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Abstract

The effects of hydrogen on the fatigue crack growth behavior of 42CrMo4 welds, present in hydrogen buffer tanks, were studied
in this paper. Two different testing methodologies were compared: hydrogen pre-charge testing and in-situ testing. A
comprehensive analysis of the fracture surfaces was performed using scanning electron microscopy. In general terms, the coarse
grain heat affected zone was more sensitive to hydrogen embrittlement than the base steel due to its coarser and more distorted
martensitic microstructure. Noticeable differences were observed between the fatigue crack growth curves obtained with pre-
charged specimens and specimens tested in a hydrogen atmosphere. This behavior, as well as the influence of certain testing
variables such as the frequency or the load ratio are discussed. Nevertheless, similar modifications of the fracture micromechanisms
due to hydrogen were observed in both testing methodologies. The observation of internal interface decohesion under such low
hydrogen concentrations proves the synergistic action of hydrogen-enhanced localized plasticity (HELP) and hydrogen-enhanced
decohesion (HEDE) damage mechanisms.
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1. Introduction

The increasing costs of electricity in addition to the zero CO, emission policies being implemented by occidental
governments, is causing the outbreak of hydrogen-based energy sources. Apart from its clean combustion, as takes
place for example in hydrogen fuel-cell vehicles, this element can also be used as an efficient energy vector. In such
way, the energy surplus generated in wind and solar farms during the peak hours, can be used to generate green
hydrogen that can be stored for later use. However, the main drawback of hydrogen is its very low energetic density
(10 MJ/m®) compared to other gaseous fuels such as methane (33 MJ/m?®) or propane (87 MJ/m) [1]. Therefore, in
order to meet the increasing energetic demands and make hydrogen an economical alternative to traditional
hydrocarbons, it is necessary the use of very high operation, distribution, and storage pressures, between 30-100 MPa
[2].

It is clear then that the overall efficiency of hydrogen distribution and storage infrastructures relies upon an adequate
material selection. In this sense, CrMo steels, quenched and tempered to provide sufficient yield strength levels, are
considered excellent candidates due to their low cost-strength ratios [3]. However, it is well known that this family of
steels is susceptible to the so-called hydrogen embrittlement (HE) phenomenon. Indeed, the interaction among
hydrogen atoms, the steel microstructure, and the applied loads, has been extensively studied [4]. In general terms,
hydrogen diffuses in the iron lattice driven by stress and concentration gradients and is trapped in certain
microstructural defects such as dislocations and internal interfaces. Eventually, when a sufficient hydrogen
concentration is attained in these sites, the operative fracture micromechanism is modified, from ductile to brittle- and
the mechanical properties are significantly reduced.

It was demonstrated in previous works that hydrogen accelerates the fatigue crack growth rate in a wide range of
medium-high strength steels [5-8]. Therefore, assessing the degradation of fatigue properties in martensitic CrMo
steels is of primary importance because hydrogen components undergo cyclic stress from the fluctuation of internal
gas pressure, in addition to external loads.

There are two basic ways that have been typically used to analyse the effects of hydrogen on the crack growth rate

of CrMo steels aimed to work in hydrogen gas atmospheres [9]:
(D) In-situ testing in high pressure hydrogen gas (external hydrogen) [10—13]. This method requires the use of very
expensive, unique facilities, as the specimens are exposed to high-pressure hydrogen gas while simultaneously is
subjected to a specific cyclic mechanical load. In addition, optical measurements and/or a direct current potential drop
(DCPD) technique may be used to the measurement of the crack extension along the tests. Its main advantage is that
using this methodology, the real operation conditions may be reproduced.

(IT) Testing in air after pre-charging the specimens in a gaseous hydrogen medium (internal hydrogen) [14]. This is
a simple and convenient alternative that consists in pre-charging the specimens with hydrogen and then performing
conventional fatigue crack growth tests in air. As hydrogen diffusion depends exponentially on temperature, the use
of high temperatures greatly accelerates hydrogen pre-charging in a gaseous hydrogen atmosphere providing high
hydrogen contents after relatively short charging times.

In general it is accepted that the fundamental interactions between hydrogen and the steel microstructure do not
depend on the test methodology once hydrogen was dissolved into the metal [8,15]. For this reason, several studies on
the effect of hydrogen on the FCGR of steels have been performed using pre-charged specimens. Although this can
be considered an acceptable approach when studying the effects of hydrogen on the fatigue behaviour of austenitic
steels or Ni based alloys, where room temperature (RT) diffusivity of hydrogen is very low - of the order of 10-'°-10
16 m?/s - and solubility very high, this may not be the case when dealing with quenched and tempered CrMo steels.
The latter usually have diffusivities in the order of 1071°-10"'2 m%/s, and low hydrogen solubilities at RT. Having this
in mind, the hydrogen distribution in martensitic CrMo specimens in the course of the fatigue test may be different
when using internal or external hydrogen, which will eventually determine the amount of hydrogen reaching the crack
tip process region each loading cycle, and therefore the extent of hydrogen embrittlement.

It is unclear then whether testing procedure could have a relevant impact in the obtained results, leading to an
incorrect comparison of the results obtained with both testing methodologies. Few references exist on this particular
matter. Therefore, this work aims to assess the influence of hydrogen on the fatigue crack growth behaviour of
42CrMo4 steel welds by means of hydrogen pre-charged samples and in-situ testing. A thorough comparison of the
results obtained through both methodologies along with a comprehensive study of the fracture micromechanisms was



130 A. Zafra et al. / Procedia Structural Integrity 39 (2022) 128-138

carried out. The combined set of data help us in advancing the understanding of the complex interaction between
hydrogen atoms, the steel microstructure, and the fatigue loads, as well as the influence of certain testing variables
such as the frequency and the load ratio.

Nomenclature

BS base steel

CGHAZ coarse grain heat affected zone

CT compact tensile specimens

DCPD direct current potential drop

AK stress intensity factor range

f frequency

FCGR, da/dN  fatigue crack growth rate

FCGRT fatigue crack growth rate tests

HAZ heat affected zone

HE hydrogen embrittlement

HEDE hydrogen enhanced decohesion

HELP hydrogen enhanced localized plasticity
IG intergranular

In-situ test performed in a high-pressure hydrogen environment
MLD martensitic lath decohesion

R load ratio

RT room temperature

SEM scanning electron microscopy

wppm weight parts per million

2. Experimental methods
2.1. Steel and heat treatments

A commercial 42CrMo4 (0.42%C-0.98%Cr-0.22%Mo) steel was used in the present study. 250x250x12 mm hot
rolled plates were austenitized at 845°C for 40 min, quenched in water and tempered at 700°C for 2h (Base Steel, BS).
Then, a weld bead from a carbon steel wire was deposited applying a heat input of 1.96 kJ/mm. A thorough
characterization of the weld was carried out and the coarse grain heat affected zone (CGHAZ) was identified as the
coarsest and hardest microstructure in the weld, and therefore the area more prone to suffer from HE [16].

In order to machine standard size compact tension (CT) specimens for an accurate characterization of the fatigue
behavior, the microstructure developed in the CGHAZ was reproduced by austenitizing at 1200°C for 20 min and
quenching in oil. A coarse and hard martensitic microstructure with a prior austenitic grain size (PAGS) of 100-150
was obtained, similar to the real CGHAZ. Finally, the same tempering treatment applied to the BS (700°C for 2h) was
applied to the CGHAZ for microstructural recovery. For more details on weld characterization and the simulation
process of the CGHAZ the reader is referred to [17].

Table 1 shows that the BS and CGHAZ displayed quite similar hardness (HV30) and tensile properties, being the
main difference the prior austenitic grain size (PAGS) [17]. In both steels the microstructure was tempered martensite.
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Table 1. Hardness, PAGS and tensile properties of the BM and the CGHAZ [17].

PAGS Oys Out E Z
Stecl HV30 ) Py MPa) ) (%)
BM 207 2 622 710 22.6 61.3
CGHAZ 230 4 600 750 23.6 65.5

2.2. Fatigue crack growth tests

The influence of hydrogen on the fatigue behaviour of 42CrMo4 steel welds was assessed by means of FCGRT
performed (I) in air onto hydrogen pre-charged samples and (II) in a high-pressure hydrogen gas environment.

2.2.1. Tests on hydrogen pre-charged samples

These FCGRT were performed using CT specimens with a width of 48 mm and a thickness of 10 mm. Before
hydrogen pre-charging, the specimens were fatigue pre-cracked in air at R=0.1 and 10 Hz following the ASTM E647
standard [22] up to achieving an initial crack length, ag=7 mm (a/W=0.15).

The specimens were pre-charged in a high-pressure reactor at 19.5 MPa of pure gaseous hydrogen and 450°C for
21 hours. A similar hydrogen content of around 1.2-1 wppm was introduced in both the BS and the CGHAZ under
this charging conditions.

The FCGT were performed in air at RT using a servohydraulic universal MTS testing machine equipped with a
load cell of 250 kN. A constant AP load was applied from an initial stress intensity factor range (AKo) between 30-40
MPay/m. In the course of the fatigue crack growth tests, the crack length was continuously monitored by means of a
CTOD extensometer, allowing the representation of da/dN vs. AK curves. The initial and final crack lengths were
measured on the fracture surface of the broken specimen, and the measured AK values were accordingly corrected.

Uncharged specimens were also tested at a load ratio R=0.1 and a frequency =10 Hz. The hydrogen pre-charged
specimens were tested at R=0.1 and f=1 and 0.1 Hz, as lower frequencies have been reported to be detrimental for the
fatigue crack growth behaviour in presence of hydrogen [14,18].

2.2.2. In-situ testing in hydrogen gas

FCGRT were conducted in the Hycomat test bench developed by Pprime institute at RT in 35 MPa of gaseous
hydrogen. As shown in Fig.1, this facility consists in a high-pressure autoclave assembled to a servo-hydraulic testing
machine, with a maximum operation pressure and temperature of 40 MPa and 150°C, respectively. For more details
see [19].

Fig. 1. Hycomat test bench used to perform in-situ FCGR tests.
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In order to meet the dimensional requirements of the facility, the CT specimens had a width of 40 mm, a thickness
of 10 mm and an initial crack length, ag=7 mm (a/W=0.17). The specimens were fatigue pre-cracked in air (R=0.1 and
10 Hz).

The tests were performed under loading control from AK¢=30 MPay/m at R=0.1 under f=1 and 0.1 Hz, in order to
compare the results with those obtained on pre-charged specimens. Crack length was measured by optical microscope
and DCPD during the tests. The initial and final crack lengths were measured on the fracture surface of the broken
specimen, and the measured AK values were corrected.

2.3. Fracture surface observation

After the completion of the FCGRT, the CT specimens were carefully cut and rinsed with acetone. In order to
identify the operative fracture micromechanisms, the fracture surfaces of all the tested specimens were observed under
different magnifications in a scanning electron microscope SEM JEOL-JSM5600 under 20 kV.
3. Results
3.1. Hydrogen pre-charged specimens

The da/dN vs. AK curves for uncharged and hydrogen pre-charged CT specimens corresponding to the BS and the

CGHAZ are shown in Fig. 2. In general, the presence of internal hydrogen induces an important increase in the FCGR
on both the BS and the CGHAZ when tested at 0.1 Hz.

1.E-02 - -
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©BS - Hpre-charged (1Hz)
@BS - Hpre-charged (0.1Hz)
©CGHAZ - Uncharged (10Hz)
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)
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Fig. 2. da/dN vs. AK curves of the BS and CGHAZ in uncharged and hydrogen pre-charged conditions. R=0.1.

Comparing first the curves of uncharged specimens, the CGHAZ shows a similar behavior than the BS, and striation
marks indicative of ductile cyclic failure are detected in both cases, as shown in Fig. 3. However, from AK values
larger than 60 MPay/m, the FCGR of the CGHAZ becomes slightly higher than the BS (about 1.5 times), and although
striation marks are still visible in the fracture surface, the overall fracture micromechanism becomes more brittle. This
behavior was previously observed by Vargas-Arista et al. [20] in the HAZ of a 42CrMo4 steel with similar yield
strength.
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Fig. 3. Fracture surface at AK=35MPay/m of hydrogen uncharged specimens (R=0.1 and £=10 Hz). (a) BS and (b) CGHAZ.

When the base steel specimens are tested with internal hydrogen at 1 Hz the curve overlaps that of the uncharged
specimens. Striation marks were still characteristic of their fracture surface, so that hydrogen does not modify the
fatigue behavior at this frequency. However, at a frequency 10 times lower, 0.1 Hz, the hydrogen effects became
remarkable at intermediate AK values, being the FCGR around 7 times greater than in uncharged specimens. The
characteristic striation marks are not observed in the BS specimens tested with internal hydrogen at 0.1 Hz, being now
the fracture surface characterized by martensitic lath decohesion (MLD), as shown in Fig. 4. This failure
micromechanism is associated to the decrease of the cohesive strength among lath martensite interfaces promoted by
hydrogen. Other authors [21,22] have already pointed out the disappearance of fatigue striations in fatigue tests
performed in the presence of hydrogen.

Fig. 4. Fracture surface at AK=35MPa+\/m of hydrogen pre-charged specimens of the BS tested at R=0.1 and f=0.1 Hz. (a) 1000x and (b) 3000x.

In the case of the CGHAZ tested at 0.1 Hz hydrogen gives rise to an acceleration of the FCGR even higher than in
the BS, about two times greater. This worst fatigue behaviour is also manifested in a drastic change in the operative
fracture micromechanism, as can be observed in Fig. 5. Indeed, the fatigue fracture surfaces of the CGHAZ are
characterized by the combination of intergranular (IG) and MLD. It is worth noting the large size of the prior austenitic
grains of the CGHAZ.

In general, it is remarkable the influence of the testing frequency on the acceleration of the FCGR: the maximum
hydrogen effects are displayed at a low testing frequency of 0.1 Hz. It is also interesting to mention that under this
low frequency, da/dN remains practically constant from the beginning of the test (AK=30-35MPay/m) up to a AK
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value of approximately 60-70 MPay/m, when the curve converge with that of the uncharged specimens. This “plateau”
region, already observed by other authors [18], will be discussed later. Anyway, the FCGR of hydrogen pre-charged
specimens was always greater in the CGHAZ than in the BS, and more brittle operative micromechanisms were also

observed.

®)

Fig. 5. Fracture surface at AK=45MPa+/m of hydrogen pre-charged specimens of the CGHAZ tested at R=0.1 and £=0.1 Hz.

3.2. Specimens tested in 35 MPa hydrogen
Fig. 6 shows the da/dN vs. AK curves of BS and CGHAZ specimens tested in air (uncharged) and in 35 MPa of

pure hydrogen.
LE-01 1585 ar qom

@BS - 35 MPa Hydrogen (1Hz)
®BS - 35 MPa Hydrogen (0.1Hz) *
< CGHAZ - Air (10Hz) &
#CGHAZ - 35 MPa Hydrogen (1Hz)
¢ CGHAZ - 35 MPa Hydrogen (0.1Hz)

__1E-02 {

L¥)

)

g

= o

E, ng Co

<

& LE-03

1.E-04 T 1
20 90 100

Fig. 6. da/dN vs. AK curves of the BS and CGHAZ tested in air and in 35 MPa of pure hydrogen. R=0.1.
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A great acceleration of the FCGR due to hydrogen in all the AK spectrum at both tested frequencies (1 Hz and 0.1
Hz) is worth noting. In this case, there is no influence of the test frequency, which is in line with the observations
made by other authors [8]. For example, Stewart [23] did not report any difference in the FCGR curves in a 2NiCrMoV
steel tested in 40 MPa of pure hydrogen between frequencies of 1 and 0.01 Hz.

On the other hand, the difference between the fatigue crack growth rate curves of the BS and the CGHAZ measured
under 35 MPa of hydrogen continuously increases until the end of the tests. Figs. 7 and 8 show the fracture surfaces
of both BS and CGHAZ tested in 35 MPa of hydrogen at 0.1 Hz. The operative mechanism in the BS was MLD and
in the CGHAZ a combination of IG and MLD. It is also worth to mention that no significant differences in the fracture
micromechanisms were observed at different crack lengths (different AK) in any of the steels, as can be appreciated
for example comparing Fig. 8(a) and (b).

)

Fig. 8. Fracture surface of BS specimens tested in 35MPa hydrogen gas at R=0.1 and £=0.1 Hz at (a) at AK=30MPa+/m and (b) AK=60MPa\'m

4. Discussion

The discussion of this paper is focused on the comparison of the two testing methodologies employed in this work
to assess the influence of hydrogen on the crack growth rate of a 42CrMo4 steel weld. Therefore, Fig. 9 presents the
da/dN-AK curves of the BM and the CGHAZ tested at R=0.1 and f=0.1 Hz obtained with pre-charged and in-situ
hydrogen conditions.
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A “plateau” region characterized by a constant da/dN crack growth rate is observed in the pre-charged samples,
while a typical growing linear trend (Paris propagation region) is characteristic in the specimens tested in 35 MPa
hydrogen. The da/dN acceleration factor (da/dN measured in the presence of hydrogen over da/dN measured in non-
charged specimens tested in air), Table 2, is much greater in the in-situ tested specimens and is practically constant
along all the AK range. These results are justified assuming hydrogen accumulation in the process zone is quite
different under both testing conditions.

Hydrogen concentrations between 1.2 and 1 wppm were measured in both steels after extraction from the hydrogen
reactor (pre-charged specimens). The plateau observed with the pre-charged specimens may be explained by: (I)
hydrogen losses that take place in the course of the test and (II) hydrogen re-distribution in the process region (plastic
zone) located ahead of the crack tip. Both reasons would result in a progressive reduction of the hydrogen
concentration in the process zone during crack growth (larger AK).

On the contrary, hydrogen is continuously provided to the process zone when the specimen is kept at a high
hydrogen pressure during all the test. In this case, hydrogen absorption takes place in the crack front where plastic
deformation attains very large values, being well known that hydrogen saturation largely increases with the applied
plastic deformation [24,25].

LE-01 o35 Air (10Hz)
®BS - Hpre-charged (0.1Hz)
®BS - 35 MPa Hydrogen (0.1Hz) »
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Fig. 9. da/dN vs. AK curves of the BS and CGHAZ tested in air and in 35 MPa pure hydrogen. R=0.1.

Table 2. Acceleration of the FCGR due to hydrogen in the BS and the CGHAZ. (da/dN)H/(da/dN)air

Testing Steel AK [MPavm]
methodology 35 40 45 50 55 60 65 70
Pre-charge BM 7.6 5.0 34 2.6 1.8 1.3 1.2 1.2
(1.2-1.0 wppm H) ~ CGHAZ - 14.1 7.0 5.0 3.8 3.0 24 14
In-situ BM 14.7 13.0 13.0 12.7 12.2 12.6 12.1 12.4

(35 MPa H,) CGHAZ 23.6 18.0 17.7 17.3 16.8 19.7 15.8 19.1
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This also explains that the behavior of pre-charged specimens is greatly affected by the testing frequency, as pre-
charged hydrogen needs a certain time to diffuse from the surroundings until attaining the accumulation needed to
embrittle the process zone. On the contrary, hydrogen diffusion distances from the crack tip to the process zone are
very small in the in-situ tests and the existence of very high local plastic deformation in this region also enhances
hydrogen diffusion (hydrogen transported by dislocations) [26], providing high accumulation of hydrogen even under
quite large testing frequencies (1 Hz).

An interesting fact to highlight is that despite the great difference observed in the FCGR behavior when using both
testing methodologies, the modification of the fracture micromechanisms due to hydrogen was practically the same
in both cases. Hydrogen failure micromechanisms (martensite lath decohesion and intergranular fracture) occur when
a critical accumulation of hydrogen is attained in the process zone and as this local hydrogen concentration increases
(in-situ tests), failure micromechanisms are not modified but extended to embrittle larger regions (increasing the
fatigue crack growth per cycle). In addition, the CGHAZ showed a considerable worst fatigue performance in presence
of hydrogen than the BS, intergranular failure micromechanism develops also in the latter case and this was observed
under both testing conditions, with pre-charged samples and under in-situ testing.

However, in light of the results shown in Table 2, even at low AK values, where the hydrogen effects on the FCGR
in hydrogen pre-charged specimens are important, tests performed on hydrogen pre-charged specimens do not
represent the actual performance of ferritic steels in contact with high-pressure hydrogen atmosphere, where FCGR
are significantly larger.

5. Conclusions

FCGR determined by means of in-situ tests performed under high-pressure hydrogen (35MPa) is much larger than
the corresponding values obtained using pre-charged specimens. In the former case, hydrogen is continuously
provided to the process zone during all the test. Hydrogen absorption takes place in the crack front where plastic
deformation attains very large values, giving rise to higher and more extended hydrogen accumulations.

The fatigue behavior of the pre-charged specimens is largely affected by the testing frequency, but it is not affected
in the case of the in-situ tests. Even when performed at the same frequencies, the diffusion distances needed to reach
the process zone and in turn the amount of hydrogen accumulated in this region are very different in both type of tests.

The presence of hydrogen modifies the fatigue failure micromechanism observed in the steels, taking place
martensite lath decohesion and intergranular fracture (only in the CGHAZ) under both type of hydrogen testing
conditions, pre-charged specimens and in-situ tests.
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