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ARTICLE INFO ABSTRACT

Keywords: The influence of hydrogen on the mechanical behavior of a quenched and tempered 42CrMo4
High internal pressure steel has been evaluated by means of high internal pressure fracture tests carried out on hydrogen
PAGS

precharged notched cylindrical specimens. The notched cylindrical specimens were precharged in
a1l M HySO4 + 0.25 g/l Asy0Os3 solution for 3 h with 1.2 mA/cm?. Hydraulic fracture tests were
performed at different loading rates. Hydrogen embrittlement resistance increased with grain size
refinement although the fine grained specimen had a higher hydrogen content than the coarse
grained one. Fractographic analysis showed hydrogen enhanced decohesion fracture was less
pronounced with decreasing grain size. Hydrogen embrittlement susceptibility is discussed in
terms of the prior austenite grain size (PAGS) and the operative fracture mechanisms.

Hydrogen cathodic precharge
Martensitic lath decohesion
hydrogen embrittlement

1. Introduction

For the upcoming new hydrogen economy society, vessels and pipelines used to store and transport hydrogen must be able to
provide a safe service during long periods of time [1]. Therefore, it is essential to ensure a good resistance to hydrogen embrittlement
(HE). HE is a phenomenon responsible for premature failure of metallic materials that can take place when hydrogen atoms diffuse into
these metallic components submitted to static and cyclic mechanical loads in hydrogen environment.

Pipelines, operating at pressure up to 13 MPa, have been commonly manufactured with API 5L X42 to X52 steel grades [2].
However, the suitability of using higher pipeline steel grades such us API 5L X70 to X80 is nowadays in progress to acommodate higher
pressure of hydrogen to satisfy the growing energy demand in a cost-effective way. In the short term, natural gas pipelines will be
employed to carry natural gas mixed with hydrogen whilst 100% hydrogen should be distributed in the long term [3]. In this regard,
Nguyen et al. [4] have studied the hydrogen embrittlement susceptibility of a X70 pipeline steel under various gas mixture conditions
(CH4-Hy). In order to deal with high hydrogen pressures, up to 90 or even 115 MPa [5,6], high strength Cr-Mo steel grades are also
promising economical candidates for hydrogen distribution and storage in hydrogen refueling stations [7]. It is important to recall that
the severity of HE usually increases with increasing hydrogen pressure [8]. In this sense, quenched and tempered Cr-Mo steels are
commonly used when a good combination of strength and toughness is required. Bending and welding heavy steel rolled plates
represent a cost-effective way to produce high capacity pressure vessels to contain high pressure hydrogen gas. However, it is well
known that the applied thermal cycles during the welding process have a notable effect on the microstructure of the heat-affected zone
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Table 1
Binding energy (E}) intervals in kJ/mol.
Microstructural feature Ep, (kJ/mol) Ref

TiC 46-116 [17]
NbC 82/63-68 [18]/[19]
Dislocation cores 56-58 [20,21]
High-angle grain boundary 47-59 [22-24]
Precipitated VC, V,C3 33-35 [25,26]
Elastic-field of dislocation 20-30 [20,27]
Martensitic lath, blocks and packets interfaces 17 [25,27]
(Fe, Cr, Mo0)3C 11-13 [21,27]

Table 2
Chemical composition (% wt.).
Fe C Mn Si Cr Mo
balance 0.42 0.62 0.18 0.98 0.22

(HAZ), that is the region of the weld with the lowest toughness. Hence, this region is especially sensitive to hydrogen damage [9,10].

The effect of hydrogen on mechanical properties of different quenched and tempered martensitic microstructures has been widely
studied in literature, considering both fracture [11-14] and fatigue [1,5,9,15,16] properties. The interaction between hydrogen and
steel microstructure plays a big role in order to explain the hydrogen embrittlement susceptibility in quenched and tempered steels.
Hydrogen diffusion, including hydrogen trapping and detrapping phenomena, is dominated by specific microstructural sites, known as
‘traps’ (Table 1).

These microstructural trapping sites can be characterized as reversible or irreversible depending on their hydrogen trapping
capability [20,28]. This fact underlines that hydrogen states (i.e. lattice, reversible and irreversible trapped hydrogen) are key factors
in the hydrogen-enhanced degradation, demonstrating the important role that microstructural features can play on the embrittlement
process [25,29].

The prior austenite grain size (PAGS) influences hydrogen embrittlement behavior [30]. Control of the microstructural size scale is
one key aspect in order to develop a hydrogen-resistant martensitic steel. Microstructural refinement seems to be beneficial for the
resistance of a lath martensitic steel to hydrogen embrittlement. In this regard, L. Cho et al. [31] studied the effects of hydrogen
pressure and PAGS on the hydrogen embrittlement characteristics of a press-hardened martensitic steel. They reported that martensite
with smaller prior austenite grain size is more resistant to gaseous HE. Martiniano et al. [32] also analyzed the role of PAGS on
hydrogen embrittlement susceptibility of a modified AISI 4130 steel. The microstructure with the smallest PAGS (4.94 um) evidenced
the lowest hydrogen embrittlement susceptibility in comparison to a microstructure with a PAGS of 27.12 um. Due to the finer PAGS, a
higher fraction of high angle grain boundaries (HAGBs) was determined. HAGBs are irreversible hydrogen trapping sites (Table 1)
which retain part of the diffusible hydrogen, slowing down its movement towards the potential crack nucleation sites. S. Chen et al.
[33] studied the effect of grain size on the hydrogen embrittlement sensitivity of a precipitation strengthened Fe-Ni based alloy. The
results evidenced that hydrogen embrittlement susceptibility was reduced with decreasing grain size from 95 to 32 pym. Besides,
fractographic analysis showed that intergranular fracture was less pronounced with decreasing grain size. Similar observations were
also reported in [32,34].

On the other hand, Nakamura and Furubayashi [35] reported that the crack propagation rate in gaseous hydrogen in a tempered
martensitic sample was slower when the PAGS was larger, what improves hydrogen resistance with increasing PAGS from 45 to 450
um. A similar effect was reported by Lessar and Gerberich [36]. In this case, they postulated that the improvement was because higher
austenitizing temperatures induce the formation of retained austenite, which can act as a hydrogen-trapping site. The beneficial effect
of retained austenite is often explained by its low hydrogen diffusivity [37]. The contradicting results are possibly because of several
secondary parameters associated with the microstructural changes such as: alloying elements, strength level, hydrogen absorption and
desorption capability, dislocation density, residual austenite content and test conditions (i.e. hydrogen charging methodology). To
shed light on these contradictory theories, the mechanical behavior of a low carbon steel, with two different PAGS, has been studied in
the presence of internal hydrogen. Besides, the novelty of this work is focused on the use of high-pressure hydraulic fracture tests that
have not been commonly employed by the scientific community in the last years To reduce hydrogen precharging time, miniature
cylindrical samples were employed. With this geometry, a biaxial stress state, similar to that found in a thin-walled cylinder submitted
to high pressure, can be reproduced to evaluate hydrogen embrittlement susceptibility.

Hydrogen embrittlement susceptibility of a quenched and tempered 42CrMo4 steel with a PAGS of 20 um (BS) has been studied at
different loading rates by hydraulic fracture tests at high internal pressure, in the presence of internal hydrogen (ex-situ tests). Results
are compared with those obtained in the same steel grade, but in this case, with a PAGS of 150 um [11] that simulates the coarse grain
heat affected zone (CGHAZ), as explained later. Trapping and diffusivity features are also characterized by means of thermal
desorption analysis (TDA) and numerical modelling approaches.
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Fig. 1. Experimental set up. Hydrogen precharging method.

2. Material and experimental procedure
2.1. Material and heat treatments

A low-alloyed ferritic steel (42CrMo4 grade, AISI4140) has been employed in this study. The chemical composition, in weight %, is
given in Table 2.

Hot-rolled plates of 250x250x12 mm? were austenitized at 845 °C for 45 min, quenched in water and finally, tempered at 700 °C
for 2 h. This grade was denoted as base steel (BS). Additionally, in order to simulate, at the laboratory scale, the coarse grain of the heat
affected zone of a weld, 42CrMo4 plates of 250x125x12 mm?> were also austenitized at 1200 °C for 20 min, followed by an oil
quenching and then, tempered also at 700 °C for 2 h to simulate a post-welding heat treatment (PWHT). For more information on the
weld characterization and the simulation process of the CGHAZ, the reader is addressed to [38].

2.2. Hydrogen electrochemical precharge

Specimens, corresponding to BS and simulated CGHAZ, were electrochemically precharged at room temperature with a current
density of 1.2 mA/cm? for 3h time, ina 1 M HySO4 + 0.25 g/1 AS203 solution, with a pH around 1. As;O3 addition hinders hydrogen
atoms recombination on the surface of the metal and a higher hydrogen content can be attained in the specimen. Similar H-precharging
conditions were also employed in [13]. The experimental set up is illustrated in Fig. 1. Moderate agitation was used during the H-
charging process.

2.3. Hydrogen desorption at RT

Plates of 30 mm length, 11 mm width and 2 mm thickness were machined to analyze the hydrogen desorption curve at room
temperature for each grain size condition. Thin plates (BS and simulated HAZ) were cathodically charged in a 1 M HySO4 + 0.25 g/1
AS,03 solution, following the process described in section 2.2.

Hydrogen concentration (wt ppm) was measured by Thermal Desorption Analysis (TDA) by means of a LECO DH603 hydrogen
analyser, maintaining the thin plates at 1100 °C for 300 s [25]. Hydrogen concentration (Cyp) was immediately measured after the
hydrogen precharge. Besides, some of the charged thin plates were also exposed to air, after precharging, at different intervals of time:
2, 4 and 24 h, respectively. Before starting the measure, each sample was cleaned in an ultrasonic bath with acetone for 5 min, and then
carefully dried using cold air. Diffusivity and trapping features are fitted from the experimental desorption curve at room temperature,
considering two different numerical modelling approaches (section 2.4), to assess the loading rate effect (i.e. ramp of pressure) on
embrittlement.

2.4. Numerical modelling of hydrogen desorption
In order to evaluate the loading rate effect on embrittlement, diffusivity and trapping features are fitted from the experimental

desorption curve at room temperature, considering two different numerical modelling approaches. Both of them are implemented in
the transport of diluted species module in the Finite Element software Comsol Multiphysics.
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Fig. 2. (a) Experimental set-up. (b) Notched cylindrical specimen (dimensions in mm).

The simulated geometry is a 3D model of the steel plate of 30x 11 x2 mm>; mesh consists of hexahedral linear elements including 20
elements in the thickness direction, i.e. the direction that controls diffusion during desorption, with a biased distribution in order to
obtain a finer mesh near the surface where the concentration gradients are higher.

2.4.1. Apparent diffusivity modelling
A constant and apparent diffusivity Dg,, can be assumed, and the mass diffusion equation is simplified as follows:

oC

o = PwVC M

where C is the total hydrogen concentration at each specimen point. In this approach, hydrogen content measured just after pre-
charging represents the initial condition, whereas trapped hydrogen that remains after 24 h (Cyjrey) is fixed as the boundary condition
for the exit surface following the approach from [39].[40]

C(x,t =0) = Cyo )
C(xe.”,t) = Cum 3)

where x represents the point coordinates and .”” the sample boundary. Fixing initial and boundary conditions from experimental
results, Dgy, is obtained by iterating over different values and choosing the curve that minimises the sum of square residuals R at 2 and
4h.

R=Y(C - Cu)’ “

=24

C; is obtained by integration over the 3D specimen at time t and Cy, is the corresponding experimental value measured after room
temperature desorption.

However, Dy, does not depend on local concentration in contrast to experimental observations and theoretical demonstrations. A
more sophisticated trapping model is required to capture different diffusion regimes depending on the concentration range.

2.4.2. Two-level modelling
Total concentration C can be divided into two species: hydrogen in lattice sites, C;, and hydrogen in traps, Cr. This two-level
strategy has been adopted by many authors for the study of trapping kinetics and hydrogen transport phenomena near a crack tip
[40]. Hydrogen flux is here only determined by lattice diffusion, where Dy, is the ideal diffusion coefficient:
()CL 6CT

P N S 2
ot + o DV C, ()]
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Fig. 3. 42CrMo4 microstructure. (a, b) BS grade and (c, d) CGHAZ grade whit white arrows pointing the grain boundary and the dotted white
arrows pointing along the martensitic lath interfaces.

Table 3
Mechanical properties [38]. HV: hardness Vickers, oy,: yield strength, 6 ultimate tensile strength and A: elongation.
HV3o oys (MPa) Guts (MPa) A (%)
BS (PAGS ~ 20 pm) 207 622 710 23
CGHAZ (PAGS ~ 150 pm) 230 600 750 24

Assuming thermodynamic equilibrium, the trapping rate can be expressed in terms of C, and two trap parameters: the binding
energy of defects, Ep, and the density of trapping sites, Ny. Applying the chain rule and operating as in [41]:

ac, o ac;,

=D, V*C, - < 6
on [1+ &k -1)] o

where Kr = exp(E,/RT), being R the constant of gases and T the temperature. N and Nt represent density of lattice and trapping sites,
respectively. Trapping rate is simulated in Comsol Multiphysics including the last term of Eq. (6) as a reaction term. A zero-
concentration boundary condition is now applied to C;, to model instantaneous exit, whereas the initial condition is fixed as Cr(x,t =
0) = 6‘0 —Cr, where Cr is found assuming thermodynamic equilibrium in this approach, D; must be assumed from theoretical or
experimental data. Here, D; = 6x107 1% m?/s is used following the value obtained by Peral et al. [42]. The residual now is calculated
also including the experimental value at 24 h, since the boundary condition is not dependent on that value.
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Table 4
H-microstructure interaction.
42CrMo4 Cyo (wt ppm) CHirrev (Wt ppm) CHaif Dapp (m?%/s) Ny (sites/m®) Ep (kJ/mol)
(wt ppm) (%)
BS 1.67 0.46 1.21 72 3.10711 5.10%* 45
CGHAZ 0.93 0.17 0.76 82 71071 2.10* 48

2.5. Hydraulic fracture tests

Hydraulic fracture tests have been carried out in a high-pressure test device, able to attain 6000 bar of internal pressure. Hydraulic
fracture tests were performed by means of a piston that is controlled by a MTS820 machine, Fig. 2a. Water was injected at high
pressure, from 25 to 7000 MPa/h, until the burst pressure (Py’) is reached. Fig. 2b displays the geometry of the notched cylindrical
specimens employed in this study.

A longitudinal notch of 250 um depth, 60° angle and tip radius less than 0.1 mm was machined. The ideal ligament length is
approximately 250 pm.

The burst pressure (P,’) was corrected by Eq. (8), where Py, is the corrected burst pressure and Py’ represents the experimental burst
pressure at the moment of failure. Kigeas (Eq. (9)) and Kieq (Eq. (10)) are the correction factors. ; is the internal diameter of the
notched miniature cylindrical specimen and b (in Eq. (10)) is the final ligament length that was measured by the scanning electron
microscope (SEM) after testing. The ideal ligament length is 0.25 mm, Eq. (9).

K2

P, = P, nga[l 8)

@ +2-0.25
Kige = ———— 9
deal . (C)]

@i+2-b

Ky = ————— 10
1 2, (10)

2.6. Observation of microstructures and fracture surfaces

The BS and the simulated coarser HAZ microstructures were observed in a scanning electron microscope JEOL JSM-6460LV, using
an acceleration voltage of 2-5 kV. The samples were previously ground and finally polished with 1 pm diamond paste and etched with
Nital-2%. The fracture surfaces of the fracture-tested specimens were also carefully examined using the same technique, using an



L.B. Peral et al. Engineering Fracture Mechanics 289 (2023) 109414

140 1
i ’|
120 ::
1 ” "
100 A i 1 !
s ] : I ll == === Uncharged - 7000 MPa/h
= 80 | 'y | ",'|| H-Precharged - 7000 MPa/h
° i / | iy — — —  H-Precharged - 220 MPa/h
2 604 1 / i | —= == H-Precharged - 80 MPa/h
] ll : / ') " — — —- H.Precharged - 63 MPa/h
e . }',' ! H-Precharged - 29 MPa/h
40 - p i / ’."]' |
Y [ / 7 i
20 - Vi 1 / 7/ |
/ ! P
-7 Sz
em————— = T
0 FEES S e . .
10 100 10° 102 108 104 10°
Time (s)
(a)
140
120 A
100 1 = === Uncharged - 7000 MPa/h
& H-Precharged - 7000 MPa/h
2 80 — — - H-Precharged - 220 MPa/h
g — —-— H-Precharged - 100 MPa/h
260 A H-Precharged - 52 MPa/h
&’ o H-Precharged - 35 MPa/h
40 1 —_—— H-Precharged - 25 MPa/h
20 A
0 +=
107 100 10 102 108 104 10°
Time (s)
(b)
Fig. 6. Hydraulic fracture tests curves. (a) BS grade. (b) CGHAZ grade.
Table 5
Hydraulic fracture tests results. BS with a PAGS of 20 ym and simulated CGHAZ with a PAGS of 150 um.
Viest (MPa/h) Test duration (s) Py, (MPa) NMOD (mm)
BS Uncharged 7000 57 137+ 7 1.91
H-precharged 7000 62 134 1.90
220 2030 132 1.70 £+ 0.025
80 4777 118 £ 5 1.47 + 0.05
63 5560 109 £ 6 1.59 £ 0.1
29 14,000 128 + 3 1.78 + 0.035
CGHAZ Uncharged 7000 167 115+ 10 1.98
H-precharged 7000 150 112 1.97
220 1842 108 1.67
100 3690 99 1.51
52 5752 91 +3 1.33 £ 0.16
35 6994 83 1.00
25 15,000 100 £ 5 1.66
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Table 6
Embrittlement indexes (EI) and fracture micromechanisms by order of importance. *MVC: microvoid coalescence, CMD: carbides-matrix interfaces
Xno-1 — X
decohesion and PRHIC: Plasticity related hydrogen induced cracking. Embrittlement Index: EI (%) =t H = 2H 190,
no—H
Viest (MPa/h) EI Py, (%) EI NMOD *Fracture micromechanism
(%)
BS 7000 2 1 MVC
220 2 11.2 MVC
80 12 23.1 MVC + CMD/QC
63 18 17.0 MVC + CMD/QC + PRHIC ( 40 um)
29 5 6.6 MVC + CMD/QC
CGHAZ 7000 3 1 MVC
220 6 16 MVC
100 14 24 MVC + CMD + PRHIC
52 20 33 MVC + PRHIC (60 um) + CMD
35 28 50 MVC + PRHIC (80 pm) + CMD/QC + microcracks
25 13 16 MVC + CMD
150
140 A
= 1897 3.9h£ 7 0.6h
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o .
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173 . .
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Fig. 7. Burst pressure evolution in the presence of internal hydrogen for the different ramps of pressure (MPa/h) in a 42CrMo4 steel grade with two
different PAGS.

acceleration voltage of 20 kV.
3. Results and discussion
3.1. Microstructure

The obtained microstructures after the described heat treatments are displayed in Fig. 3. Regarding the BS microstructure, it is
shown in Fig. 3a and b and it corresponds to tempered martensite with a PAGS of 20 + 5 ym (which was measured in the as-quenched)
and a hardness level of 207 HV. The profuse carbide precipitation that takes place during the tempering treatment can be clearly
distinguished. Coarse globular and lenticular carbides precipitate along the PAGB while the smallest ones are evenly distributed inside
the martensitic laths. EDX analysis revealed that carbides are mainly Fe-rich and they accommodate significant amounts of Cr ( 12%).
In the case of the simulated coarser HAZ, a PAGS of 150 um (as-quenched condition) was determined with a hardness level of 230 HV.
A profuse carbide precipitation (Fig. 3c and d) can be also observed along the PAGB (indicated with white arrows) and martensitic lath
interfaces (indicated with dotted white arrows). Carbides are Fe-rich and they have been previously identified as Fe3C [11]. This grade
was denoted as coarse grain, simulating the heat affected zone (CGHAZ).

Mechanical properties of these steel grades after the aforementioned heat treatments are given in Table 3.
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3.2. Hydrogen desorption at RT

Fig. 4 shows the thermal desorption profiles obtained in the BS (Fig. 4a) and CGHAZ (Fig. 4b) grades. Hydrogen content was
measured by means of a LECO DH603 hydrogen analyzer, after the precharging methodology described in chapter 2.2 and 2.3. In order
to know hydrogen desorption at room temperature (RT), some of the samples were exposed in air for 2, 4 and 24 h. The initial hydrogen
content (0 h at RT) introduced into the samples is also compared in Fig. 4c.

Hydrogen content introduced in the BS (PAGS - 20 ym) was 1.67 wt ppm while in the CGHAZ (PAGS - 150 pym) a hydrogen
concentration of 0.93 wt ppm was measured. Hydrogen desorption curves at room temperature (RT) are given in Fig. 5. The initial
hydrogen content, Cyy, corresponds to the first point of the curve (t = 0). The residual hydrogen, Cyirrev, is the hydrogen content that is
strongly trapped in the steel microstructure after a long exposure at room temperature. Diffusible hydrogen (Cyo — Chirrev) is the
amount that is able to escape from traps and diffuse out of the steel (Cygif). These values are summarized in Table 4. In the same table,
the apparent diffusivity (Dapp), the density of traps (N7) and the binding energy (Ep) are also showed. These parameters have been
calculated by the data fitting carried out from the experimental hydrogen desorption curves (Fig. 5) and both numerical modelling
approaches described above.

Irreversible hydrogen content (Cpijrrey) increased in the BS grade. Hence, a higher hydrogen concentration remained strongly
trapped in the microstructure after a long time (0.46 wt ppm). Grain boundary density is higher in the BS grade because of its smaller
PAGS. Due to this fact, the density of traps (N1 — 5-10%* sites/m?) is considerably higher while the apparent diffusivity is lower (Dapp —
3.10° 1. Ny values in the range of 102 to 102 sites/m? have been reported in the literature for martensitic steels [28]. In this study,
the estimated binding energy (E, — 45-48 kJ/mol) has been mainly associated to hydrogen strongly trapped along the HAGBs
[22-24,43] and cannot be attributed to different trapping features between BS and CGHAZ. However, it is important to recall that this
hydrogen trapped would also include trapped hydrogen at vacancies and dislocations accumulated at HAGBs [44].

Although their study was conducted by hydrogen electrochemical permeation tests instead of TDA analysis, Zhang et al. [45] also
reported that the microstructural refinement of a martensitic steel result in a substantial increase in the hydrogen solubility but a
significant decrease in the effective hydrogen diffusivity, what has been also observed in the present study. According to this,
Fuchigami et al. [46] showed that a martensitic steel with a smaller PAGS (i.e. higher density of hydrogen trapping sites) absorbs a
greater hydrogen concentration as a consecuence of the increased boundary area.

3.3. Hydraulic fracture tests

Fig. 6 displays the variation of the pressure registered as a function of the time for the uncharged and hydrogen precharged notched
specimens, with two different PAGS (i.e. BS and simulated CGHAZ).

The burst pressure (Pp) and the notch mouth opening displacement (NMOD) are given in Table 5 for the applied ramps of pressure
(MPa/h). In the same table, test duration, util the moment of failure, is also indicated.

The embrittlement indexes (EI) related to the burst pressure (Pp) and NMOD are shown in Table 6 for both grades of steel: BS (PAGS
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Fig. 9. Influence of the prior austenite grain size (PAGS) on the hydrogen embrittlement. (a) Burst pressure. (b) NMOD. The loading rate is indicated
inside the figure.

— 20 pm) and the simulated CGHAZ (PAGS - 150 um). The operative fracture micromechanisms, later shown in section 3.4, are also
indicated by order of importance.

Hydrogen embrittlement indexes (EI) are dependent on the applied ramp of pressure (i.e. test duration). Hydrogen damage in-
creases as test duration increases (i.e. as ramp of pressure decreases) and it is especially noted in the CGHAZ grade for test time of
1.5-2 h. However, in both grades hydrogen embrittlement is partially alleviated for test times higher than 2 h. Presumably, after 3-4 h
testing, due to hydrogen diffusivity at room temperature, most diffusible hydrogen has already diffused out of specimens (Fig. 7). The
burst pressure and the NMOD variation, as a function of the applied ramp of pressure, is also displayed in Fig. 7 and Fig. 8, respectively.
The test duration, in hours, is also indicate in the same figures.

3.4. Effect of PAGS on hydrogen embrittlement and fracture micromechanisms

Fig. 9(a and b) shows the embrittlement indexes trend related to the burst pressure (Py,) and the notch mouth opening displacement
(NMOD), respectively. In this figure, embrittlement index is represented as a function of the time at failure, which is dependent of the
pressure ramp (i.e. loading rate). As mentioned, hydrogen embrittlement susceptibility has diminished by decreasing the PAGS. The
embrittlement trends are consistent with the observed fracture micromechanisms.

The most representative fracture surfaces, corresponding to the uncharged and maximum embrittlement condition, for each steel
grade, are shown in Fig. 10. The NMOD reduction due to internal hydrogen effect can be directly noted on these fracture surfaces.

Fig. 11 illustrates the fracture micromechanism corresponding to the BS uncharged specimen (P, = 137 MPa and NMOD = 1.91
mm) which consists in the initiation, growth and coalescence of microvoids, MVC. A similar fracture micromechanism was also
observed in the uncharged coarse grain specimen.

For more details related to fracture micromechanims observed in the coarse grain the reader is addressed to [11]. Focusing now in
the BS hydrogen precharged specimens, tested at 80 MPa/h, internal hydrogen effect was already clearly noted (Fig. 12). Two different
regions were observed on the fracture surface. The first one, with a 200 um depth, was distinguished in the region closest to the notch
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Fig. 10. Representative fracture surfaces. (a) Uncharged specimen and (b) Hydrogen precharged and tested 63 MPa/h in the BS. (¢) Uncharged
specimen and (d) Hydrogen precharged and tested 35 MPa/h in the CGHAZ.

Fig. 11. Uncharged specimen. Coalescence of microvoids at different magnification 1000x (a) and 2500x (b). 42CrMo4 with a PAGS of 20 ym
(BS grade).

tip area. This region has the appearance of a quasi-cleavage (QC) where very small dimples are also observed. These small dimples
(Fig. 12b) correspond to the carbide-matrix interfaces decohesion, CMD [38,47]. The second area corresponds to the final fracture
region and it is characterized by the MVC micromechanism.
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Fig. 12. Hydrogen precharged specimen and tested at 80 MPa/h. (a) General fracture surface appearance near the notch region. (b) Carbide matrix
decohesion interfaces. (¢) Coalescence of microvoids corresponding to the final fracture of the specimen. 42CrMo4 steel with a PAGS of 20 ym
(BS grade).

Fracture micromechanisms in the presence of internal hydrogen are detailed in Fig. 13 for the BS grade, tested at 63 MPa/h. On the
general fracture surface, three different regions can be noted (Fig. 13a). Near the notched region, a belt, with approximately 40-50 pm
depth, was observed and it is characterized by ductile micro-plastic tearing on a very fine scale, along the martensitic packets, blocks
an laths interfaces (Fig. 13b). This micromechanism is commonly known as PRHIC (plasticity related hydrogen induced cracking) in
quenched and tempered steel grades [48]. In a more remote region from the notch, very small dimples, with an average size about of
0.5 pym, were seen. This micromechanism, with a depth of 100 um in the contiguous area to the PRHIC (Fig. 13a), is produced because
of the decohesion along the carbides-matrix interfaces (CMD in Fig. 13c and d). The size of these dimples (0.5 um) is comparable in
dimensions to the Fe-Cr rich carbides precipitated during the tempering treatment [11,49].

MVC was finally observed in the bulk of the specimen (Fig. 13e). It is important to mention that the CMD micromechanism was also
noted in specimens tested at 80 MPa/h in the presence of hydrogen. However, at 80 MPa/h PRHIC micromechanism was not clearly
observed.

In the BS grade, hydrogen embrittlement was mainly observed after 1.3-1.5 h testing. In this regard, we postulate that hydrogen
diffusivity (3-10!! m?/s) is mainly coupled with test speed, at 80 and 63 MPa/h, respectively. Hence, hydrogen atoms located in the
surroundings of the notch region, driven by the high hydrostatic stress [11], have more time to diffuse up to the so-called embrittled
process zone where a critical concentration seems to be reached after 1.3-1.5 h testing. The maximum embrittlement was noted for a
loading rate of 63 MPa/h. In this case, the embrittled region attained a total maximum depth of 150 um (Fig. 13a), mainly charac-
terized by CMD micromechanism.

Fig. 14 shows the fracture surface observed near the notched region for the two analyzed PAGS (i.e. BS and CGHAZ grades) at the
maximum embrittlement level. As mentioned, hydrogen damage was particularly observed near the notch tip region, being especially
marked in the CGHAZ (Fig. 14b). In the CGHAZ grade, a first belt, with 80 um depth, was clearly identified. In this area, plasticity-
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Fig. 13. Hydrogen precharged specimen and testes at 63 MPa/h. (a) General fracture surface appearance. (b) Fracture surface near the notch region
with. (c) and (d) Carbide matrix decohesion interfaces. (e) Coalescence of microvoids. 42CrMo4 steel with a PAGS of 20 pm (BS grade).

related hydrogen induced cracking led to ductile micro-plastic tearing decohesion along the martensitic packets, blocks an laths in-
terfaces. Nevertheless, the mentioned ductile micro-plastic tearing decohesion were not clearly identified in the BS grade under the
employed magnifications in the SEM.

We postulate there are two main reasons that explain why reducing PAGS improves hydrogen embrittlement resistance. First,
reducing the PAGS decreases the hydrogen mobility (Dpp ~ 3-107!! m?/s) through the steel microstructure (Table 4). In this case, the
higher density of traps (Nt ~ 5-10%* sites/m®) is mainly associated to hydrogen trapped along HAGBs (and also the one trapped at
vacancies and dislocations accumulated at HAGBs), with a fitted binding energy of 45 kJ/mol. These microstructural singularities act
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Fig. 14. Fracture surface features comparison when the embrittlement is maximum. (a) PAGS 20 um (BS grade) and (b) PAGS 150 um
(CGHAZ grade).
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Fig. 15. Hydrogen damage mechanisms in CGHAZ and BS.

as strong traps for hydrogen, preventing hydrogen from reaching potential crack initiation sites [50]. The lower diffusible hydrogen
percentage (72%) presented by the BS grade (Table 4) agrees with this statement. This means that a lower amount of hydrogen is able
to diffuse to the crack initiation sites, despite the higher initial hydrogen concentration (1.67 wt ppm).

Second, reducing PAGS decreases the slip-length of dislocations [46] Specifically, grain boundaries block dislocation movement,
and therefore, grain size refinement is a key factor to prevent dislocation-induced hydrogen transport. Hence, decohesion mechanisms
induced by PRHIC are partially mitigated, preventing hydrogen accumulation in the so-called embrittled region. This fact is clearly
evidenced in Fig. 14 when BS (a) and CGHAZ (b) are compared under the maximum embrittlement level.

In BS grade (PAGS - 20 um), the so-called embrittled region with a depth of 40 um, occupied around 10% of the total fracture
surface. It is important to recall that in this area, micro-plastic tearing decohesion along the martensitic packets, blocks an laths in-
terfaces were not clearly identified. However, in the CGHAZ grade (PAGS - 150 pm), the so-called embrittled region increased to 80 ym
depth, and it occupied 30% of the total fracture surface. Fig. 15 evidences the main cracking mechanisms in this study.

The CGHAZ grade, with larger PAGS, has larger martensite blocks and less barriers for dislocation movement. Hence, hydrogen
transported by dislocation can contribute to induce local hydrogen enrichment on the martensitic laths, blocks and packets interfaces,
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Fig. 16. Interaction H-microstructure with % of MLD (PRHIC) + CMD micromechanisms found for the maximum embrittlement case.

lowering its cohesive energy. Based on hydrogen-enhanced dislocation mobility and density, dislocation transport can contribute to
the elevation of the local hydrogen concentration in the crack tip region [51]. Consequently, hydrogen-enhanced decohesion mech-
anisms were especially marked on the CGHAZ grade, contributing to explain the hydrogen-induced failure and then, the highest
embrittlement indexes. Finally, Fig. 16 evidences that trapping capability increases with grain refinement, what seems to contribute to
reduce the percentage of hydrogen-enhanced decohesion failure. In this regard, Park et al [34] also reported a significant decrease in
the fraction of decohesion fractures with a decrease in the grain size. Unlike what has been observed in [32,34,38] where intergranular
fracture was noted in coarser grain structures, in this study, intergranular fracture was not observed. This fact could be explain due to
the employed tempering temperature after quenching. This steel (BS and CGHAZ) was tempered at 700 °C for 2 h and then, it has
sufficiently relaxed microstructure to induce intergranular fracture, what was also evidenced in [12] for a yield strength of 400-700
MPa.

4. Conclusions

Results of the present work support the following conclusions regarding the hydrogen desorption kinetics, trapping and embrit-
tlement under high internal pressure hydraulic fracture tests of a 42CrMo4 steel with a PAGS of 20 um (BS) and 150 um (CGHAZ),
respectively:

Despite having a greater initial hydrogen concentration, diffusible hydrogen percentage decreased with grain refinement. This
behavior was mainly attributed to hydrogen trapped along the high angle grain boundaries. HAGBs seem to act as effective hydrogen
trapping sites, with a binding energy of 45 kJ/mol, preventing hydrogen diffusion through the steel microstructure. Irreversible
hydrogen content and trapping density sites increased whilst hydrogen diffusion coefficient considerably decreased after grain
refinement.

Hydrogen precharging decreased notably the burst pressure, being this effect especially marked on the simulated CGHAZ grade.
This grade with a lower density of traps and a higher hydrogen diffusion coefficient had a higher percentage of diffusible hydrogen.
Besides, hydrogen transport by dislocations finds less barriers for movement because of the higher PAGS. Therefore, greater local H-
enrichment is assumed to be attained in the notch-tip region, leading to martensitic units interfaces decohesion (MLD) and carbides-
matrix interfaces decohesion (CMD).
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