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ABSTRACT

This work aims to find suitable 42CrMo4 steel grades for working in energetic applications dealing with high
pressure hydrogen gas. Consequently, the influence of the tempering time on the hydrogen embrittlement (HE)
sensitivity of 42CrMo4 steel quenched and tempered at 600°C is studied. Compact tension (CT) specimens were
pre-charged with gaseous hydrogen in a pressurized reactor at 19.5 MPa and 450°C for 21 hours and tested for
fracture toughness afterwards in air. The hydrogen concentration introduced in the steels was determined using
thermal desorption analysis (TDA). The fracture micromechanisms were subsequently identified by means of
scanning electron microscopy (SEM). Electrochemical hydrogen permeation (EHP) tests were also performed to
gain better insight into the interaction between hydrogen atoms and the microstructure of these steel grades, and
consequently to justify the results. The fracture toughness of hydrogenated 42CrMo4 steel increases considerably
with the tempering time, being this behaviour correlated with the hydrogen trapping capability of the steel. Brittle
fracture micromechanisms, associated with the hydrogen-enhanced decohesion mechanism HEDE (martensitic
lath decohesion and intergranular fracture) were present to a lesser or greater degree in all the tempering times.

KEYWORDS: Hydrogen embrittlement, fracture toughness, diffusion, tempering time, fracture
micromechanisms.

1. INTRODUCTION

The growing importance of hydrogen energy in the global energy landscape requires the development of
economical steels able to safely transport large amounts of pressurized hydrogen without suffering from hydrogen
embrittlement.

Due to its small atomic size, hydrogen is easily absorbed in the BCC structure of steel when it is submitted to high
pressures. In these conditions it is able to diffuse along the crystalline lattice of the steel, driven by stress and
concentration gradients [1-3]. Eventually, hydrogen atoms are trapped into lattice imperfections such as vacancies,
dislocations and internal interfaces, known as hydrogen traps [4,5]. These traps are characterized by their density,
N;, and binding energy, Ep. Large accumulations of hydrogen in these sites drastically modifies the steel failure
micromechanisms when it is submitted to mechanical loads [6,7], leading to a deterioration of its mechanical
properties.

The two most relevant hydrogen damage mechanisms in the case of quenched and tempered CrMo steels are the
hydrogen-enhanced localised plasticity (HELP) and the hydrogen-enhanced decohesion (HEDE) [8]. However,
although some authors have isolated the effects of these mechanisms [9], others claim that the independent
occurrence of HELP or HEDE is frequently unable to explain hydrogen failures [10-12]. In fact, some works have
reported that these mechanisms act in a synergistic interplay, known as HELP mediated HEDE [13,14]. In this
case, hydrogen first facilitates dislocation mobility in highly strained areas (HELP), which fosters hydrogen
accumulation in the process zone ahead of the crack tip. The local stress state is modified in this zone and the
cohesive strength of internal interfaces is reduced (HEDE). The fracture surfaces are characterized by brittle
features: decohesion along internal interfaces such as martensitic laths, or grain boundaries [9,14,15].
Nevertheless, despite decades of research into the mechanisms of hydrogen induced failure, there is still much
controversy surrounding the identification and understanding of the failure mechanisms caused by HE in different
materials in different conditions [16].
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Based on the assumption that HE is governed by a combination of a defined amount of local accumulated hydrogen
and critical stress levels [17-19], it is obvious that the interaction between hydrogen atoms and dislocations play
an essential role in triggering this phenomenon. In CrMo steels with martensitic microstructures, the dislocation
density is directly related to the hardness of the steel, i.e., its yield strength [20]. In addition, this mechanical
property, determines the hydrostatic stress level in the crack tip when a load is applied, on, and therefore the
amount of hydrogen accumulated in this particular region, Chioc, Equation (1) [2].
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where Cp is the hydrogen present in the absence of stress, Vy is the partial molar volume of hydrogen in BCC
iron (V1=2.1 10" m%mol), R the gas constant and T is the temperature.

In this context, the development of heat treatments able to improve the HE resistance of martensitic CrMo steels,
without compromising their strength, plays an essential role in the development of hydrogen storage and transport
facilities, such as pressure vessels and pipes. Quenched and tempered CrMo or CrNiMo alloy steels are good
candidates for these applications and, as the susceptibility of steels to embrittlement by gaseous hydrogen increases
with increasing their mechanical strength, the steel ultimate tensile strength is limited to values lower than 950
MPa [21].

When vessels dimensions are large, these components may be made from welded plates and are usually submitted
to a post-welding heat treatment (PWHT). Typically, in order to minimize HE of welded joints, CrMo and CrMoV
steels are post-weld tempered at high temperatures, during which their strength and hardness significantly decline
as shown, among other works, in [22—24]. In general, the application of tempering temperatures within the range
of 650-720°C for 2-10 hours provides the best mechanical behaviour under internal hydrogen. For example, Tvrdy
et al. [25], demonstrated that even low-strength CrMo pressure vessel steels are susceptible to subcritical crack
growth under stress intensity factor levels far below the critical fracture toughness value of the corresponding steel,
Kic. They showed that the resistance to HE of their welds (hardened microstructures with higher dislocation
density) increases considerably after tempering at the maximum possible temperature. In fact, Mitchell et al. [22]
studied the optimisation of the PWHT in a 1.25Cr0.5Mo pressure vessel steel to be used in a high temperature
hydrogen service and suggested that tempering in the range of 670°-710°C for 8 hours could be the optimal solution
for resistance to HE. Similarly, Dai and Lippold [23], propose a PWHT of 660°C/10h as optimal for reducing
hydrogen-assisted cracking of the CGHAZ in 2.25Cr1Mo steels.

Regarding 42CrMo4 steel, although this kind of data is scarce, the influence of the tempering temperature on the
fracture toughness of hydrogen pre-charged samples was assessed in a previous work by this research group [26].
It was reported that the lowest fracture toughness reduction took place when the steel was tempered at the highest
temperature, 700°C. However, in that work, the tempering time was always two hours, and the influence of this
variable was not evaluated. The interchangeability of time and temperature is usually accomplished by use of the
Hollomon-Jaffe tempering parameter, P:

P =T(20+ log(?)) (2)

where T is the temperature in K and t is the time in hours, but the application of this parameter to explain HE
phenomena on steels needs further research.

Consequently, the aim of this paper is to study the influence of internal hydrogen on the fracture toughness of
42CrMo4 steel quenched and tempered at 600°C for different times (30 min, 2h, 24h and 7d). A tempering
temperature of 600°C was selected with the objective of attaining full tempered microstructures with relatively
low strength and high ductility and toughness after long time treatments and, on the contrary, low tempered and
high strength grades with lower toughness when low tempering times are applied. A very long, but impractical,
tempering time was also included (7d) to evaluate if it was able to provide a significant improvement in the steel’s
HE resistance. A comprehensive analysis of the fracture surfaces is carried out in order to identify the main fracture
micromechanisms and to establish the HE mechanisms that take place during the mechanical tests. These results
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are supported by hydrogen content measurements and electrochemical permeation tests, which make it possible to
determine the apparent hydrogen diffusion coefficient, Dayp, Of the studied grades and to estimate the trapping
capability of the steels.

2. EXPERIMENTAL PROCEDURE

2.1 Material and heat treatments

Hot rolled plates of 250x125x12 mm of commercial 42CrMo4 steel (0.42%C, 0.98%Cr, 0.22%Mo) were
austenitized at 845°C for 40 min, quenched in still water, and tempered at 600°C for different times: 30 minutes, 2
hours, 24 hours, and 7 days. In order to assess the influence of tempering time on HE, fracture toughness tests
were performed on hydrogen pre-charged compact tension (CT) specimens machined on these 4 grades, which
were designated according to their tempering time. Microstructural and mechanical characterization were
performed using scanning electron microscopy (SEM JEOL-JSM5600), hardness HV30 measurements and tensile
tests on standard specimens (@=5mm).

2.2 Hydrogen pre-charge

The fracture toughness CT specimens of the four grades were hydrogen pre-charged at 450°C for 21 hours in a
reactor containing hydrogen gas at 19.5 MPa. Although a theoretical hydrogen content of 4.1 wppm is attained
under the aforementioned charging conditions [26] - at this relatively high temperature, microstructural traps are
not active and hydrogen saturation can be considered to be the same than in pure BCC iron -, important hydrogen
losses take always place during the cooling stage needed before extracting the specimens from the reactor. After
hydrogen pre-charging, the specimens were maintained at cryogenic temperatures (in liquid nitrogen) until the
moment of testing in order to avoid further hydrogen losses. In order to measure the real amount of hydrogen
present in the steels at the beginning of the fracture toughness tests, cylindrical samples (with a length of 30 mm
and a diameter of 10 mm) were pre-charged under the same conditions. Their total hydrogen content was measured
by means of thermal desorption analysis (TDA) in a Leco DH603. The hydrogen desorption curves were also
determined to ensure that enough hydrogen content was kept in the samples during the mechanical tests. More
details on hydrogen charging and hydrogen content measurements are provided in [26,27].

2.3 Hydrogen permeation tests

With the aim of correlating the fracture toughness properties in presence of internal hydrogen with the apparent
hydrogen diffusion coefficient of the steels, Dapp, electrochemical permeation tests were performed. This is
especially relevant because Dapp is @ good indicator of the density of trapping sites [28]. Single-transient
permeation tests were carried out in a double-cell following the ASTM G148 [29] standard. Flat specimens with
a thickness between 0.8 and 1 mm (ground to 1200 grit) were used, and a circular area of 1.25 cm? was exposed
to both cells.

The cathodic cell was filled with 1M H.SO, + 0.25 g/l As;Os (to avoid recombination of hydrogen atoms) and
hydrogen was generated by applying a constant cathodic current density, Jc, of 0.5 mA/cm? between the specimen
and a platinum counter electrode. As Dapp is dependent on the hydrogen concentration in the steel [30,31], in this
work a low current value was chosen to characterize hydrogen diffusivity under low trap occupancy levels. This
situation is expected after the important hydrogen losses that take place during the cooling phase after gaseous
charging. In addition, a low J; value minimizes the likelihood of surface damage and hydrogen recombination. The
anodic cell was filled with 0.1MNaOH, where hydrogen atoms were oxidated and a permeation current, Jp,
recorded vs. time using a PalmSense4 potentiostat. In order to avoid the oxidation of other species, a thin palladium
coating (=50-100 nm) was electrodeposited on the anodic surface of the sample prior to testing. The anodic face
was polarized at a constant potential of 40-50 mV vs. Ag/AgCl reference electrode to ensure an initial permeation
background density below 0.1 pA/cm?.



At the end of the test, the Dapp value was calculated from the permeation transient using the tia,g method, as indicated
in [29]. Two permeation tests were performed for each grade, so the mean value and the average standard deviation
are provided.

2.4 Fracture toughness tests

Fracture toughness tests were performed on CT specimens with a width, W, of 48 mm, a thickness, B, of 12 mm,
and an initial notch, a,, of 20 mm. Firstly, the specimens were fatigue pre-cracked under a load ratio, R, of 0.1 and
a frequency, f, of 10 Hz, until reaching a crack length versus width ratio, a/W, of 0.5 (a;=25 mm), as indicated in
the ASTM E1820 standard [32]. Next, lateral notches were machined on both sides of the specimen to obtain a net
thickness, By, of 10 mm, so as to assure a plane strain state.

These tests were carried out in a servohydraulic universal MTS testing machine provided with a load cell of 100
kN. The crack growth throughout the test was determined by means of the compliance method using a COD gauge
and performing partial discharges (25%). The value of J obtained in each discharge was determined as the sum of
its elastic and plastic component. The former was calculated from the stress intensity factor, K, and the latter was
obtained by integrating the area below the Load-Load Line Displacement (P-LLD) plot, following the procedure
described in [32].

After the test, the initial, ao, and final, ar, crack lengths were corrected by measuring them onto the fracture surface
of the broken specimens. Consequently, the fracture toughness-crack growth (J-4a) curves were obtained and the
fracture toughness parameter, Jo.2/s. (in kd/m?), was determined. This parameter corresponds to the value of J after
an effective crack growth of 0.2 mm regarding the blunting of the crack tip and was employed to assess the fracture
toughness for the onset of crack growth. The slope of the blunting line was determined using Equation 3, where
oysand oy are the yield and ultimate strengths respectively [32].

] O-ys + Oyts
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In order to assess the influence of hydrogen on the J-4a curve during the crack growth stage, the difference between
the J value for an effective crack extension of 1 mm (JizeL) and the onset of crack growth (JosL) was also
determined and denoted as 4Jo.2-1.2/8L.

The fracture toughness tests of the uncharged specimens were carried out under a nominal displacement rate of 1
mm/min. Nevertheless, based on previous experiences [14,26], hydrogen pre-charged specimens were tested at a
displacement rate 100 times lower (0.01 mm/min) to facilitate hydrogen transport towards the highly stressed area
near the crack tip, maximizing hydrogen accumulation and thus HE. Two specimens of each grade were tested for
both uncharged and hydrogen pre-charged conditions to assure repetitiveness. The mean fracture toughness values
and the average standard deviation are provided.

The load and fracture toughness drop caused by the presence of internal hydrogen was assessed by means of the
embrittlement index El, defined in Equation (4), which varies from 0 (no hydrogen embrittlement) to 100%
(maximum possible hydrogen embrittlement).

X-X
El[%] =— % . 100 (4)

where X and Xy are the corresponding property determined without and with internal hydrogen respectively.
2.5 Observation of microstructures and fracture surfaces

In order to identify the operative fracture micromechanisms and relate them to the embrittlement indexes, a
thorough fractographic analysis of the fracture surfaces of all the tested CT specimens was performed in a scanning
electron microscope (SEM JEOL-JSM5600)



3. RESULTS

3.1 Microstructure, hardness, and tensile properties in uncharged specimens

The microstructure of the four 42CrMo4 grades consisted of tempered martensite, as can be observed in Figure 1
under a magnification of 5000x. A clear difference is noticed between those grades tempered for short times (30
min and 2h) and those tempered for longer times (24h and 7d). The former are characterized by their
microstructural acicularity, with elongated and needle-like carbides precipitated along martensitic lath interfaces.
On the contrary, when longer tempering treatments are applied, acicular morphology disappears. Indeed,
precipitated carbides have more time to break-up, grow, spherodize and distribute more homogeneously in the
microstructure, as seen in Figure 2(d). Table 1 and Figure 2 clearly show that as the tempering time increases the
hardness and strength parameters (oys and ous) decrease while ductility parameters (e and RA) increase.

Figure 1. SEM microstructures of 42CrMo4 steel quenched and tempered at 600°C for
(a) 30 min, (b)2h, (c) 24h and (d) 7d.

Based on these microstructural observations and the evolution of the HV30 hardness and tensile properties
presented in Figure 2, it is evident that increasing the duration of tempering promotes microstructural recovery
and stress relaxation, as well as a reduction in the density of internal interfaces, where dislocations tend to
accumulate [20]. In fact, considering that hardness and strength are indirect indicators of the dislocation density
[33], these results also indicate that the dislocation density of these martensitic microstructures decreases when
the tempering time is increased.



Oys Outs € RA
Grade Heat treatment HV30 [MPa] | [MPa] %] %]
QT600-30min | 845°C+WQ+T600°C/30min | 332+3 | 1020+1 | 1107+1 | 12.5+0.7 | 49.5+0.8
QT600-2h 845°C+WQ+T600°C/2h 30446 | 880+1 | 985+2 | 14.6+0.2 | 55.4+1.0
QT600-24h 845°C+WQ+T600°C/24h | 280+7 | 827+1 | 920+1 | 15.8+0.4 | 51.8+0.6
QT600-7d 845°C+WQ+T600°C/7d 24744 | 713+1 | 791%1 | 19.6%0.7 | 57.3x1.4
Table 1. Vickers hardness (HV30) and tensile properties of the different 42CrMo4 grades. Uncharged
specimens.
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Figure 2. (a) Hardness HV30, (b) yield strength, ays, and (c) total elongation, e, plotted against tempering time.
3.2. Diffusivity and trapping capability

The hydrogen desorption curves at room temperature obtained with each steel grade are shown in Figure 3. These
figures represent the evolution of hydrogen content, Cy, against the exposure time in air at room temperature, t.
Notice the very good fitting (R?>0.97) of the experimental data with exponential functions of the form
Cy = P14+ P2exp(P3 - t), which can be used to describe the hydrogen release by diffusion in a cylinder [34,35].
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Figure 3. Hydrogen concentration in the microstructure of each steel as a function of the elapsed time in air at
room temperature.
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The initial hydrogen content, Cro, corresponds to the hydrogen concentration in the steel at time t=0. This
parameter represents then the hydrogen concentration at the end of the cooling phase after thermal pre-charging in
the hydrogen reactor. On the other hand, the hydrogen concentration measured after a long exposure at room
temperature represents the strongly trapped hydrogen concentration, Cpi. This is the hydrogen fraction that is
retained in very strong (irreversibly) trapping sites and is not able to egress from the sample at room temperature.
The values of these parameters are given in Table 2.

Cho Chit Dapp

Grade [wppm] | [wppm] [m?/s]
QT600-30min 1.33 0.82 5.9+0.7x10
QT600-2h 1.41 0.72 7.4+0.5x101!
QT600-24h 0.52 0.25 1.1+0.1x1020
QT600-7d 0.51 0.15 1.7+0.7x1020

Table 2. Initial (Cno) and strongly trapped (Cwt) hydrogen contents obtained from the desorption curves and
apparent hydrogen diffusion coefficient (Dapp) determined in electrochemical permeation tests.

It should be mentioned that despite the hydrogen loses that take place during the cooling phase in the charging
reactor, a significant amount of hydrogen still remained in the steels at the moment of testing. It is known that very
low hydrogen concentrations (below 0.5 wppm) are enough to provide hydrogen embrittlement in martensitic
steels [36]. It is also interesting to note that, as happens with the microstructures, the Cyo values are quite similar
in those steels tempered for short times (1.3 and 1.4 wppm) and also in those steels tempered for longer times (0.5
wppm). However, Cy: decreases progressively when increasing the tempering time, evidencing a reduction in the
density of effective microstructural traps. This is in line with the reduction of dislocation and internal interface
densities, as explained in the microstructural analysis (Figure 1) and with the results presented in Figure 2.

Figure 4 shows the normalised permeation curves (Jp/Jss vs. t/L?) corresponding to the four microstructures, which
depend on hydrogen diffusivity and trapping. The dependence of the experimental data on hydrogen content and
on sample thickness was removed in this representation dividing the permeation current density, J,, by the steady-
state permeation current density, Jss, reached at the end of the rising transient and the acquisition time, t, by the
square of the sample thickness, L.
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Figure 4. Normalised permeation transients of the four 42CrMo4 grades.

Two main observations can be made about these curves. Firstly, the decrease of the break-through time when the
tempering time is increased. This is the time between the beginning of the test (t=0) and the moment at which the
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permeation current starts to rise, when the first hydrogen atoms are detected on the other side of the steel
membrane. Secondly, the slope of the permeation curve becomes steeper as the tempering time increases. As a
result, the time needed to attain the steady-state (Jss), where the permeation flux is practically constant, is lower.
In general terms, this behaviour indicates that in less tempered steels, with harder and more distorted
microstructures, hydrogen atoms encounter more obstacles during their diffusion through the steel, as the density
of hydrogen traps is greater. This is reflected in a decrease of the apparent hydrogen diffusion coefficient when
decreasing the tempering time, as reported in Table 2.

3.3 Fracture toughness and micromechanisms
3.3.1. Uncharged specimens

The fracture toughness results of the four grades tested in air without internal hydrogen are shown in Figure 5 and
Table 3. Figure 5(a) and (b) display the P-LLD curves and the J-Aa curves derived from them, respectively. The
maximum load reached during the fracture toughness test, Pmax, the J value (average and standard deviation) for
the onset of crack growth, Jo2ssL, the J value for an effective crack growth of 1 mm, Jie, and their difference,
AJoo-128L, Were also determined and are shown in Table 3. The potential law corresponding to the fitted
experimental data, J=C;4a%?, is also included.
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Figure 5. (a) P-LLD and (b) J-4a curves corresponding to the uncharged specimens (1 mm/min) of the four 42CrMo4 steel
grades.
Grade Oys Pmax Jo.ziBL JiamL | AJo2-1.2BL J=C14a*?
[MPa] [KN] [kI/m?] | [kI/m?] [kd/m?] Ci C
QT600-30min | 1020 | 40.440.7 | 368+40 | 530+30 | 162+10 | 479+31 | 0.27+0.03
QT600-2h* 880 42.1 292 545 253 456 0.43
QT600-24h 827 37.1+0.4 | 47443 | 76315 | 289+12 632+8 | 0.38+0.01
QT600-7d 713 32.0+0.5 | 519441 | 941422 | 422419 | 700£26 | 0.49+0.03

Table 3. Fracture toughness results of the different 42CrMo4 grades. Uncharged specimens at a displacement rate of 1
mm/min.* Only one fracture toughness test was performed in this case

It is observed that the grades with higher yield strength, tempered for shorter times, reached a higher Pmax during
the fracture tests, and exhibited lower fracture toughness values than those tempered for longer times. The
distinction between these two groups is clear when comparing the J-4a curves. This behaviour is in line both with
the microstructural observations seen in Figure 1 and with the desorption kinetics reported in Figure 3. It is also
interesting to note the flattening of the J-4a curve when the yield strength of the steel increases, as observed also
in the progressive reduction of the A4Jo2-1.281 parameter.

The only fracture micromechanism identified on the broken surfaces of all the uncharged specimens, regardless
the tempering time, was microvoid coalescence (MVC). This ductile mechanism, present along the whole crack
extension, is exemplified in Figures 6(a) and (b), for the specimens tempered for 30 min and 7d respectively
(highest and lowest yield strengths).
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Figure 6. General view of the fracture surfaces (left) and detail of MVC at the onset of crack growth (right) in uncharged CT
specimens of (a) QT600-30min and (b) QT600-7d. White arrows indicate the crack growth direction.

3.3.2. Hydrogen pre-charged specimens

The P-LLD and J-4a curves obtained with the 42CrMo4 grades tempered for shorter times, in the uncharged (1
mm/min) and H pre-charged (0.01 mm/min) conditions, are shown in Figures 7(a) and (b), respectively. The Pmax
and the fracture toughness values, Jo.2sL, J1.28L and AJo.2-1.2/8L, along with the test duration, test, the approximated
hydrogen content in the steel’s microstructure at the start of the tests (measured on cylindrical pins, Table 2), Ch,
and the exponential data fit, are presented in Table 4. Table 5 reports the associated embrittlement indexes.
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Figure 7. Load-displacement (P-LLD) and fracture toughness-crack growth (J-4a) curves of uncharged and H pre-charged
specimens of (a, b) QT600-30min and QT600-2h and (c, d) QT600-24h and QT600-7d.

Steel Viest trest Cho Prmax Jo.2BL JiamL | Ado2-12/8L J=C14a*?

[mm/min] | [h] | [wppm] [KN] [kd/m?] [k/m?] [kJ/m?] Ci C,
QT600-30min 1 03 | --—-- 40.4+0.7 368+40 530+30 | 162+10 | 479+31 | 0.27+0.03
0.01 1.4 1.3 15.9+0.8 11+2 25+3 1441 2313 0.52+0.04

QT600-2h 1 04 | --—-- 42.1 292 545 253 456 0.43
0.01 2.6 1.4 26.8+0.7 66+18 139+28 7319 120+16 | 0.42+0.09
QT600-24h 1 04 | --—-- 37.1+0.4 47413 763+15 | 282+12 6328 0.38+0.01
0.01 4.9 0.5 31.3+0.7 211+14 349+18 138+4 311416 | 0.34+0.01
QT600-7d 1 05| --—-- 32.0+0.5 519+41 941422 | 422419 | 700+26 | 0.49+0.03
0.01 8.8 0.5 29.31+0.1 257+17 560+47 | 303+39 | 438+48 | 0.54+0.01

Table 4. Results of the fracture toughness tests performed on uncharged and hydrogen pre-charged CT specimens of
42CrMo4 steel quenched and tempered at 600°C for different times.

Steel El (Pmax) | El (Jozer) | El (Q12m) | EI (Ado2-128L)
[%] [%] [%] [%]
QT600-30min 61 97 95 91
QT600-2h 36 77 74 71
QT600-24h 16 56 54 52
QT600-7d 9 51 40 28

Table 5. Average embrittlement indexes relative to Pmax, Jo.2eL, J1.28L and AJo.2-1.28L.
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Figures 7(a) and (b) illustrate the huge load and fracture toughness drop in the case of the hardest steels when
internal hydrogen is present (similar hydrogen contents around 1.4-1.3 wppm). In the grade tempered only for 30
minutes hydrogen embrittlement is maximum, the maximum load and the fracture toughness are reduced more
than 60% and 95%, respectively. Indeed, the fast and instable crack growth observed in the P-LLD plot as well as
the completely flat J-4a curve, with E1(AJo2-1.281) = 91%, are clear signs of the high susceptibility of this steel to
HE. Although the fracture properties of hydrogen pre-charged specimens seem to slightly improve when the
tempering treatment is extended to 2h (crack growth is more stable now), the fracture toughness reduction is still
above 70% along all the crack extension.

The presence of internal hydrogen in the microstructure of these two grades (shorter tempering times) gives rise
to considerable alterations of the operative fracture micromechanisms in these mechanical tests, in agreement with
the EI values reported in Table 5. As they had similar initial hydrogen concentrations, the operative failure
micromechanisms were comparable, as can be observed in Figures 8 and 9. In both cases the fracture
micromechanism along the whole crack extension (both at initiation and at propagation stages), was a combination
of decohesion along martensitic lath interfaces (MLD), and intergranular fracture (1G). MLD is described in detail
in [37].

-
[}
(]
Py
(8]
5]
—
o

© | (@)
Figure 8. Fracture micromechanisms (SEM) observed in H pre-charged specimens (0.01 mm/min) of QT600-30min steel
grade. (a)(b) General view and detail in (c) crack initiation and (d) propagation stages. Black arrow indicate crack growth
direction.
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Figure 9. Fracture micromechanisms (SEM) observed in H pre-charged specimens (0.01 mm/min) of QT600-2h steel grade.
(a)(b) General view, (c)(d) details at crack initiation. Black arrow indicates crack growth direction.

Figures 7(c) and (d) show the P-LLD and J-Aa curves of uncharged and H pre-charged specimens tempered for
24h and 7d. Both specimens had an initial hydrogen content of 0.5 wppm. Their associated fracture parameters
and embrittlement indexes are included in Tables 4 and 5. When compared to Figures 7(a) and (b), it is clear that
the fracture toughness behaviour improved in terms of hydrogen embrittlement with longer tempering treatments.
Nevertheless, there is a slight decrease of the maximum load and a significant reduction in fracture toughness due
to the presence of internal hydrogen in these grades. In fact, even after 24h of tempering all the fracture related
embrittlement indexes remain above 50% (Table 5). On the other hand, the steel tempered for the longest time
displayed the lowest sensitivity to HE, with a maximum load drop below 10%. Although the EI reported for the
fracture toughness at the onset of crack growth was also around 50% in this grade, after 1 mm of crack growth it
dropped to 40%, leading to a decrease of less than 30% of the AJo2-1.28L parameter. Thus, the steel tempered for 7
days had the greatest resistance to crack propagation in presence of hydrogen.

The fracture surfaces of the specimens tested under internal hydrogen in the QT600-24h steel are shown in Figure
10. The general view of Figure 10(a) reveals the presence of an initial region, with an extension of around 500-
900 um, characterized by a softer topography. A detailed view of this area, shown in Figures 10(b) and (c), shows
the presence of MLD as well as secondary cracking. After this initial zone, the predominant micromechanism is
MVC, as in the uncharged specimen. However, some brittle spots characterized by MLD, such as the one shown
in Figure 10(d), are still noticed.

In the same way, a general view of the fracture surface of the hydrogen pre-charged QT600-7d steel, Figure 11(a)
and (b), also reveals the existence of an initial region where hydrogen has fostered MLD micromechanism. In this
case its extension was limited to 275-300 um from the precrack. A detail of this area is shown in Figure 11(c). On
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the other hand, the main failure micromechanism operative in the crack propagation region is MVC, with very
occasional MLD regions like the one shown in Figure 11(d).
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Figure 10. Fracture micromechanisms observed in H pre-charged specimens (0.01 mm/min) of QT600-24h steel. (a) General

view, (b)(c) detail at the crack initiation region and (d) detail at the crack propagation region. Black arrow indicates crack
growth direction.
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Figure 11. Fracture micromechanisms observed in H pre-charged specimens (0.01 mm/min) of QT600-7d steel. (a)(b)
General views, (c) detail of the crack initiation region and (d) detail of the crack propagation region. Black arrow indicates
crack growth direction.
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4. DISCUSSION

HE is governed by the complex interplay of a local stress state and a local hydrogen concentration in the process
region just ahead of the crack tip [38-40]. Therefore, the yield strength as well as the density of hydrogen traps,
N, are good indicators of the susceptibility of the steel to this phenomenon.

Figure 12(a) depicts the relationship between the duration of the tempering treatment (in logarithmic scale), the
apparent diffusion coefficients, Dagp, and the strongly trapped hydrogen, Cu:, of the four studied grades. Dagp
increases and Cu: decreases with the duration of the tempering treatment. Considering these trends, together with
the microstructural interpretation explained above, it can be said that increasing the tempering time gives rise to a
more recovered and less distorted microstructure, with less capacity to retain hydrogen and therefore less obstacles

that hinder hydrogen diffusion.
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Figure 12. Evolution of the (a) apparent diffusion coefficient, Dapp, and strongly trapped hydrogen, Cw:, and (b)
density of trapping sites, N;, with the tempering time.

Indeed, Equation 5 is frequently employed to correlate the density of hydrogen trapping sites, N, with Dap, when
trap occupancy is low [41].

D, Ep
Nt =NL D -1 T exp (—ﬁ) (5)
app

where Ni represents the density of interstitial lattice sites, Dy the lattice diffusion coefficient, Ey the trap binding
energy, R the gas constant and T the temperature. These parameters can be assumed to be practically constant in
the studied 42CrMo4 grades, being possible to estimate the density of trapping sites. For tetrahedral interstitial
sites in the BCC Fe crystal lattice N has a value of 5.1x10% sites/m® [42]. D, has been reported to be in the order
of 7.3x10° m?s [43] for undeformed pure iron, however in a distorted martensitic lattice this value is usually
lower [44,45]. Zafra et al. [46] reported D, values between 3.8 and 7.6x102° m?/s for a 42CrMo4 steel quenched
and tempered between 500 and 700°C, so an average value of 5.7x10° m?/s was considered in this work. These
same authors [46] also demonstrated that the tempering temperature has no relevant influence on the nature of the
existing traps, and determined an average E, of 27.4 kJ/mol for hydrogen trapped in dislocations. The same
trapping response is expected when the tempering time is modified keeping the tempering temperature constant.
Consequently, being widely accepted that dislocations, which are frequently piled-up in internal interfaces,
constitute the governing hydrogen trap in martensitic microstructures of CrMo steels [47,48], a E, =27.4 kd/mol
was used to estimate N;.

The N; values obtained for each studied grade by means of Equation (5), considering the Dapp determined through
hydrogen permeation tests (Table 3), are reported in Table 6. These values are comparable to those obtained by
other authors in similar CrMo steels [44,49,50]. For example, Si et al. [50] obtained a trap density of 3.7x10%
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sites/m® in a 1Cr0.12Mo0.2Ni steel quenched and tempered at 600°C for 3h. Figure 12(b) shows the evolution of
N; with the tempering time. In line with the evolution of Dagp and Cry, longer tempering times lead to a considerable
reduction of the number of microstructural hydrogen traps in the steel (mainly dislocations).

Nt
Grade [sites/m®]
QT600-30min 6.9x10%
QT600-2h 5.4x10%
QT600-24h 3.5x10%
QT600-7d 1.8x10%

Table 6. Density of trapping sites, N, estimated in all the studied grades.

It is then clear that the N; parameter constitute a useful indicator of the dislocation density in martensitic CrMo
steels. This fact is of great relevance, as dislocations play an essential role in hydrogen trapping and in
embrittlement mechanisms. Once the presence of hydrogen atoms reduce the Peierls stress in the steel, facilitating
the movement of dislocations (HELP) [8], dislocations themselves are also able to transport hydrogen atoms to the
highly stressed and strained region developed ahead of the crack tip. Therefore, under the same internal hydrogen
concentration, hydrogen accumulation into the crack tip process zone increases significantly in steels with greater
N: (dislocation density).

Figure 13 also shows that increasing the yield strength of the steel, increases the density of hydrogen trapping
sites. This means that during the fracture test the magnitude of the hydrostatic stress, on, (2.50ys) [51] developed
in the crack front region is greater. Therefore, more hydrogen atoms will move towards this region (Equation 1),
where they accumulate in internal interfaces. Eventually, when the local hydrogen concentration in this zone, Chioc,
reaches a critical hydrogen concentration, Cuerit, decohesion between these internal interfaces can take place under
abnormally low stress values. Failure will occur then due to the HEDE mechanism, that is manifested as MLD
and/or 1G features in fracture surfaces (see Figures from 8 to 11). The process through which HE takes place in a
hydrogen pre-charged CT specimen is represented schematically in Figure 14 for two steels with different yield
strength (oys1>0ys2). In addition, the use of low displacement rates is significant in this embrittling process as
hydrogen is transported towards the process zone for longer times leading to higher hydrogen accumulation in the
process zone [52]. In other words, a higher yield strength not only implies that in a stress-free situation the density
of trapping sites in the steel is higher, but also that hydrogen accumulation in the process zone will be multiplied
during mechanical loading.
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Figure 13. Relationship between the yield strength, oys, and the trap density, Nx.
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Figure 14. Cohesive strength reduction (docon) of grain boundaries and lath interfaces due to hydrogen. ocon
represents the cohesive strength of the uncharged steel and ocon-n represents the cohesive strength of the steel

A
a
g Geoh
i Decohesi
ecohesion
Om1 . .
/—\mlcromechamsms AGcoh
A4
Gcoh-H
Om
/\ -
rF 3
P U, Oys2
rd \\
- OOHEDE N
>HW o )
; - >
' Process zone / Distance ahead
7/ .
>/>, 1 Crioe = <\< of crack tip
¥ yoSAL A K- .
P e ¥ I\
yy '¢ Stress-free zone
HELP Crp

with internal hydrogen.

The influence of yield strength on HE sensitivity is illustrated in Figure 15, which shows the evolution of the Jo 281
embrittlement index in terms of the yield strength of the steel. It is observed that El(Jo.2sL) increases linearly with
oys, With a good correlation coefficient (R?=0.912). The predominant fracture micromechanisms (and their
extension in the fracture surface), as well as Cyo are indicated in this figure.
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Figure 15. Embrittlement index relative to Jo 2L parameter, EI(JO,Z/BL), as a function of the steel yield strength,
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Brittle hydrogen micromechanisms (MLD+1G) were present throughout the whole fracture surface in the two
steels with the highest yield strengths. However, in the case of the two steels with the lowest yield strengths, a Co
of 0.5 wppm is not high enough to reach the critical concentration in the crack tip which would trigger grain
boundary decohesion. MLD is therefore the operative mechanism for crack growth initiation of the grades
tempered for longer times. Nevertheless, even under the same Cyo, the higher ays and N; of the steel tempered for
24h gives rise to a slight increase in the embrittlement index and the initial region affected by MLD increases from
300 to 700 um. When the yield strength of the steel is further increased as a result of applying a shorter tempering
treatment, the embrittlement index drastically increases and IG micromechanism is present along the whole
fracture surface extension. As happened before, despite both high strength grades having similar Cyo values (1.3-
1.4 wppm), the steel with the higher ays (higher on in the process zone) had a maximum Joe. reduction, above
95%.

Itis clear than under a tempering temperature of 600°C, even the long treatments applied in this work, 24h and 7d,
are insufficient to minimize HE, as fracture toughness reductions of about 50% are still unacceptable for a safe
structural design, implying the use of large safety factors with the resulting increase of costs. Considering the
linear trend proposed in Figure 15, to reduce HE to an admissible value, for example El(Jo.2/s) below 15%, a steel
with a yield strength lower than 515 MPa should be used for the manufacturing of hydrogen pressure vessels.
However, assuming a linear trend in Figure 2(b) for the yield strength vs. the tempering time, a tempering treatment
of nearly 500 days at 600°C would be necessary, which is obviously impractical and excessively costly.

The JoasL fracture toughness results and corresponding hydrogen embrittlement indexes, El, in presence of
hydrogen were represented in Figure 15 against the Hollomon-Jaffe tempering parameter, including also previous
results [26] obtained with the same steel quenched and tempered at 600, 650 and 700°C for 2 hours. Although
more tests are needed, tempering parameter seems to offer a certain confidence to extrapolate fracture toughness
hydrogen embrittlement results. According to Equation 2, the Hollomon-Jaffe tempering parameter, P,
corresponding to that tempering treatment (600°C for 470 days) is 14432. Therefore, an equivalent treatment -
with the same P - could be easily attained by applying a tempering treatment at 700°C for 4h. Nevertheless, it is
obvious then that more research is needed on thermal treatments in order to find the 42CrMo4 grade most suitable
for high hydrogen pressure applications.

5. CONCLUSIONS

The effects of internal hydrogen on the fracture toughness of a 42CrMo4 steel quenched and tempered at 600°C
for different times (30 min, 2 h, 24 h and 7 d) was researched in this work. The hydrogen diffusivity and trapping
capability of the studied microstructures were assessed by means of electrochemical permeation tests and the
determination of hydrogen desorption curves. Finally, a thorough fractographic analysis was performed in order
to identify the prevalent hydrogen embrittlement mechanisms. The following conclusions were obtained:

e Astempering time was increased from 30 min to 7 days, the distortion and acicularity of the martensitic
microstructure was reduced, as well as its dislocation density. These facts explain the reduction in
hardness and strength of the steel with the increase of tempering duration.

e The desorption kinetics of those grades submitted to shorter treatments, 30 min and 2h, were very similar.
The same occurs with the steel grades tempered for longer times, 24h and 7d. In both groups, the initial
hydrogen content measured using TDA was comparable, 1.3-1.4 and 0.5 wppm respectively.
Nevertheless, Dapp increases and Cy: decreases with longer tempering times. This is due to a reduction of
the dislocation density and therefore the density of hydrogen traps.

e The fracture toughness of all the studied grades was considerably reduced by the presence of internal
hydrogen, and the fracture micromechanisms were also affected. Indeed, as the yield strength of the steel
increased (shorter tempering treatments), the embrittlement index associated to the Jo2sL parameter
increased linearly, attaining values as high as 95%.

e Whereas microvoid coalescence was the operative micromechanism in all the uncharged steel grades, the
fracture toughness drop reported in the hydrogenated specimens is explained by a change in the failure
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micromechanisms: decohesion along martensitic lath interfaces (MLD) and even intergranular fracture
(1G) in the strongest, less tempered grades.

e Finally, due to the high embrittlement indexes for the onset of crack growth (Jo2sL) reported in all the
grades - always higher than 50% -, the studied heat treatments are not recommended for applications
where cracks may grow in the presence of hydrogen. Alternative heat treatments, such as high temperature
tempering treatments should be investigated in order to provide a suitable 42CrMo4 grade for the
manufacturing of welded pipes and pressure vessels containing high-pressure hydrogen gas.
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