have analyzed the influence of
hydrogen in the FCGR [16-20], a recent work [21] has evidenced that
FCGR is notably marked (even at higher AK values) when experiments
are carried out in a hydrogen gas atmosphere (in-situ) in comparison to
FCGR results obtained using hydrogen-precharged samples (ex-situ).

The use of hydraulic fracture tests at high internal pressure to
characterize hydrogen embrittlement is scarce in the literature. The
novelty of this work consists on analyzing hydrogen embrittlement
behavior by using very small tubular specimens with an axial notch in a
42CrMo4 tempered martensitic steel intended to work in a hydrogen
environment. The unique design of experiment for hydrogen embrit-
tlement allows to reduce the volume of the material to test and, applying
an inner pressure, we can reproduce a stress state similar to the opera-
tive condition of a pipeline. Besides, to evaluate hydrogen damage, five
different loadings rates were applied: 7000, 220, 80, 60 and 30 MPa/h in
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order to study the interaction between strain rate and hydrogen trans-
port kinetics towards the notch tip region. Finally, in order to validate
two different experimental methodologies and assess if they are com-
parable, hydrogen uptake and diffusion have been characterized by
means of room temperature desorption curves and electrochemical
permeation experiments.

2. Material

A low-alloyed ferritic steel (42CrMo4 grade, AISI4140) has been
employed in this study. The chemical composition is given in Table 1.

Hot-rolled plates of 250 x 250 x 12 mm® were austenitized at 845°C
for 45 min, quenched in water and finally, tempered at 700°C for 2 h.
The obtained microstructure is given in Fig. 1. It mainly consists of
highly tempered martensite with prior austenite grain size (PAGS) 20 +
5 pm and hardness 207HV3,. The profuse (Fe,Cr)C precipitation [22]
that takes place during the tempering treatment at 700 °C can be clearly
observed in a tempered martensitic matrix (Fig. 1(b)). For more details
regarding the microstructural features, the reader is addressed to
Ref. [23].

The present work analyses the same material, manufacturing process
and heat treatment than reference [24]. Therefore, mechanical proper-
ties in the absence of hydrogen are extracted from tensile testing in that
study and shown in Table 2. HV is the Vickers hardness, cys represents
the yield strength, oy the ultimate tensile strength and A is the elon-
gation at fracture.

3. Experimental procedure
3.1. Hydrogen electrochemical precharge

To evaluate hydrogen embrittlement susceptibility, hydrogen was
electrochemically precharged at room temperature (~ 21°C) with a
current density of 1.2 mA/cm? for 3h, Fig. 2. The current density was
chosen with the same value for precharging and for permeation testing
to facilitate the interpretation of diffusion effects, and it is slightly higher
than in other studies [3,4] in order to ensure saturation after 3 h.
Additionally, the value of 1.2 mA/cm? has been previously used to study
hydrogen embrittlement of notched cylindrical samples [22]. Two
different aqueous media were employed: 1 M HoSO4 added with 0.25 g/1
Asy03 (pH ~ 1) and 3.5% of NaCl (pH ~ 6.7). Moderated agitation was
employed during the hydrogen precharging process. Similar hydrogen
charging conditions have been successfully employed in Refs. [3,22] to
evaluate HE susceptibility in a quenched and tempered martensitic steel.
The experimental set up is shown in Fig. 2.

Table 2

Conventional mechanical properties [24].
HV3q Gys (MPa) Outs (MPa) A (%)
207 622 710 23

Fig. 1. 42CrMo4 microstructures at different magnification (etched with Nital-2%.). (a) 2500x and (b)10000x
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Fig. 2. Experimental set up and hydrogen precharging conditions.

1.2 mA/cm?

Fig. 3. Hydrogen precharging of thin plates (2 mm thickness) to conduct
desorption curves at room temperature (RT).

3.2. Hydrogen desorption curves and electrochemical hydrogen
permeation tests

In order to evaluate the hydrogen diffusion kinetics, thermal
desorption tests and electrochemical permeation experiments were
conducted. Plates of 30 mm length, 11 mm width and 2 mm thickness
were machined to analyze hydrogen desorption at room temperature.
Thin plates were cathodically charged in a 1 M H2SO4 + 0.25 g/1 AsyO3
and 3.5% of NaCl solution with 1.2 mA/cm? for 3 h time (Fig. 3).

After H-precharging, the introduced hydrogen concentration was
measured by hot extraction with a LECO DH603 analyser, maintaining
the thin plates at 1100 °C for 300 s. Additionally, some of the charged
thin plates in the acid aqueous solution (pH ~ 1) were also exposed to air
for different intervals of time: 2, 4 and 24 h, respectively. Diffusivity and
trapping features are fitted from the experimental desorption curve at
room temperature, considering two different numerical approaches
based on the finite element method (FEM), as described in Ref. [22].
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Fig. 4. Electrochemical hydrogen permeation. WE is the working electrode, Ref
is the reference electrode and Platinum (Pt) was used as a counter electrode.

Permeation experiments were conducted in 3.5% of NaCl in order to
compare hydrogen uptake and diffusion features with those obtained
from the thermal desorption curves. Hence, hydrogen absorption,
permeation and diffusion were also studied using the electrochemical
double cell that was first proposed by Devanathan and Stachurski [25].
Hydrogen atoms were generated on the charging cell and the diffusing
hydrogen atoms were oxidized on the anodic cell, corresponding to the
exit side. An anodic current density was continuously recorded using an
Ivium Vertex C potentiostat. On the entry side, hydrogen was generated
under a current density of 1.2 mA/cm? using a 3.5% of NaCl medium
with a pH ~ 6.7. A circular area of approximately 1 cm? was exposed to
the solution and the electrochemical tests were conducted at room
temperature on samples with 1 mm thickness. The anodic cell contained
0.1 M NaOH solution with a pH ~ 12. Before carrying out permeation
experiments, sample surface facing the exit side of the double-cell was
electrolytically coated with a Je42V palladium solution that contained
0.2 g/1 Pd. Electroplating was performed by applying a current density
of 3 mA/cm? for 600 s and moderated agitation was employed during
the electroplating. Similar conditions were previously employed in Refs.
[2,26]. Thereupon, the sample was immediately placed into the
double-cell and the Open Circuit Potential (OCP) was monitored in 0.1
M NaOH solution until potential stabilized. Then, the exit side was
polarized to the final potential monitored during the OCP measurement,
—50 mV, after stabilizing. This potential was considered enough to
facilitate hydrogen oxidation [2,26]. Besides, the anodic current den-
sity, on the exit side, could be also stabilized and maintained around



L.B. Peral et al.

A Pressure gauge

Control of pressure
d

Water injection

Fig. 5. Experimental set-up. Hydraulic fracture test device.

0.15 pA/cm?® [27] before performing the galvanostatic hydrogen
cathodic charging, with 1.2 mA/cm? in 3.5% of NaCl. Fig. 4 displays the
schematic Devanathan-Stachurski double cell employed in this study.

Apparent diffusivity (Dgyp), apparent permeability (Pgy,) and the
apparent hydrogen concentration (Cgyp) were calculated according to
Ref. [27].

3.3. High internal pessure hydraulic fracture tests

Hydraulic fracture tests have been carried out in a high-pressure test
device (Fig. 5) that is able to attain 6000 bar of internal pressure. The H-
precharged notched miniature specimens were located in a MTS820.
High-internal pressure was automatically applied, injecting water by
means of the piston, towards the interior of the miniature specimens at
different ramps of pressure: 7000, 220, 80, 60 and 30 MPa/h.

Fig. 6 shows the geometry of the notched cylindrical specimens
employed in this study. A longitudinal notch of 250 pm depth, 60° angle
and tip radius less than 0.1 mm was machined. The ideal ligament length
is of 250 pm.

3.4. Numerical modelling of stress concentration

Stress-driven hydrogen accumulation around the notch tip region is
expected to play a critical role in the hydrogen embrittlement
phenomenon.

The hydrostatic stress distribution is numerically determined using
the commercial finite element software ABAQUS Standard. 2D quadri-
lateral second-order elements with reduced integration are used and
plane strain conditions are assumed. A half of the cross section is
simulated because of symmetry, and the corresponding boundary
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conditions are imposed, i.e. the displacement perpendicular to the
symmetry axis is restricted. Loading is modelled through a pressure on
the inner surface, and the considered material behaviour follows a
power-law hardening with the yield stress from Table 2 and a hardening
exponent of 0.12 [24]. Young’s modulus is taken as E = 210 GPa and the
Poisson’s coefficient v = 0.3.

3.5. Observation of fracture surfaces

Fracture surfaces of the fracture-tested cylindrical specimens were
carefully observed in a scanning electron microscope, JEOL JSM-
6460LV, using an acceleration voltage of 20 kV.

4. Results and discussion

4.1. Thermal desorption analysis and electrochemical hydrogen
permeation

Hydrogen content was measured by means of a LECO DH603
hydrogen analyser. Fig. 7 displays the thermal desorption profiles ob-
tained by hot extraction in the 42CrMo4 grade, after hydrogen pre-
charging with 1.2 mA/cm? for 3 h in 1 M HpS04 + 0.25 g/1 AsyO3 and
3.5% NaCl solution, respectively. Hydrogen content introduced in 1 M

0,05
II“‘ —— 1M H,S0y4 + 0.25 g/l Asy03
00ad &\ —— 3.5% NaCl
' [ eeeeee Residual concentration after 24h
[
£ 0,03 4 : “ 1.70 wt ppm (initial concentration)
& I \/
< \
| wt initial trati
= 002 | \ 0.80 wt ppm (initial concentration)
|
|
0,01 | 0.46 wt ppm (strongly trapped H)
(3
J N ~
[ .‘0.,.... ==
0,00 ‘ PP YT Chiiine ‘ ‘
0 50 100 150 200 250 300
Time (s)

Fig. 7. Measured hydrogen concentration in thin plates of a 42CrMo4 steel as a
function of the precharging media. Hot extraction at 1100°C for 300s.

25

Fig. 6. Notched-miniature cylindrical specimen (dimensions in mm).

660



L.B. Peral et al.

Table 3
Interaction hydrogen-microstructure. Results obtained after hydrogen pre-
charging in the acid aqueous solution.
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Table 4
Electrochemical permeation results in 3.5% of NaCl solution calculated ac-
cording to [27].

Hydrogen desorption curve (Fig. 8) Finite element analysis (FEM in Fig. 8)

Electrochemical permeation (Fig. 9) with 1.2 mA/cm?

Co (wt Cresiduar (Wt Cay (Wt Dgyp (m?/ N (sites/ E, (kJ/
ppm) ppm) ppm) s) m®) mol)
1.70 0.46 1.24 31071 510 45

1,8
L
1,6 ﬁl\co L] Experimental - acid aqueous solution
\ — — FEM - acid aqueous solution
T 14 4 \ ° Experimental - 3.5% NaCl solution
Q.
Q.
E, 1,2 4 \
£ 1,0 A \
< Jd
© 0,8 iE
g ~ cresidual
g 06 ~ ~
k<] ~—~ —
D S i —
I 0,4
0,2
0,0 T T T :
0 5 10 15 20 25
Time (h)

Fig. 8. Hydrogen desorption curve at RT after hydrogen charging in the acid
aqueous solution. Blue point corresponds to the initial hydrogen content
introduced after H-charging in 3.5% of NaCl. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)

Electrochemical hydrogen permeation

4
Jrmax=3.51A
< 31 t,=3660s
=2 29
=
%
=}
T o2 0.63-Jmax=2.21A
& e,
o) i :
5 ' Dgpp=——127] |
kel ' |
H a H
T 1 : PP et :
m— 3.5% of NaCl solution
0 : .

0 2000 4000 6000 8000 10000 12000 14000

Time (s)

Fig. 9. Electrochemical permeation tests in 3.5% of NaCl with 1.2 mA/cm.%

H2SO4 + 0.25 g/1 AspO3 was 1.70 wt ppm whilst hydrogen concentration
decreases to 0.80 wt ppm in 3.5% of NaCl. This fact can be explained due
to the higher hydrogen recombination in the surface of the steel when
hydrogen charging is conducted in 3.5% of NaCl [28]. It is important to
mention that before precharging, hydrogen content was determined to
be 0.3 wt ppm.

In order to analyze hydrogen desorption kinetics at room tempera-
ture, some of the thin plates were exposed to air, after hydrogen pre-
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Dgpp (m?/5)
3.8 (+ 0.75)-107!!

Py (molH/m-s)
21071

Capp (Wt ppm)
1.2 (+ 0.25)

charging, for 2, 4 and 24 h. Hence, the apparent diffusivity (Dgy), the
density of traps (N7) and the binding energy (E,) were calculated
(Table 3) by the data fitting carried out from the experimental hydrogen
desorption curve (Fig. 8). The introduced hydrogen concentration, Co,
corresponds to the first point of the curve (t = 0) while Cqyq is the
hydrogen concentration that is strongly trapped in the microstructure,
after a long exposure at room temperature (24h in this study). Diffusible
hydrogen (Cp — Cresiqua) is the amount that is able to escape from
microstructural traps (Cgy). These values are also summarized in
Table 3.

On the other hand, the apparent diffusion coefficient (Dgp,) was also
determined by the electrochemical hydrogen permeation experiments
(Fig. 9) performed, in this case, in 3.5% of NaCl solution. A Dg,, of
3.8.10"!! m?/s was obtained from the tiee method [27]. This value is
quite similar to that determined by the numerical fitting of the desorp-
tion curve (3-10~!! m?%/s, Table 3) after hydrogen precharging in 1 M
HySO4 + 0.25 g/1 AspO3 (acid aqueous medium).

Therefore, this fact contributes to justify that trapping and detrap-
ping kinetics in the steel microstructure of the quenched and tempered
42CrMo4 steel grade is mainly dominated by hydrogen trapping sites
regardless of the hydrogen charging solution. Results extracted from the
permeation experiments are given in Table 4, where Dy, is the apparent
diffusivity, Cqy represents the apparent hydrogen concentration and
Pgpy is the apparent permeability.

According to the results, it could be also verified that the apparent
hydrogen concentration (i.e. subsurface hydrogen concentration in the
hydrogen generation side) is also similar to that introduced from the
hydrogen charging solution (~ 0.8 wt ppm) in 3.5% of NaCl, with 1.2
mA/cm? for 3 h (Fig. 7).

On the other hand, the density of trapping sites (N1) was found to be
5.10%4 sites/m°®. Similar values of Nt have been reported in Refs. [11,29]
for quenched and tempered microstructures. Regarding the binding
energy, E, ~ 45 kJ/mol, could be mainly associated to hydrogen trapped
along the high angle grain boundaries [30,31]. It should be recalled that
in quenched and tempered microstructures, dislocations re-arranged in
cells and these cell interfaces also correspond to lath, packet and block
martensitic interfaces and its interaction to the PAGB. Here, most car-
bides also precipitate, and thus it is very difficult to separate the trap-
ping contribution from all these different microstructural features.
According to Ref. [32], hydrogen trapping by high angle grain bound-
aries (HAGBs) was confirmed by TDS with a binding energy of 44.7
kJ/mol, similar to that found in this work. Despite this, it is clear that
this hydrogen trapped also includes trapped hydrogen at vacancies and
dislocations accumulated at HAGBs [33].

4.2. Hydraulic fracture tests

Fig. 10 displays the variation of the pressure recorded as a function of
the time for the uncharged and hydrogen precharged notched speci-
mens, tested in 1 M HySO4+0.25 g/1 AsoO3 and 3.5% of NaCl, respec-
tively. The burst pressure (Pp) and the embrittlement indexes (EI) are
shown in Table 5. Besides, Fig. 11 gives the burst pressure variation as a
function of the applied ramp of pressure in both hydrogen precharging
media. As can be observed, hydrogen effect has been mainly marked at
60 MPa/h after 1.5h testing time, because the reached pressure peak is
lower.

The general fracture surface corresponding to the uncharged condi-
tion is shown in Fig. 12(a). Fig. 12(b) and (c) show the fracture surface
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1M H,S0, + 0.25 g/l As,0,
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Fig. 10. Hydraulic fracture tests curves at high internal pressure. (a)1 M H,SO4 + 0.25 g/1 AS;03 and (b) 3.5% of NaCl solution.

Table 5
Hydraulic fracture tests results and embrittlement indexes (EI in %) related to the
Xno-n — X
burst pressure (Pp). Embrittlement Index: EI (%) = %JOO.
no—H

Viest (MPa/h)

Hydrogen precharging solution

1 M H,S04 + 0.25 g/1 3.5% NaCl
As503
P, (MPa) EI Py, (%) Py, (MPa) EI Py, (%)
Uncharged 7000 137 +7 - 137 +7 -
H-precharged 7000 134 2 136 + 3 1

220 132 4 132+ 2 4
80 118 £5 12 130+5 5
60 109 £ 6 19 120 + 4 12
30 128 +£3 5 131+5 4

after precharging and testing in 1 M H3SO4 + 0.25 g/1 AspO3 and 3.5%
NaCl, respectively. In both cases, fracture surface corresponds to the
samples tested at 60 MPa/h, i.e. the maximum embrittlement level.
According to these results, hydrogen embrittlement was more pro-
nounced in the hydraulic fracture tests carried out with hydrogen pre-
charged samples into the acid solution (1 M HySO4 + 0.25 g/1 As203). In
this case, the operative fracture micromechanism changed in the pres-
ence of internal hydrogen, especially at 60 MPa/h (Fig. 13 -left side). In
the uncharged specimens, the fracture micromechanism always con-
sisted in the initiation, growth and coalescence of microvoids (MVC).
Nevertheless, in the specimen tested at 60 MPa/h after hydrogen pre-
charging into the acid solution (pH ~ 1), a region near the notch with the
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o Uncharged
150 — — = — H - Precharged in 1M H2SO4 + 0.25 g/l As203
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Ramp of pressure (MPa/h)

Fig. 11. Burst pressure trend as a function of the applied ramp of pressure.

appearance of a quasi-cleavage (QC) was clearly observed. In this re-
gion, very small dimples, which correspond to the carbide-matrix in-
terfaces decohesion [24], were also observed to 125 pm from the notch.
The average size of these small dimples is ~ 500 nm. (Fe,Cr)C precipi-
tated during the tempering treatment at 700°C can range from 500 to
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©

Fig. 12. General fracture surfaces. (a) Uncharged sample. (b) Hydrogen pre-
charged and tested at 60 MPa/h in 1 M H,SO4 + 0.25 g/l As,O3 and (c)
Hydrogen precharged and tested at 60 MPa/h in 3.5% NaCl. In Fig. 12(b) and
(c) are indicated the areas analyzed at higher magnification in Fig. 13.

1000 nm [23] that is comparable to the size of small dimples (i.e.
carbide-matrix interfaces decohesion), noted within the first 125 pm,
from the notch. However, at 220 and 30 MPa/h, CMD micromechanism
was not especially pronounced, even near the notched region.

After hydrogen precharging in 3.5% of NaCl and testing, hydrogen
micromechanism was barely modified and MVC was always the main
operative fracture micromechanism (Fig. 13 - right side) and regardless
of the applied loading rate (MPa/h). However, in the 3.5% NacCl con-
dition at 60 MPa/h, a brittle region is observed near the notch surface
(Fig. 13d). In contrast to results for the HySO4 electrolyte, the CMD

663

International Journal of Hydrogen Energy 63 (2024) 657-667

mechanism in which smaller dimples nucleated due to carbide-matrix
decohesion, is not observed near the region at approximately 125 pm
from the notch tip. Despite the 3.5% NaCl condition produces MVC at all
the displacement rates, hydrogen reduces the critical dimple size for
void coalescence and produces a quasi-cleavage appearance. This
mechanism results in an embrittlement index around 12% at 60 MPa/h,
comparable to the index at 80 MPa/h in the acid solution, indicating that
the hydrogen-accelerated void coalescence can be as critical as CMD
processes. The absence of CMD is explained by the lower concentration
after pre-charging in the NaCl solution, which is enough to trigger very
localized quasi-cleavage at the notch tip but not enough for carbide/
matrix interface cracking.

It is also important to mention that embrittlement indexes (EI) trend
decreased when mechanical tests were carried out at 30 MPa/h. In this
situation, testing time was higher than 4 h and consequently, part of
diffusible hydrogen could have already diffused out of the samples
during the hydraulic fracture test, relieving the embrittlement phe-
nomenon. If we take into consideration, results previously given in
Fig. 8, using hydrogen precharged samples, test duration should be
limited to no more than 5h. After that time, hydrogen remains strongly
trapped (at RT) in the steel microstructure (Cresiguas ~ 0.46 Wt ppm).
Several authors have argued that irreversible hydrogen, strongly trap-
ped, is not at the origin of the mechanical deleterious associated with
hydrogen embrittlement [2,34]. At 30 MPa/h, the loss of hydrogen at RT
seems to prevail because the loading rate (very low in this case) and the
apparent diffusivity (high for this test condition) are not well coupled to
keep promoting hydrogen damage. Taking as a reference the results
previously given in Fig. 7, hydrogen concentration introduced after
hydrogen precharging into the acid medium (~ 1.7 wt ppm) was notably
higher than that introduced into the 3.5% of NaCl solution (~ 0.8 wt
ppm). This fact contributes to justify the highest embrittlement indexes
found after hydrogen precharging in 1 M HySO4 + 0.25 g/1 Asy0s.

When a notched component is submitted to an external load (i.e.
high internal pressure) in the presence of hydrogen, hydrogen atoms can
diffuse through the microstructure and accumulate at the stress con-
centration region (Fig. 14) located in front of the notch [35]. According
to this, hydrogen concentration in the vicinity of a notch (Cypnorcn) is
dominated by hydrostatic stress (oy) and can be estimated by equation

(1) [36].
O'H'VH
RT

In order to explain the induced hydrogen damage after precharging
in both hydrogenated media, hydrogen concentration in the vicinity of
the notch was calculated at the moment of failure, only for the maximum
embrittlement level, at 60 MPa/h. Hence, hydrostatic stress profiles
given in Fig. 14 corresponds to hydrostatic stress distribution to an inner
hydraulic pressure of 120 MPa (burst pressure for the 3.5% NaCl con-
dition at 60 MPa/h) and 109 MPa (burst pressure for the acid solution at
60 MPa/h), respectively. Also in equation (1), Cg is the hydrogen
content that is able to diffuse through the steel microstructure and it has
been estimated from the hot extraction analysis (Fig. 7). To determine
diffusible hydrogen for the 3.5 % NaCl charging condition (Co — Cresiaua)s
the residual concentration was assumed to be the same as in 1 M HySO4
+ 0.25 g/1 As30s3, i.e. 0.46 wt ppm measured from the room temperature
desorption curve (Fig. 8). Despite the 3.5% NaCl charging condition
introduces lower concentrations (0.80 wt ppm, as shown in Fig. 7), this
level is higher than the residual concentration and therefore traps can be
assumed as saturated, and the simplification is reasonable.

In the same equation, Vg represents the partial molar volume of
hydrogen in BCC iron (Vg = 2.1-.107® m®/mol), R is the gas constant
(8.31 J/molK) and T is the testing temperature (20°C). The maximum
hydrostatic stress at the moment of failure (at 60 MPa/h), the diffusible
hydrogen content (Cgy) and the hydrogen concentration accumulated in
the notch tip (Cynorcn) are given in Table 6.

Chtnoten = Cair exp ( (@)
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Fig. 13. Average embrittlement indexes trend and fracture micromechanisms. (a)(b)(c) Tests at 60 MPa/h after precharging in 1 M H>S04+0.25 g/1 As,O3 solution
and (d)(e)(f) Tests at 60 MPa/h after precharging in 3.5% of NaCl. MVC: microvoids coalescence and CMD: carbides matrix interfaces decohesion.

Hence, after hydrogen precharging into the acid solution and espe-
cially at 60 MPa/h equivalent to 1.5 h testing time, a critical hydrogen
content ~ 2.60 wt ppm is reached in the notched area. Under this test
condition, loading rate and apparent diffusivity (3-10!! m?/s) seem to
be now coupled, and hydrogen atoms have time enough to attain the
notched region by virtue of its diffusion coefficient, leading to a high
level of embrittlement (EI ~ 19%, Fig. 13). Unlike what has been
observed after hydrogen precharging in 3.5% of NaCl, the mentioned
critical hydrogen concentration was able to trigger decohesion micro-
mechanisms (QC + CMD, Fig. 13- left side). According to Refs. [37-39],
we postulate that the enhancement of dislocation activity caused by the
hydrogen enhanced localized plasticity (HELP) mechanism promotes
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hydrogen transport by dislocations. In this regard, an enhancement in
the hydrogen-transported by dislocations is expected after hydrogen
precharging in the acid aqueous solution because of the higher hydrogen
uptake (~ 1.70 wt ppm, Fig. 7). Therefore, quasi-cleavage (QC) happens
due to the local hydrogen enrichment in the vicinity of the notch (2.6 wt
ppm, Table 6 at 60 MPa/h). In quenched and tempered steels, this
fracture morphology is known as plasticity related hydrogen induced
cracking, PRHIC [40]. It is described as a fracture surface characterized
by ductile micro-plastic tearing on a very fine scale, along the
martensitic lath, block and packets interfaces. Definitely, decohesion
mechanisms (HEDE) are induced when these tempered martensitic in-
terfaces suffer an additional hydrogen enrichment due to hydrogen
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Fig. 14. Hydrostatic stress distribution in the vicinity of the notch at the
moment of failure at 60 MPa/h of internal pressure (maximum embrittle-
ment, Fig. 11).

Table 6
Critical hydrogen concentration (Cp norcr) reached in the vicinity of the notch at
60 MPa/h.

Aqueous solution Py, (MPa) 0H-max. (MPa in Ca (Wt Chynotch (Wt
Fig. 14) ppm) ppm)
1 M H3S04 + 0.25 137 > 854 1.24 2.60
g/1 As,03 109
3.5% of NaCl 137 > 895 0.34 0.74
120

transport by dislocations (Fig. 15) encouraged by stress concentration
(high triaxiality) near the notch region. Additionally, this local hydrogen
enrichment also leads to decohesion along the matrix-carbide interfaces
(CMD). This hypothesis contribute to justify the decohesion micro-
mechanisms observed in samples precharged in 1 M H2SO4 + 0.25 g/1
Asy03 solution. It is also important to mention that intergranular

Acid aqueos solution

PAGS = 20 pm

PAGB

Blocks, packets and laths martensitic interfaces

® H trapped at the tempered martensitic interfaces

'.J— H transported by dislocations

Mixed mode fracture: QC + CMD

Strong local hydrogen enrichment (2.6 wt ppm)
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fracture was not observed in this steel grade. In this regard, we postulate
microstructure (Fig. 1) is sufficiently relaxed after tempering at 700°C
and thus the grain boundary decohesion does not happen. Previous
studies performed in quenched and tempered CrMo steels have revealed
that intergranular fracture usually occur when the yield strength ex-
ceeds 750-800 MPa [41]. In our case, the yield strength is 622 MPa.
Consequently, hydrogen distributes in a more uniform way in the
microstructure with quite uniform dispersion of carbides, promoting QC
(PRHIC) and CMD micromechanims, only after significant plastic
deformation, in the case of the samples precharged in the acid solution.

25
[N
o
g /)
2 501 —/
o R} ‘
g 60 MPa/h %Q
g i |
2 \ Py
= 15
2 \ /Y
3 T |
2 10 // \ E\\\/
e 30 MPaih || | \ <7
(]
£ © \ 220 MPah
E | _
2 r ~— 7000 MPa/h
= ~—_ /
0 " T A
0,01 0,1 1 10 100
Displacement rate (mm/min)
e 42CrMo4 (PAGS of 150 um) - 1M HySOy4 + 0.25g/l AspO3
42CrMo4 (PAGS of 20 um) - 1M HyS0Oy4 + 0.25g/l Asp03
I 42CrMo4 (PAGS of 20 um) - 3.5% of NaCl solution
—-0— Average

Fig. 16. Influence of the prior austenite grain size and hydrogen charging solution in
hydrogen embrittlement susceptibility analyzed by hydraulic fracture tests at high
internal pressure in a 42CrMo4 steel (ex-situ tests). Results corresponding to
42CrMo4 steel with PAGS = 150 pm were previously published in [22].
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Fig. 15. Fracture micromechanisms in the notched region observed at the maximum embrittlement level (60 MPa/h).
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Finally, in order to compare the results obtained in this study with
[22], Fig. 16 displays the effect of the prior austenite grain size (PAGS)
and hydrogen charging solution in the hydrogen embrittlement sus-
ceptibility of a quenched and tempered 42CrMo4 steel submitted to high
internal pressure in the presence of internal hydrogen. As can be seen in
Fig. 16, hydrogen media play a crucial role in the embrittlement phe-
nomenon and consequently, hydrogen damage has been more pro-
nounced in the high hydrogenated medium (acid solution) when results
with PAGS = 20 pm are compared. Additionally, if fracture results are
now compared in the acid solution, hydrogen embrittlement has been
more marked in the coarser grain steel (PAGS = 150 pm, [22]) what has
been also reported by other authors in Refs. [37,42,43].

5. Conclusions

The present study has evaluated the hydraulic fracture behavior at
high-internal pressure in the presence of internal hydrogen in a
quenched and tempered steel (tempered martensite) after hydrogen
precharging in two different solutions: 1 M HySO4 + 0.25 g/1 Asy03 and
3.5% of NaCl.

By means of the electrochemical hydrogen precharging a higher
hydrogen concentration was introduced into the tempered microstruc-
ture when the acid solution was employed. Additionally, hydrogen
diffusion kinetics at RT was also studied. In this regard, the hydrogen
apparent diffusion coefficient and the trapping density sites were esti-
mated to be 3.-107'! m?/s and 5-10%* sites/m?, respectively. A binding
energy of 45 kJ/mol was calculated from the hydrogen desorption
curves data fitting. Results obtained from the hydrogen desorption
curves and electrochemical permeation confirm both experimental
techniques are adequate to characterize hydrogen uptake and transport.

Hydrogen effect was mainly noted as testing time increased until 1.5
h (60 MPa/h). Besides, hydrogen embrittlement was more marked after
hydrogen precharging in the acid solution due to the higher concen-
tration of hydrogen. In this case the burst pressure is reduced of around
19%. Accordingly, important changes on the fracture surfaces were
observed. In absence of hydrogen, the fracture micromechanism was
totally ductile. However, the fracture micromechanism changes from
ductile to quasi-brittle in the presence of internal hydrogen, being this
effect especially substantial in the specimens tested at 60 MPa/h. In this
case, QC (PRHIC) and CMD micromechanisms, based on HEDE mecha-
nism, were clearly noted near the notch region. On the other hand,
fracture micromechanism was always ductile in the samples precharged
in 3.5% of NaCl solution, regardless of the loading rate.
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