EFFECT OF INTERNAL HYDROGEN ON THE TENSILE
PROPERTIES OF DIFFERENT CrMo(V) STEEL GRADES:
INFLUENCE OF VANADIUM ADDITION ON HYDROGEN
TRAPPING AND DIFFUSION

L.B.Peral, A. Zafra, |. Fernandez-Pariente, C.Rodriguez and J.Belzunce

Department of Materials Science and Metallurgical Engineering, University of Oviedo, Campus
Universitario, East Building, 33203, Gijon, Spain

Corresponding author: luisborjapm@amail.com (L.B.Peral)

Abstract: The influence of hydrogen on the mechanical behaviour of different quenched and tempered
CrMo steels with or without vanadium were investigated by means of tensile tests. Smooth and
circunferentially-notched round-bar specimens pre-charged with gaseous hydrogen in a high pressure
hydrogen reactor were tested. The degradation of the tensile properties was correlated with the interaction
between hydrogen atoms and microstructure, which was analyzed by means of thermal desorption analysis
(TDA) and permeation tests. A LECO DH603 hydrogen analyser was used to study the activation energies
of the different microstructural traps and also to study the hydrogen eggresion kinetics at room temperature.
Moreover, electrochemical hydrogen permeation tests were also used to determine the apparent hydrogen
diffusion coefficients and the density of traps present in the different steel grades.

Hydrogen embrittlement measured in notched specimens was much greater than that observed in the smooth
samples, being this effect more notable in the steel grades with higher yield strengths, tempered at the
lowest temperatures, where a change in the fracture micromechanism from ductile in the absence of
hydrogen to intermediate and brittle in the presence of internal hydrogen was clearly observed, especially
in tests performed at the lowest displacement rates. Results were discussed through FEM simulations of
local stresses acting on the process zone. On the other hand, the VV-added steel grades were less sensitive to
hydrogen embrittlement due to the effect of the submicrometric VC precipitated during the tempering
treatment, which might be considered non-diffusible hydrogen-trapping sites, in view of their strong
hydrogen-trapping capability (35-41 kJ/mol). In these steels (V-added grades), diffusible hydrogen and
hydrogen accumulation in the process zone decrease, improving hydrogen embrittlement resistance.

Keywords: hydrogen embrittlement, notch tensile tests, thermal desorption analysis, electrochemical
hydrogen permeation tests, CrMo steels.

1 Introduction

A certain number of pressing technical problems must be solved for the development of infrastructures
able to deal with the expected hydrogen society in the near future. In this context, it is important to
understand the complex embrittlement phenomena due to the presence of hydrogen that may result in a
significant degradation of the mechanical properties of metallic materials. Vessels and pipelines used to
store and transport hydrogen must be able to provide a safe service during long periods of time in direct
contact with gaseous hydrogen under high internal pressure, being then essential to ensure good resistance
to hydrogen embrittlement (HE). Generally, quenched and tempered steels alloyed with chromium,
chromium-molybdenum or chromium-molybdenum-vanadium are used in these industrial facilities [1]. In
order to reduce the vessel wall thickness and hence the cost of the components, medium and high strength
steels are preferred, although it is well known that these steels are more sensitive to hydrogen embrittlement
than low strength ferritic steels, austenitic stainless steel or aluminium alloys [2-4]. This susceptibility
increasing with the strength level of the steels [3-9]. The family of quenched and tempered chromium-
molybdenum-vanadium steels may be tempered at relatively high temperature in order to reduce strength
and hardness, so as to reduce hydrogen embrittlement problems. Moreover, the effect of ‘hydrogen
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trapping’ plays an important role in hydrogen embrittlement. Hydrogen atoms are known to be retained in
quenched and tempered steels (tempered martensite microstructures) in microstructural traps, such as prior
austenitic grain boundaries, martensitic lath and packet interfaces, dislocations, matrix-precipitated carbide
interfaces (cementite in the case of the non-alloyed steels) and matrix-inclusion interfaces.

When a notched component is submitted to an external load for long periods of time in a hydrogen
environment, hydrogen atoms diffuse along the steel microstructure and accumulate at the stress
concentration region located in front of the notch (high triaxiality). Hydrogen concentration in the region
located ahead of the notch in medium and high strength steels is dominated by the hydrostatic stress and
can be estimated according to the Oriani theory by means of equation 1 [10].

og'V
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Where Ch.noteh IS the hydrogen concentration in the vicinity of the notch, Hp the diffusible hydrogen content
(lattice and reversible hydrogen), o is the hydrostatic stress developed in the notch region, Vs the partial
molar volume of hydrogen in BCC Fe (Vu=2.1-10° m3/mol), R the gas constant and T is the testing
temperature.

Due to the accumulation of hydrogen in this area, a critical hydrogen concentration can be reached, giving
rise to embrittlement mechanisms responsible for a premature failure. In this way, the homogeneous
distribution of strong traps in the microstructure of the steel might contribute to delay hydrogen diffusion,
reducing hydrogen accumulation in the process zone improving the hydrogen embrittlement resistance. At
this respect, the addition of vanadium to chromium-molybdenum steels to estimulate the precipitation of
vanadium carbides during the tempering was demonstrated to be a good practice in order to fight against
hydrogen embrittlement. Different authors have proved that vanadium carbides act as strong hydrogen
traps [11-14]. This fact is illustrated in Figure 1 in a notched specimen submited to a tensile load in the
presence of internal hydrogen
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Figure 1. Notched tensile specimen. Hydrogen diffusion towards the stress concentrator. (a) Without
traps. (b) With traps

Crack propagation

Consequently, different authors have studied the ‘hydrogen trapping’ effect in different steel
microstructures and have determined the activation energies of the different traps present in quenched and
tempered steels. Table 1 shows results extracted from the literature, with the corresponding references.



Dislocations (elastic field) 20-30[15], 23-27[16], 26[17], 24-27[18]
Dislocation cores 59[15], 60[16], 60-61[18], 59[19]

Prior austenitic grain boundaries 32[16], 18-20[17], 17-59[18], 26 [19], 18.3 [20]
a /FesC interfaces 11-18[16], 18.3[19], 8.4-13.4[21]

o/MnS interfaces 72[15], 72.3[17]

Vanadium carbides 32.6 [11], 35.3[11], 36[12], 27.4 [13]

Table 1. Activation energies (kJ/mol) of typical hydrogen traps present in steels

Then, although the embrittlement effects of hydrogen on chromium-molybdenum-vanadium steels and on
other quenched and tempered steels have been studied for some time now, the operative hydrogen
embrittlement mechanisms are still controversial. Moreover, in most studies, the hydrogen content in the
steels have not been directly measured and the hydrogen effect on the mechanical properties measured by
means of typical hydrogen embrittlement indexes have not been directly correlated to the interaction
between hydrogen atoms and the steel microstructure using parameters as the trap energy, density of traps
or apparent hydrogen diffusion coefficient. Moreover, it is nowadays known that mechanical loads,
hydrogen uptake and trapping, hydrogen diffusion and microstructure are all involved on the embrittlement
mechanisms. In this sense, many theories have been proposed to explain the mechanisms of hydrogen
embrittlement on structural steels. Namely, the two most generally accepted ones are the Hydrogen-
Enhanced-Decohesion (HEDE) [22-24] and the Hydrogen-Enhanced-Localized-Plasticity (HELP) [24-
26]. The mechanisms of hydrogen induced failure in quenched and tempered steels usually starts with the
stress activation of slip systems in individual grains at stress concentrators, being nowadays accepted that
the enhancement of this dislocation activity is explained due to the HELP mechanism. As a result, the
mobility of dislocations increases and plasticity localizes due to the presence of hydrogen [26-28].
Nucleation, growth and coalescence of microvoids is facilitated, resulting in a fracture surface
characterized by the presence of large and shallow dimples. Under higher local loads or in the case of high
strength steels, HEDE mechanism predominates. HEDE mechanism supposes that hydrogen atoms
adsorbed or segregated at internal interfaces and grain boundaries weaken the interatomic bonds and cause
decohesion under relatively low local loads [29], leading to brittle or quasi-brittle fractures, such as a
cleavage or intergranular decohesion along prior austenitic grain boundaries or along interfaces between
martesnsitic laths and packets, promoted by carbides precipitation and segregation of residual elements.
Although it is argued that only diffusible hydrogen reduces the interface cohesion [30], the mechanical
properties degradation due to hydrogen is also influenced by other variables such as the geometry and
dimensions of the specimens or by testing parameters as, for example, the strain rate [3].

In this context, smooth and circumferentially-notched specimens of quenched and tempered 2.25Cr1Mo
and 2.25Cr1MoV steels were thermally pre-charged with gaseous hydrogen in a high pressure hydrogen
reactor and the tensile properties on smooth and notched samples were determined and compared under
different applied displacement rates to analyse the influence of the strain rate and stress concentrators on
hydrogen embrittlement. Gaseous hydrogen pre-charging at high temperature is a very effective method
as, given the exponential vatiation of the diffusion coefficient and solubility with temperature, the kinetics
of hydrogen entry into the steel is significantly accelerated and, after a few hours, a similar concentration
of hydrogen to that obtained after years of service at room temperature can be reached. Other objectives
of this work were to analyse the influence of the steel yield strength (produced modifying the tempering
temperature) and the addition of vanadium (vanadium free and vanadium added steels) on the hydrogen
embrittlement susceptibility of the steels. Moreover, thermal desorption analysis and electrochemical
hydrogen permeation tests were used to analyse the interaction hydrogen/microstructure on the different
heat treated steels in order to explain the effect of hydrogen on the mechanical properties of the different
steel grades. In addition, FEM simulations of the notched tensile tests was carried out and a thorough
fractographic analysis was performed to identify the operative failure micromechanisms.



2 Experimental procedure

2.1 Materials, heat treatments and specimens

Two different low-alloyed ferritic steels from the Cr-Mo family were selected in this study, with
and without vanadium. The chemical composition of the steels, in weight %, is shown in Table 2.

Steel grade C Mn Si P S Cr Mo Ni \Y
2.25Cr1Mo 0.143 | 0.563 | 0.157 | 0.005 | 0.0020 | 2.23 | 1.00 | 0.090 | -
2.25CriMoV 0.150 | 0520 | 0.086 | 0.006 | 0.0016 | 2.27 | 1.06 | 0.186 | 0.31

Table 2. Chemical composition of 2.25Cr1Mo and 2.25Cr1MoV steels (weight %)

2.25Cr1Mo and 2.25Cr1MoV steels were studied in the as-received (AR) condition (see Table 3).
In addition, 2.25Cr1Mo steel was austenitized at 940°C for 30 min, quenched in water and tempered at
600°C for two hours. Regarding 2.25Cr1MoV, it was austenitized at 940°C for 30 min, quenched in water
and tempered at 650°C for two hours. In this way, two different grades with the same chemical composition
were obtained in each case. The sequence of heat treatments and the nomenclature of the obtained grades
(based on the tempering temperature) are shown in Table 3.

Specimen 1D Heat treatment sequences
V-free 2.25CriMo_690 AR: 940°C/3h+ water quenched + 690°C/30h tempered
2.25CriMo 600 AR+940°C/30min+water quenched+600°C/2h tempered
V-added 2.25Cr1MoV_720 AR: 925°C/90mi!1+ water guenched + 720°C/3h tempered
2.25CriMoV_650 AR+940°C/30min+water quenched +650°C/2h tempered

Table 3. Applied heat treatments (on plates of 12 mm thickness)

Different specimens were machined to perform the different mechanical tests: small cylindrical
samples (Figure 2c) were used to measure hydrogen content introduced into the different steel grades and
to study the Kinetics of hydrogen egression at room temperature (RT). The same geometry was employed
to determine the activation energy of microstructural hydrogen traps. Electrochemical hydrogen permeation
technique was applied onto small plates with 1 mm thickness (Figure 2d). Finally, smooth tensile specimens
(Figure 2a) and notched tensile specimens with a sharp notch (Figure 2b) were also machined. In these
cases, the tensile load was always applied perpendicular to the rolling direction (L) as can be seen in Figure
2.

d

Figure 2. Test samples machined from the heat treated plates (12 mm thickness). L: rolling direction,
T: transversal direction, S: thickness direction

2.2 Microstructure and hardness

The steel microstructures were observed in a scanning electron microscope (SEM JEOL-JSM5600)
using an acceleration voltage of 20 kV. Previously, the samples were ground and finally polished with 1um



diamond paste and etched with Nital-2%. The metallographic prepared samples were also employed to
determine the dislocation density and residual stresses.

Brinell hardness (HB) was also determined using a Hoytom hardness tester using a load of 187.5
kg and a ball of 2.5 mm diameter, according to [31]. On each case, five measuremens were conducted and
the average value was determined.

2.2.1  Dislocation density

The dislocation density in the 2.25Cr1Mo(V) steel grades after the different heat tratments was
experimentally measured using the Williamson-Hall method [32], based on the full width half maximum
(FWHM). These measurements were carried out by means of an X-ray Stresstech 3000-G3R diffactometer
with K, chromium radiation at 30 kV and 6.7 mA. The FWHM parameter was calculated in different 26(°)
positions corresponding to the following martensite/ferrite diffraction planes: {211}2e-156.4c, {200}20-106.1°
and {110}2e=6¢-. These data were analysed using the Williamson-Hall equation (equation 2):

cos(6) _ 0.9 sin(6)

FWHMcorrected T F + 2¢ 2 (2)

Where © is the diffraction angle, A the X-ray wave-length (A = 0.2291 nm), D the average particle size and
FWHMcorrected the corrected full width half maximum. The dislocation density, p, was calculated using
equation 3, where € can be calculated from the slope of FWHM-cos(©)/A versus sin(©)/A plot, equation 2.

_ £\s
p=144 (b) (3)

Where b is the Burgers vector (b=0.248 nm) [33].

The FWHM measurements obtained on the different peaks (FWHMiniia) Were corrected taking into
consideration the instrumental broadening (FWHMinstrumentar). FWHMinstrumental Was measured in a specimen
with a large grain size [34]. With this aim, a sample of 2.25Cr1MoV_720 steel grade was austenitized at
940°C for 30 minutes and then slowly cooled in the furnace (annealed sample). The corrected FWHM
(FWHMcorected) Was then determined by means of equation 4.

FWHMgorrected = l:Wl—llv[iznitiad - l:WHMiznstrumental (4)

2.2.2 Residual stresses

Residual stresses were measured using the aforementioned Stresstech 3000-G3R X-ray
diffractometer. The Ka chromium wavelength was employed onto the {211} ferrite/martensite planes under
a 26 angle of 156.4°. The residual stress was determined using the sin®y technique by means of equation 5

[35].
o _[ij L)% (5)
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Where, E and v are the elastic modulus and Poisson coefficient of the steel along the crystallographic
direction of measurement, d is the interplanar distance of the selected diffraction plane (hkl), g the tilt angle
and ¢ the angle in the sample plane. Values of E=211000 MPa and v=0.3 were used. The detection of the
diffraction peak was carried out at nine positions of the tilt angle, between -45 and +45°, using an exposure
time of 40 seconds in each position. The working parameters used for the measurement of residual stresses
are shown in Table 4.

Measurement mode Modified y Filter of the Kq radiation Vanadium
Maximum voltage (V) 30 Maximum intensity (mA) 6.7
Exposure time (s) 50 @ colimator (mm) 1

Tilt y (°) 9 points between -45°/+45° | Goniometric rotation (measurement direction) ¢ (°) 0
Noise reduction Parabolic Peak adjustment Pseudo-Voigt

Table 4. Working parameters used for residual stress measurements




2.3 Fracture surface observations

The fracture surfaces of the tested specimens were also carefully examined using the already
mentioned Scanning Electron Microscope under different magnifications.

2.4 Hydrogen pre-charging

All the specimens were pre-charged with gaseous hydrogen in a high-pressure reactor with a diameter
of 73 mm and total length of 180 mm, manufactured in accordance with the ASTM G146 standard [36]. In
order to make sure that the specimens were saturated with hydrogen, the following conditions were applied:
21 hours at 450°C under a pressure of 19.5 MPa of pure hydrogen. After the maintenance time, a cooling
phase of 1 hour, until a temperature of 85°C (keeping the hydrogen pressure at 19.5 MPa to minimize
hydrogen departure) was always used. Afterwards, the hydrogen pre-charged specimens were removed
from the reactor and rapidly immersed in liquid nitrogen (-196°C), where they were kept until the moment
of testing, in order to limit hydrogen losses.

2.5  Hydrogen content and hydrogen desorption curves measurements

Being one of the aims of the study to correlate the loss of mechanical properties with the amount of
hydrogen present in the different steel grades, the hydrogen egression kinetics at room temperature was
determined. With this purpose, cylindrical pins with a diameter of 10 mm and a length of 30 mm were used
(= 20g), see Figure 2c.

The hydrogen content of the samples was measured in a LECO DH603 analyzer, which is able to
measure hydrogen concentrations between 0.1 and 2500 ppm. The measuring principle of the equipment is
based on the difference of thermal conductivity between a reference gas flow of pure nitrogen and a
secondary flow carrying nitrogen and the hydrogen extracted from the specimen. This conductivity
difference is measured by means of a Wheatstone bridge and converted into an electrical signal that is
interpreted by the equipment software, which finally gives the sample hydrogen concentration in ‘ppm’.

The procedure to obtain the desorption curves was the following: all the cylindrical hydrogen pre-
charged pins were removed from the liquid nitrogen at the same time, and exposed in air at room
temperature. Then, the hydrogen concentration of the samples was measured at different time intervals.
Before starting the measure, each sample was cleaned in an ultrasonic bath with acetone for 5 minutes, and
then carefully dried using cold air. The analysis to determine hydrogen concentration consists on keeping
the sample at 1100°C during approximately 400 seconds in the aforementioned LECO DH603 analyzer.

2.6 Determination the activation energy of hydrogen traps

To determine the hydrogen trapping characteristics in the different steel grades, hydrogen
measurements were performed in the hydrogen LECO DH603 analyzer under different heating rates (3600,
2400, 1800, 1200, 800 and 400°C/h) for determining the activation energy of hydrogen traps present in the
microstructure of the steels. Assuming that the escape of hydrogen from a trap site is a thermally activated
process, the hydrogen evolution rate from trapping sites can be written according to the following
expression (Equation 6).

dXy

= A (1-Xn)-exp(-E4/RT) (6)

Where Xy is the fraction of hydrogen evolved from a trapping site characterized by an activation energy
E,, being A a constant.



Hence, when a hydrogen-charged specimen is heated at a uniform rate, ¢;-(dT/dt), a hydrogen peak, related
to the trap activation energy, is detected at a certain temperature, T,,. Using the model developed by Lee
and Lee [17], the trap activation energy, Ea, can be calculated from the slope of a In(d)i/TpiZ) versus 1T,

plot, Equation 7. A linear regression is then defined measuring the change in the peak temperature with the
applied heating rate.
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2.7  Electrochemical hydrogen permeation tests

Hydrogen absorption, permeation and diffusion was analysed using the electrochemical double cell,
which was first proposed by Devanathan and Stachurski [37]. Hydrogen atoms are generated on the
charging cell (the entry side of the steel membrane) and the diffusing hydrogen atoms are oxidized on the
anodic cell (exit side). Accordingly, an anodic current density (J) was continuosly recorded using an Ivium
PocketSTAT potenciostat. On the entry side, hydrogen was generated under a current density of 1 mA/cm?
(in galvanostatic conditions) using a 2 mol/l H,SO4 + 0.25 g/l of As,O3 solution (pH=1). This small current
density is enough to ensure that hydrogen available in the solution, H*, is reduced and partially adsorbed in
the steel surface, allowing hydrogen diffusion along the thickness of the steel membrane, and its arrival to
the exit side can be registered as an anodic current evolution. A circular area of approximately 1 cm? was
exposed to the solution and the electrochemical tests were conducted at room temperature (~20°C).

The anodic cell (the hydrogen exit side) contained 0.1 mol/l NaOH solution (pH=12) and was
potentiostatically polarized at a constant potential of 50 mV versus a silver/silver-chloride (Ag/Ag-Cl)
reference electrode (Ref). The steel samples were electrolytically coated with palladium on the anodic side
prior to the test to facilitate hydrogen oxidation. Figure 3 displays the schematic Devanathan-Stachurski
double cell empoyed in this study.

H Charging System Potentiostat
CE WE WE Ref CE

O mwem O O O O

Pt ] Pt

|

Entry side: H + & 2H Exitside: H? H 4+ e

Figure 3. Devanathan-Stachurski double cell. CE: counter electrode (Pt), WE: working electrode (steel
sample) and Ref: reference electrode (Ag/Ag-Cl)

The apparent diffusion coefficient was calculated using the ‘time lag’ method derived from Fick’s second
law [38] by means of equation 8.
L2

Dapp = 6~_tL (8)



Where L is the thickness of the sample and t, is the time lag or time to attain J=0.63/,,,,,., being J the current
density and J,,,, the current density corresponding to the steady state.

The hydrogen concentration of the subsurface at the entry or cathodic side, Capp, Can be estimated by
equation 9 [38, 39], where My is the molar mass of hydrogen (1g/mol), F the Faraday constant (96485
C/mol) and pr. the density of iron (7.87-108 g/m?).

Capp = (9)

Dapp'F-PFe

Equation 10 is the result of a mathematical model [39] that can be used to determine the average density of
hydrogen traps (N) present in the steel microstructure, only needing the results obtained in the permeation
test. Na is the Avogadro’s constant (6.022-10%% mol™2).

Ca i
Ny = 2222 (DLatt . 1)+ Na (10)
3 Dapp

To estimate the lattice diffusion coefficient (Dianice) in the different steel grades, a decay transient was
applied once the steady state hydrogen flux was achieved (switching-off of the cathodic current). According
to Zakroczymski [40] and Frappart [41], in the initial part of the decay curve (1 > i/i,, = 0.9), desorption
of diffusible hydrogen prevails and this part of the cuve is well described by the theoretical Fick’s law,
equation 11, allowing us to estimate the hydrogen lattice diffusion, Dyaice.
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2.8  Tensile tests

Tensile tests on smooth and circumferentially-notched round-bar specimens, whose dimensions and
geometries are shown in Figure 4, were performed on an Instron 5582 tensile testing machine. All
uncharged tests were performed at 0.4 mm/min, but different displacement rates (from 0.4 to 0.0004
mm/min) were applied in the case of the pre-charged specimens in order to study the influence of this
important parameter in hydrogen embrittlement. The stress concentration factor of the notched tensile
specimen, with a notch root radius of 0.15 mm and a cross-section radius of 5 mm, was calculated by means
of FEM analysis. A stress concentration factor around K=4.25 was obtained. This value is in agreement
with those calculated by other authors using similar specimen geometries [3].
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Figure 4. Geometry and dimensions (mm) of (a) smooth and (b) notched (Kt=4.25) tensile specimens



The ultimate tensile fracture stress (ou) for both kinds of specimens was determined as the
maximum load divided by the initial minimum cross section area. The extent of hydrogen embrittlement
was assessed by means of the embrittlement index (EI), defined in equation 12. An EI of 100% corresponds
to the maximum hydrogen embrittlement, while EI=0 means no embrittlement at all.

X-X
EI[%] = — 7. 100 (12)

Where X and Xy are the evaluated material property measured without and with hydrogen respectively.

2.9 FEM simulations

FEM Abaqus CAE software was used to obtain the stress distribution along the radius in the notch
region of the tensile specimens. A 2D elastic-plastic finite element model with a Hollomon hardening law
obtained from the tensile tests was developed, taking into account the axisymmetric nature of the specimens
(Figure 4b). The geometry of the specimens was unevenly meshed, being this mesh finer in the vicinity of
the notch root. 8-node biquadratic axisymmetric quadrilateral elements with reduced integration (CAX8R)
were used with a minimum size around 40 nm. This model was also employed to determine the
aforementioned K; concentration factor.

The distribution of the normal stress perpendicular to the notch plane, G2, the Von Mises stress, Gym

(equation 13), and the hydrostatic stress, G+ (equation 14), was calculated at the moment of the failure of
the specimen. The following exspressions were used.

Oum = J(O'n—azz)z+(0'22—2033)2+(U33—0'11)2 (13)
— 0'11+0';2+0'33 (14)

Where 611, 622 and o3z are the principal stresses.



3 Results

3.1  Steel microstructure, dislocation density and residual stresses

The resultant microstructures, the dislocation density (p) and the residual stresses (Gres) of the
2.25Cr1Mo and 2.25Cr1MoV steels after the heat treatments described in Table 3 are respectively shown
in Figure 5 and Table 5.

(b)

©

(d)

Figure 5. Microstructure of heat treated steels (x5000). (a) 2.25Cr1Mo_690. (b) 2.25Cr1Mo_600. (c)
2.25CriMoV_720. (d) 2.25Cr1MoV_650

FWHMcorrected (rad)

cRes (M Pa) |n

Steel grade 21T mes | {200h061- | {11030 2¢ Rz | p (L/cm?) 211 e
2.25CriMo_690 0.0265 0.0090 0.0060 0.0012 | 0.82 8.3-10° -18+5
2.25CriMo_600 0.0460 0.0110 0.0057 0.0113 | 0.97 | 7.4-10% -90 12

2.25CriMoV_720 0.0311 0.0100 0.0060 0.0035 | 0.96 | 7.1-10% 52+12
2.25CriMoV_650 0.0440 0.0130 0.0070 0.0079 | 0.99 | 3.6-10% -118 £ 10

Table 5. Dislocation density (p) and residual stresses (ores) Of 2.25Cr1Mo(V) steel grades

Figure 6 displays the fitting of the Williamson-Hall equation, equation 2, used to determine the
dislocation density of the steels. The high determination coefficient (R?) obtained in all cases must be
highlighted. It is worth noting that increasing the tempering temperature, dislocation density significantly
decreases in both steels.
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Figure 6. Dislocation density determination using the Williamson-Hall method

Regarding the microstructures showed in Figure 5, they correspond to tempered martensite in all
cases, with a prior austenite grain size around 25 pm. The profuse carbide precipitation that takes place
during the tempering stage is clearly seen. In the case of the 2.25Cr1Mo steel, these precipitates were
identified as M3sC, M23Cg and M7Cs [42], while in the 2.25Cr1MoV steel, precipitates have been recognized
as MC and M,C; [43]. With increasing tempering temperature, internal residual stresses are released,
dislocation rearrangement/annihilation and substructure recovery takes place (see Table 5), decreasing the
interfaces between martensite lath/packet boundaries and dislocation density [44].

Microstructural differences among the studied steel grades explain the hardness (Brinell hardness)
and tensile properties shown in Table 6 (oy: yield strength, oy: ultimate tensile strength, e: total elongation
and RA: reduction in area). In the same table, K and n coeffcients derived from the Hollomon’s law are
also shown, being oy the true stress and &,y the true plastic strain.

c ou e RA Hollomon's law: 6,=K-&7,
Steel grade HB [MFy’a] (VP %] 6] i n P
2.25Cr1Mo_690 170 430 580 27.0 80 862 0.12
2.25Cr1Mo_600 285 761 895 21.0 71 1120 0.06
2.25CriMoV_720 | 200 567 714 23.0 77 932 0.08
2.25CriMoV_650 | 262 667 829 19.0 73 1066 0.07

Table 6. Brinell Hardness (HB), tensile properties and Hollomon parameters (K and n) of the different steel
grades

According to Table 6, as tempering temperature increases, the hardness and strength level
decreases, while elongation and reduction in area increases in both steels. Figure 7a gives the relationship
found between dislocation density (p) and Brinell hardness (HB). Hardness of the 2.25Cr1MoV grades are
something higher than expected and this point can be explained due to hardening provided by VC
precipitation in the course of tempering. Figure 7b also shows an excellent correlation between the yield
strength and hardness.
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Figure 7. (a) Dislocation density versus Brinell hardness and (b) yield strength versus Brinell Hardness.
2.25Cr1Mo(V) steel grades. Circles represent V-free grades and squares represent V-added grades

Finally, in order to compare the steel grades with and without vanadium treated under the different
tempering temperatures, the Hollomon-Jaffe parameter [45], exposed in equation 15 was used. The obtained
results are displayed in Figure 8, where the hardening effect due to the precipitation of vanadium carbide
can be appreciated.

P=T(20+logt) (15)

Where, T is the tempering temperature (in K) and t is the tempering time (in hours).
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Figure 8. Ultimate tensile strength (o) as a function of the tempering parameter

3.2 Hydrogen contents and hydrogen desorption curves

The hydrogen desorption curves measured at room temperature in each steel grade are shown in
Figure 9. These figures represent the hydrogen content evolution (in ppm) versus the exposure time (in
hours) at room temperature (RT). The hydrogen content measured in these steel grades before pre-charging
was around 0.1 ppm. After hydrogen pre-charging, an initial hydrogen content (Cyg) of 0.6 and 1.3 ppm
was measured respectively in the 2.25Cr1Mo_690 and 2.25Cr1Mo_600 grades, while in the V-added



Total hydrogen content (ppm)

2.25Cr1Mo steel grades, the measured initial hydrogen content was around 4 ppm. Applying Fick’s
diffusion law in the radial direction of the axisymmetric cylindrical sample with a finite element model
(FEM analysis) and fitting the numerical and the experimental results, the apparent diffusion coefficient
(Dapp) Was obtained [46].

Figure 9. Hydrogen desorption curves at room temperature (RT). (a) 2.25Cr1Mo steel grades (V-free) and
(b) 2.25Cr1MoV steel grades (V-added)

According to Figure 9, the initial hydrogen content of each steel grade, Cwo, corresponds to the
first point of the curve (t=0). The residual hydrogen, Cus, is the hydrogen strongly trapped in the steel
microstructure, hydrogen content after a long exposure at room temperature, being the diffusible hydrogen
(Cho - Chr) the amount that is able to get out from traps and diffuse out of the steel in long terms. These
parameters and the apparent diffusion coefficient are summarized in Table 7.

Cho Chi Cho-Chi Chio-Chi Dapp
Steel grade 0 )
[ppm] | [ppm] [Ppm] [%] [m?/s]
2.25CriMo_690 0.6 0.2 0.4 68 (after 17 h at RT) 25101
2.25Cr1Mo_600 13 0.6 0.7 53 (after 48 h at RT) 8.0-10"
525CTIMOV 720 | 4.3 7.0 03 S (afer 220 halRT) | 2.0.100
2.25Cr1MoV_650 3.8 34 0.4 11 (after 368 h at RT) 8.0-10%2

Table 7. Initial (Cro), residual (Crs), diffusible (Cro-Crs) hydrogen contents and the apparent diffusion
coefficient (Dapp) calculated from FEM analysis [46]

In the V-free steels, as tempering temperature increases, the initial and residual hydrogen contents
decrease and the apparent diffusion coefficient increases, as this microstructure has the lowest density of
total hydrogen traps and strong traps, mainly due to stress relaxation, reduction in dislocation density (see
Table 5) and internal interfaces (martensite laths, blocks and packets). On the other hand, V-free 2.25CriMo
grades always desorbed hydrogen much faster than V-added grades giving rise to larger apparent diffusion
coefficients (Table 7). This fact suggests that vanadium carbides (it is the main structural difference
between these two steels) are very strong hydrogen-trapping sites. In the VV-added grades, most hydrogen
does not diffuse out from the cylidrincal samples after a long exposure time at RT (only about 10%) despite
their very high initial hydrogen concentration (Cho).
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Hydrogen Intensity

Hydrogen intensity

In order to support these results, trap hydrogen activation energies (Ea) were calculated on each steel
grade and electrochemical hydrogen permeation tests were also employeed to determine the density of
hydrogen traps (Nr).

3.3 Activation energy of hydrogen traps

Figure 10 gives the results of the hydrogen thermal desorption analysis (TDA) performed on the
studied steel grades under different heating rates (¢:), in which different hydrogen peaks were detected at
specific tempertures, T,..
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Figure 10. Thermal desorption analysis of (a) 2.25Cr1Mo_690, (b) 2.25Cr1Mo_600, (c) 2.25Cr1MoV_720 and
(d) 2.25Cr1MoV_650 steel grades under different heating rates, ¢(°C/h)



Figure 11 shows the different linear regressions (equation 7) applied to determine the trap
activation energies corresponding to the different peaks identified in the V-free grades (a) and also in the
V-added grades (b). It is worth noting the excellent fitting of these results, with R? determination
coefficients very close to unity.
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Figure 11. Determination of trap activation energies. (a) V-free steel grades. (b) V-added steel grades

Table 8 shows the slope, m, of the In(¢i/Tpi2) versus (1/Ty,) plots, the R? determination coefficient
and the activation energy corresponding to the different hydrogen peaks, E,, calculated from TDA analysis.



Grado de acero Position peak m (slope) Ea [kJ/mol] R?
1t 1578 13 0.95
1t 1651 14 1.00
2.25CriMo_600 o 2172 18 0.96
3rd 3608 30 0.92
1st 1999 17 0.99
2.25Cr1MoV_720 ond 4244 35 0.96
1t 1991 17 0.98
2.25CriMoV_650 o 2879 41 0.99

Table 8. Trap activation energies determined in the studied steel grades

Two peaks were identified in the 2.25Cr1Mo_690 grade tempered at 690°C for 30 hours. The activation
energy determined for the first peak, 13 kJ/mol, is in general associated with the ferrite/carbides interfaces
[47-49], while the activation energy obtained for the second peak, 18 kJ/mol, was attributed to interfaces
between martensite laths and packets [48-50]. On the other hand, in the grade tempered at the lowest
temperature (2.25Cr1Mo_600), a third peak was found with an activation energy around 30 kJ/mol, and
this energy is normally attributed to the interaction of hydrogen atoms with the elastic field of dislocations
[15-18]. It is worth noting that this third peak was not observed in the 2.25Cr1Mo_690 grade, as the high
tempering temperature (690°C) has decreased the density of dislocations by a factor close to 100 (see Table
5).

Regarding the V-added grades, all the identified peaks were shifted to higher temperatures, as can be seen
in Figure 10, when camparison is made for the same heating rate. This phenomenon was also observed by
other authors [51]. Two peaks were always noticed in the V-added grades, the first one, with an activation
energy of 17 kJ/mol, very similar to that previously calculated for the second peak in the V-free steels (see
Table 8). On the other hand, a second peak with activation energies of 35 kJ/mol and 41 kJ/mol, were found
in the V-added grades respectively tempered at 720°C and 650°C. These energies were considered to be the
activation energy of hydrogen desorption from V-carbides precipitated in dislocations, and agreed well with
the works of Asahi et al. [11] and Yamasaki et al. [12].

Accordingly, the higher activation energies (35-41 kJ/mol) determined in the V-added steel grades also
confirm the RT desorption results given in Table 7, which showed that V-added grades present a much
stronger hydrogen trapping capability and this result is explained by the presence of submicrometric
vanadium carbides precipitated during the tempering treatment.

3.4  Electrochemical hydrogen permeation

Figure 12 displays the electrochemical hydrogen permeation curves obtained with the different steel
grades, with and without vanadium. Table 9 summarizes the parameters obtained from the mentioned
permeation curves and Figure 13 gives as an example the theoretical data adjustment (1 = J//max = 0.9)
performed to estimate the lattice diffusion coefficient in the case of the 2.25CriMo_690 steel grade.

According to the results shown in Table 9 and regarding the V-free grades, 2.25Cr1Mo_600, with a lower
tempering temperature, has a trapping density (Nt) around two orders of magnitude higher than
2.25Cr1Mo_690 (higher tempering temperature) and, consequently, the apparent diffusion coefficient
(Dapp) determined in the 2.25Cr1Mo_600 grade was eight times lower than the one estimated for the grade
tempered at the highest temperature. Moreover, it is also worth noting that the apparent hydrogen
concentration, Capp, in the 2.25Cr1Mo_600 is strongly increased due to higher trapping.

Regarding the VV-added steel grades, a similar effect was noticed. As tempering temperature decreases, the
density of traps increases and then, the apparent diffusion coefficient decreases, while the apparent
hydrogen concentration increases.
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Figure 12. Hydrogen permeation curves (under 1 mA/cm?). (a) V-free steels and (b) V-added steels

Jmax Capp Dapp DLattice NT
Steelgrade | v Aem | [ppm] [m2/s] mals] | [sites/m]
225CriMo_690 | 215 17 17100 | 30100 | 11.10%
225CrIMo_600 | 19.0 11.9 21100 | 25109 | 1.0.105
2.25CrIMoV 720 | 17.0 71 26100 | L6100 | 23.10%
2 25CrIMoV 650 | 1L5 265 52107 | 11100 | 42.10%

Table 9. Results of hydrogen permeation tests. 2.25Cr1Mo(V) steel grades

Finally, the lattice diffusion coefficient (D_aice) determined with the four grades gave values in the range
of 102° m?/s, which are lower than the values of the lattice diffusivity of hydrogen in pure iron (Dge,~107-

10° m?/s) [39, 41, 52], being justified by the effect of solute atoms and by the presence of internal stresses
(Table 5) [53].
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Figure 13. Decay transient (after switching-off the cathodic current). 2.5CriMo_690 (Dpatice=3-10"°
m?/s in Table 9)

3.5  Tensile tests on smooth specimens

Figure 14 and Table 10 show the stress-strain curves and the tensile properties obtained for the \V-free and
V-added steels uncharged and hydrogen pre-charged and tested at different displacement rates.
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Figure 14. Stress-strain curves. (a) 2.25Cr1Mo_690, (b) 2.25Cr1Mo_600, (c) 2.25Cr1MoV_720 and (d)
2.25Cr1MoV_650



The duration of the tests and the hydrogen content at the start and at the end of the tests, Co, Cs, estimated
from the hydrogen desorption curves (Figure 9) are also given in Table 10. In the same table, the
embrittlement indexes (EI) corresponding to yield strength (oy), ultimate tensile strength (o), elongation

(e) and reduction in area (RA) are also shown.

Displacement Tes_t oy . e RA El (%)
Steel grade (mrrs;fn o dl(JrrT?itrl]())n MPa) | (MPa) ) %) o o . rA | Co=> Ci(ppm)
0.4 16 430 580 27.0 80 - - - - Uncharged
2.25Cr1Mo_690 0.4 18 450 590 27.0 78 0 0 0 3 0.60 > 0.57
0.04 183 430 570 26.0 77 0 2 4 4 0.60 - 0.26
0.4 12 761 895 21.0 71 - - - - Uncharged
2.25Cr1Mo_600 0.4 14 776 897 17.0 68 0 0 19 4 1.30 > 1.30
0.04 126 757 882 16.0 63 1 1 24 11 1.30 > 0.96
0.4 10 567 714 23.0 77 - - - - Uncharged
2.25Cr1iMoV_720 0.4 15 580 717 21.0 75 0 0 9 3 4.30 > 4.30
0.04 137 600 706 19.5 73 0 1 15 5 4.30 > 4.30
0.4 18 667 829 19.0 73 - - - - Uncharged
2.25Cr1MoV_650 0.4 15 685 833 17.0 70 0 0 11 4 3.80 > 3.80
0.04 140 685 817 15.0 68 0 1 21 7 3.80 = 3.80

Table 10. Tensile results on smooth specimens, embrittlement indexes and hydrogen evolution estimation

during the tests

Tensile properties of hydrogen pre-charged smooth specimens remained barely unaffected independently
of the applied displacement rate. Embrittlement indexes calculated on the different grades were quite low
although it is worth noting that grades submitted to lower tempering temperature were slightly more
sensitive to hydrogen embrittlement (hardest grades, 2.25Cr1Mo_600 and 2.25Cr1MoV_650) and such
sensitivity increased when tested at the lowest displamente rates. Regarding the failure micromechanism,
the typical ductile fracture mechanism, which consists on nucleation, growth and coalescence of
microvoids, was observed on the uncharged and also on all the pre-charged specimens under the scanning
electron microscope. This fact may be related to the low triaxiality of the smooth tensile specimens, that
precludes hydrogen accumulation accoding to the Oriani theory (equation 1).
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3.6  Tensile tests on notched specimens

3.6.1  Experimental results

Figure 15 gives the stress-strain curves of the uncharged and hydrogen pre-charged notched specimens.
Tensile tests curves performed on notched specimen show a reduced plastic region, as most of the specimen
is only elastically strained, except a very small region close to the stress concentrator (notch tip region).
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Figure 15. Stress-strain curves in notched tensile tests (a) 2.25Cr1Mo_690, (b) 2.25Cr1Mo_600, c)

2.25Cr1MoV_720 and d) 2.25Cr1MoV_650

Table 11 shows the results obtained under the different applied displacement rates, from 0.4 to 0.0004
mm/min: as the test displacement rate decreases, hydrogen embrittlement increases, being this effect more
notable in the grades tempered at the lowest temperatures.



Displacement El (%)
Steel grade rate du-[:tsign (,\A"F“,a) (F;/A) RA cé" ?n?f *Fracture Micromechanisms
(mm/min) )| o PP
0.4 10 min 1224 | 205 | - - Uncharged MVC
0.4 10 min 1202 | 189 | O 8 | 0.60 > 0.60 MVC
2.25Cr1Mo_690 0.04 80 min 1200 | 174 | 2 15 | 0.60 - 0.36 MVC
(5y=430 MPa) 0.004 13 hours | 1017 | 13.0 [ 17 | 37 | 0.60 2> 0.20 MVC+PRHIC
0.0004 5 days 1069 | 9.0 | 13 | 56 | 0.60 > 0.20 MVC+PRHIC
0.4 10min | 1533 | 170 | - - Uncharged MVC
0.4 15 min 1503 | 16.0 | 2 6 | 1.30>1.28 MVC
2.25Cr1Mo_600 0.04 127 min | 1479 7.0 [ 35| 59 | 1.30 > 0.95 MVC
(6,=761 MPa) 0.004 10 hours | 1448 | 4.0 | 55| 76 | 1.30 > 0.65 | MVC+cleavages+PRHIC+IG
0.0004 4 days 1076 | 3.0 | 30 | 82 | 1.30 > 0.60 Cleavages+PRHIC+IG
0.4 10 min 1294 | 18.0 | - - Uncharged MVC
0.4 10 min 1281 | 175 | 1 3 |430>4.32 MVC
2.25Cr1MoV_720 0.04 90 min 1261 | 140 | 3 22 | 4.30 2 4.29 MVC
(6y=567 MPa) 0.004 15hours | 1202 [ 120 | 7 | 33 [ 430> 4.20 MVC
0.0004 4 days 1209 | 90 | 5 | 50 | 430> 4.04 MVC
0.4 10 min 1585 | 165 | - - Uncharged MVC
0.4 10min | 1568 | 120 | 1 | 28 | 3.80 > 3.83 MVC
2.25Cr1MoV_650 0.04 60min | 1456 | 9.0 | 9 | 47 | 3.80> 3381 MVC
(0y=667 MPa) 0.004 11hours | 1479 | 80 | 7 | 52 [ 3.80>3.74 MVC
0.0004 6 days 1400 | 7.0 | 12 | 60 | 3.80 > 3.53 MV C+cleavages+PRHIC

*MVC: microvoid coalescence, PRHIC: plasticity related hydrogen induced cracking, IG: intergranular

Table 11. Tensile results on notched specimens, 2.25Cr1Mo(V) steels (Ki=4.25), embrittlement indexes,
hydrogen evolution estimation during the tests and predominat failure micromechanisms

In the case of the V-free 2.25Cr1lMo_690 steel, the notch tensile strength with pre-charged internal
hydrogen tested at the lowest displacement rate, 0.0004 mm/min, was 1069 MPa with a reduction of area
of 9% (see Table 11), while this grade had shown a notched strength of 1224 MPa and a reduction of area
of 20.5% in the uncharged condition, giving then rise to embittlement indexes of 13 and 56% respectively.
On the other hand, the notch tensile strength of the 2.25Cr1Mo_600 grade (lower tempering temperature),
under the lowest displacement rate was 1076 MPa with a reduction of area around 3% (see Table 11), while,
the notch tensile strength and the reduction in area were respectively 1533 MPa and 17% in the uncharged
test (embrittlement indexes of 30 and 82%).

Regarding now the V-added grades, the ultimate tensile strength was barely affected by the presence of
internal hydrogen but, on the opposite, reduction in area (RA) was significantly affected, especially in tests
performed under low displacement rates. The VV-added steel grade tempered at 650°C (lower tempering
temperature) was more sensitive to hydrogen embrittlement. In fact, the fracture strength of this grade
decreased around 12% and reduction in area around 60% (Table 11), when hydrogen pre-charged
specimens were tested at the lowest displacement rate (0.0004 mm/min).

3.6.2  Finite element simulations

As it was already mentioned, hydrogen distribution in the notch region is dominated by hydrostatic stress
even when plastic strain is high, in this way, low displacement rates allow hydrogen to diffuse along the
steel microstructure and move to attain the stress concentration region located in front of the notch (high
triaxiality). Due to the accumulation of hydrogen in this area, a critical hydrogen concentration can be
reached, giving rise to a premature failure.

In order to explain the experimental results obtained with the notched specimens, the distribution of the
local normal stress perpendicular to the notch plane, o2z, the Von Mises stress, ovwm, the hydrostatic stress,
on, and also the oym/oy ratio were calculated along the radial path defined from the free surface at the tip




of the notch (x=0) to the centre of the specimen in the notched section (x=2.5 mm). The aforementioned
distribution of stresses along the sample radial direction when the applied stress is equal to the notch tensile

strength is given in Figure 16.
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Figure 16. Distribution of (@) ovw/oy, (b) owm, (C) onand (d) 22 along the radial direction when the applied

stress is equal to the notch tensile strength

Figure 16a shows the ovm/cy ratio versus the distance from notch tip at an applied stress equal to the notch
tensile srength for the four steel grades. The extension of the plastic zone (cvm/oy = 1) varies between 100
and 250 pm, increasing in both steels as the tempering temperature does (lower yield strength). In addition,
Figure 16b, c and d show the ovm, on and o2, versus distance from the notch tip. The influence of the steel
yield strength on the VVon Mises stress level close to the notch tip is also clearly seen in Figure 16b, as such
stress increases significantly as the steel yield strength increases. A peak on the hydrostatic stress (Figure
16¢) and on the normal stress (Figure 16d) at a certain distance (125-250um) from the notch tip develop in
these tests with maximum values increasing as the steel yield strength does. According to equation 1,

hydrogen accumulation will take place in this location.
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3.6.3 Fracture surfaces

In order to complete the analysis of hydrogen effect on the degradation of the tensile properties of
the steels, the fracture surfaces of the notched specimens were analysed. Figure 17 shows the surface
corresponding to the uncharged 2.25Cr1Mo_690 grade, which shows a ductile micromechanism, consisting
on initiation, growth and coalescence of microvoids, MVC.

(@) General fracture surface (b) Detail region marked as (a)

Figure 17. Fracture surfaces of uncharged 2.25Cr1Mo_690 grade tested at 0.4 mm/min

Figure 18 shows now the fracture surfaces of the same steel hydrogen pre-charged and tested at the lowest
displacent rate (0.0004 mm/min), where hydrogen embrittlement was maximum. The main failure
micromechanism was also ductile (MVC). In the central region of the sample, quite large and flat areas are
noticed (black arrows, see Figure 18b). These areas are shallow voids, which have grown due to the
enhanced and localized plasticity produced by the presence of hydrogen. This failure mechanism is known
as HELP (hydrogen enhanced localized plasticity). Nevertheless, the region just ahead the notch tip (first
150 pm, from the notch tip, see Figure 18c), where the hydrostatic stress attains the maximum value (on ~
600 MPa, Figure 16c), has the appearance of a transgranular fracture or quasi-cleavage (HEDE, hydrogen-
enhanced decohesion), micromechanism that is usually denoted as PRHIC or plasticity related hydrogen
induced cracking in quenched and tempered steels (Figure 18d).

The PRHIC mechanism was first described by Takeda and McMahon [54] in reference to the fracture
mechanism observed in a low alloy quenched and tempered steel in hydrogen gas. It is described as a
fracture surface characterized by ductile micro-plastic tearing on a very fine scale, along martensite lath
interfaces. Hydrogen accumulation promotes plastic deformation and final fracture along these interfaces.
Failure initiates just ahead of the notch under this mechanism and MV C takes place afterwards in the centre
of the sample.

It is important to mention that the same micromechanisms were also observed at 0.004 mm/min (as
indicated in Table 11) but in this case, PRHIC extension was something smaller. On the other hand, at 0.4
and 0.04 mm/min, PRHIC micromechanism was not noticed and the only failure micromechanism was
coalescence of microvoids (MVC), see Table 11.
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(c) Detail region (a-2), surface (d) Detail region (c-1)

Figure 18. Fracture surfaces corresponding to hydrogen pre-charged 2.25Cr1Mo_690 tested at 0.0004
mm/min (5 days testing), El o, ~ 13% and EI RA ~ 56%

Regarding now the 2.25Cr1Mo_600 steel grade (lower tempering temperature), their fracture surfaces were
shown in Figure 19 and Figure 20.

Figure 19 corresponds to the uncharged specimen and shows a ductile failure micromechanism, consisting
on initiation, growth and coalescence of microvoids, similar to the one operative in the high temperature
tempered grade, 2.25Cr1Mo_690.

Fracture surfaces corresponding to the hydrogen pre-charged specimens tested at the lowest displacement
rate (0.0004 mm/min) are shown in Figure 20. On the general fracture surface, two different regions are
noticed. The first one, located in the surface region above the dotted line marked in the figure, where failure
initiated, is characterized by the presence of PRHIC and intergranular fracture (IG) micromechanisms
(Figure 20b and c). This region attains a maximum depth of 1 mm corresponding to the high hydrostatic
stress area (on > 800 MPa, Figure 16c). Cleavage micromechanism was also present in the bulk of this
specimen (Figure 20d).

The same hydrogen micromechanisms were also observed at 0.004 mm/min, where hydrogen embrittlement
was also significant but, in this case, the depth of the most embrittled region also characterized by the
presence of PRHIC and IG micromechanisms was lower (around 500 pm). On the contrary, under the
highest displacement rates (0.4 and 0.04 mm/min), these failure micromechanisms were not observed, but
only MVC (Table 11).



(a) General fracture surface (b) Detail region marked as (a-1)

Figure 19. Fracture surfaces corresponding to the uncharged 2.25Cr1Mo_600 grade tested at 0.4 mm/min
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(c) Detail region a-2 (d) Detail region a-3

Figure 20. Fracture surfaces corresponding to hydrogen pre-charged 2.25Cr1Mo_600 grade tested at
0.0004 mm/min (4 days testing), El o, ~ 30% and El RA ~ 82%



Figure 21 shows now the appearance of the failure surface of the uncharged 2.25Cr1MoV steel
grades (tempered at 720°C and 650°C): a ductile micromechanism, consisting on initiation, growth and
coalescence of microvoids (MVC) on both steel grades was observed.

(b)

Figure 21. Fracture surfaces corresponding to the uncharged 2.25CriMoV grades tested at 0.4 mm/min.
(a) 2.25Cr1MoV_720. (b) 2.25Cr1MoV_650

On the other hand, the fracture surfaces corresponding to the hydrogen pre-charged specimen and tested at
the lowest displacent rate (0.0004 mm/min) are respectively shown in Figure 22 and Figure 23 for the grade
tempered at the highest (2.25Cr1MoV_720) and lowest (2.25Cr1MoV_650) temperature.

Although reduction in area and ultimate tensile strength embrittlement indexes of 50% and 5% were
respectively measured in the 2.25Cr1MoV_720 grade tested at the lowest displacement rate (see Table 11),
failure micromecahnisms did not change respect the uncharged condition. Only the presence of shallow
voids, enlarged due to localized plasticity produced by hydrogen accumulation in the notch section (HELP
mechanism) is worth mentioning, see Figure 22b.

S R W SR LIS S
(a) General fracture (b) Detail region, marked as a-1

Figure 22. Fracture surfaces corresponding to hydrogen precharged 2.25CriMoV_720 tested at 0.0004
mm/min (4 days testing), El o, ~ 5% and EI RA ~ 50%

Finally, the 2.25Cr1MoV_650 steel grade, tempered at a lower temperature and with a higher yield strength
(reduction in area and ultimate tensile strength embrittlement indexes of 60% and 12% respectively)
exhibited important changes on the fracture surface when it was tested at 0.0004 mm/min, as can be see in
Figure 23. In the bulk of the specimen, MVC with enlongated voids, see Figure 23a and b, was the
predominant micromechanism, although some areas with cleavages (see Figure 23c) were noticed along
some radial paths leading from the periphery to the centre of the specimen. Moreover, PRHIC




micromechanism was observed until a depth of 150 um in some regions of the specimen periphery (see
Figure 23d and €), where failure initiated due to the high local hydrostatic stress, which attains values
around 870 MPa in this grade, Figure 16c).

(d) Detail region marked as (a-2) (e) Detail regién marked as (d-1)

Figure 23. Fracture surfaces corresponding to hydrogen precharged 2.25Cr1MoV_650 grade tested at 0.0004
mm/min (6 days testing), El ou ~ 12% and EI RA ~ 60%
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4 Discussion

When a tensile load is applied to a notched specimen, hydrogen atoms located in the sorroundings on the
notch will diffuse towards the notch-tip region driven by the high hydrostatic stress existing in this area. In
this situation, when a critical hydrogen concentration is reached, the different hydrogen embrittlement
mechanisms (HELP/HEDE) can take place, contributing to decrease the mechanical properties of the steel.
Moreover, the time that hydrogen has to attaint the aforementioned region, just ahead of the notch, depends
on the duration of the mechanical test (the use of low displacement rates allows more hydrogen atoms to
attain the noth-tip region). Therefore, hydrogen diffusion coefficient (Dapp) plays an important role on the
embrittlement process. Accordingly, it is important to analyse the interaction of hydrogen atoms with the
microstructure of the steel in order to explain the degradation of the steel tensile properties due to the
presence of internal hydrogen.

In order to analyse the effect of the steel microstructure on the hydrogen embrittlement phenomenon, Figure
24, Figure 25 and Figure 26 compare different diffusion (Dapp, Dvranice) and trapping parameters (Ea, Nr)
among the studied steel grades.

V-free | V-added
4,5E+26 __ 3,6E-10 4,5E+26
wv)
408426 E 3,2E-10 , A 4,0E426
®-........ cerens. 356426 = 28E-10 7 3,5E+26
@ 308026 £ T 2,4E-10 ‘ 3,08+26
, z 2 ’
B 25E426 4 £ 2,0E-10 ’ 2,5E426
.. 3 a by /
206426 S L6610 | @ee.... , 2,0E426
. ol b : /o...-.......
..., 1,5E+26 g .g 1,2E-10 P Y ) 1,5E+26
oo A 106426 2 2 g1E11 , 1,0E426
- = %, Y—
e 5,1E+25 § 5 41E-11 .’ 5,1E+25
Y 1,0E+24 1,0E-12 NAALALLLLE ool 1,0E+24
400 500 600 700 800 550 600 650 700
Yield Strength, o, (MPa) Yield Strength, o, (MPa)
@ Lattice diffusion in V-free (interstitial) @ Lattice diffusion in V-added (interstitial)
m Apparent diffusion in V-free (Trapping) W Apparent diffusion in V-added (Trapping)
A Density of traps A Density of traps
(a) (b)

Figure 24. Effect of tempering temperature on the hydrogen diffusion kinetics. (a) V-free grades. (b) V-
added grades

Regarding the V-free grades, as yield strength increases (lower tempering temperature), the density of traps
also increase and then, the apparent diffusion coefficient, Dapp, decreases (see Figure 24a). A similar effect
was observed in the V-added steel grades (see Figure 24b). It is also worth noting that the estimated apparent
diffusion coefficient in the VV-added grades was around one order of magnitude lower than the ones obtained
in the V-free grades.

For example, in order to study the influence of vanadium addition on hydrogen diffusion, 2.25Cr1Mo_690
and 2.25Cr1MoV_720 can be compared, taking into account that the applied heat treatments had a similar
Hollomon-Jaffe paramenter, P=20682 and P=20334 respectively. Nevertheless, due to the addition of
vanadium and the precipitation of submicrometric vanadium carbides, the estimated trap density in the
2.25Cr1MoV_720 grade was around 2.3-10% sites/m3, while it was much lower in the 2.25Cr1Mo_690
grade, 1.1-10%* sites/m®. Moreover, due to its higher density of traps, the VV-added grade showed a hydrogen
diffusion coefficient (Dapp) around ten times lower than the 2.25Cr1Mo_690 grade. This behavior was also
corroborated taking into account the activation energy of the stronger traps determined in the
2.25Cr1iMoV_720 grade, 35 kJ/mol (desorption from V-carbides) compared to that obtained in the case of
the 2.25Cr1Mo_690, 18 kJ/mol (Figure 25). In this same context and regarding the hydrogen permeation
Kinetics, it is also worth noting the strong delay of the hydrogen build-up permeation transient (Figure 26)

Density of traps, N; (1/m?3)



due to the V-addition (strong hydrogen traps). A similar effect is also observed when 2.25Cr1Mo_600 and
2.25Cr1lMoV_650 are compared.
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Figure 25. Effect of the vanadium addition on the apparent hydrogen diffusion coefficient and on the
activation energies of hydrogen traps
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Figure 26. Effect of vanadium addition on hydrogen permeation results (hydrogen build-up
transient)

According to the aforementioned results, V-added grades show a strong hydrogen-trapping capability,
which contribute to retard hydrogen diffusion toward the notch tip region. This fact is responsible of the

the mechanical behaviour improvement observed in these steel grades (VV-added) in presence of internal
hydrogen.

Figure 27 depicts the evolution of the embrittlement indexes (regarding notched strength and reduction
in area) with the applied displacement rate for the different steel grades. Embrittlement indexes increase
in both steels (V-free and V-added) as the yield strength of the grade increases (lower tempering



temperature). Accordingly, to explain the influence of the strength level on hydrogen embrittlement,
Table 12 gathers the diffusible hydrogen (Cwo-Crs) already shown in Table 7 and the estimated local
hydrogen concentration reached on the notch tip region (equation 1) from the hydrostatic stress
calculated in Figure 16¢ in the different steel grades at the moment of failure.

Steel grade Cho-Chit (ppm) from Table 7 | on (ppm) from Figure 16¢ Chi-noteh (Ppm)
2.25Cr1Mo_690 0.40 620 0.66
2.25Cr1Mo_600 0.70 900 1.45

2.25CrlMoV 720 0.30 726 0.54
2.25Cr1MoV 650 0.40 870 0.81

Table 12. Estimation of the local hydrogen concentration on the notch tip region
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Figure 27. Embrittlement indexes on notched specimens depending on the displacement rate. (a)-(b) V-free
steel grades and (c)-(d) V-added steel grades

As the MVC failure micromechanism was always the only failure mechanism observed in all the uncharged
steel samples, the trend observed in Figure 27 is related with changes appreciated on the fracture
micromechanisms (Table 11) due to the presence of internal hydrogen.

In the V-free steels, IG, PRHIC and cleavage micromechanisms were only observed in the grade with the
highest yield strength (c,=761 MPa), while the steel tempered at the highest temperature (c,=430 MPa),



El (%) ultimate tensile strength, o,

MVC was the predominant micromechanism, although some PRHIC areas were also observed in the
periphery of the specimen tested at the lowest displacement rates. Considering that the internal hydrogen
distribution is dominated by the hydrostatic stress and knowing that the highest hydrostatic stress in the
notched tensile specimen is located just ahead of the notch tip, hydrogen will accumulate in this region.
According with the results shown in Table 12, 1.45 ppm of hydrogen will be present on the process zone
of the 2.25Cr1Mo_600 grade while hydrogen concentration on the process region at the moment of failure
in the 2.25Cr1Mo_690 grade will be 0.66 ppm. In the former case, hydrogen accumulation will be enough
to trigger cleavages and decohesion of the prior austenite grain boundaries (in general, hydrogen enhanced
decohesion mechanisms, HEDE). On the other hand, as hydrogen accumulation in the process region of the
grade with the lowest yield strength, 2.25Cr1Mo_690, was much lower, in this case the presence of internal
hydrogen mainly provided plasticity localization on the notch region (HELP), giving rise to large and
shallow dimples and only a small PRHIC area was detected in tests perfomed under the lowest displacement
rates (Figure 18).

Regarding the V-added grades and independently of its stength level, intergranular fracture was never
observed. In the grade tempered at the lowest temperature, 2.25Cr1lMoV_650 (cy=667 MPa), hydrogen
concentration into the process zone can attain 0.81 ppm and a peripheric region with PRHIC failure
micromechanism and small cleavage areas were observed near to the notch tip region, although, large and
shallow dimples were mostly observed in the rest of the fracture surface as a consequence of hydrogen
enhanced localized plasticity (HELP). By the contrary, in the V-added CrMo steel tempered at 720°C
(oy=567 MPa), hydrogen accumulation into the process zone only attained 0.54 ppm, insufficient for the
development of cleavage and PRHIC mechanisms, and only signals of hydrogen enhanced localized
plasticity (HELP), with large and shallow dimples, were seen under all the applied displacement rates.

As a final summary, Figure 28 compares the embrittlement indexes evolution with the yield strength on V-
free and V-added steel grades under a displacement rate of 0.0004 mm/min, where the highest
embtrittlement indexes (EI) were noticed: the positive effect of vanadium addition is highlighted.
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Figure 28. Embrittlement indexes measured under the lowest displacement rate (0.0004 mm/min) with
notched tensile specimens (Kt=4.25). (a) EI(%) in the ultimate tensile strength (o,) and (b) EI(%) in the

reduction in area (RA)

V-added CrMo steel grades have a uniform dispersion of submicrometric vanadium carbides which act as
strong traps for hydrogen, significantly reducing its mobility (see Figure 25). In these cases, despite having
absorbed high hydrogen concentrations, around 4 ppm, only 10% of such hydrogen is able to diffuse along
the steel microstructure to reach the process zone and this local concentration is barely able to trigger the
most degrading embrittling mechanisms (cleavage, interface decohesion and intergranular fracture).



5 Conclusions

The results of the present work support the following conclusions regarding the hydrogen desorption
kinetics, trapping and embrittlement under tensile loads of 2.25Cr1Mo(V) steel grades:

The initial hydrogen content increased in the V-added CrMo steel grades due to the fact that submicrometric
vanadium carbide precipitates are very strong hydrogen traps. Regarding the V-free grades, the content of
hydrogen strongly trapped in the microstructure decreased with increasing tempering temperature, mainly
due to stress relaxation and the reduction in dislocation density and internal interfaces (martensite laths,
blocks and packets).

Two hydrogen traps, with activation energies of 13-14 kJ/mol and 18 kJ/mol, were detected on the V-free
grades tempered at high temperature and a third one with a higher activation energy of 30 kJ/mol was found
in the grade tempered at lower temperature as the dislocation density of this grade was much higher
(hydrogen trapped in dislocations). Hydrogen traps with higher activation energies around 35-41 kJ/mol
were determined in the V-added steel grades, which were attributed to vanadium carbides precipitated along
dislocations during the tempering treatment. Diffusible hydrogen and also the apparent hydrogen diffusion
coefficient were much lower in the V-added grades.

The tensile properties measured on hydrogen pre-charged smooth specimens remained practically
unaffected, even when tests were performed at the lowest displacement rates.

The embrittlement indexes (strength and reduction in area) obtained in hydrogen pre-charged notch tensile
specimens always increase with the steel yield strength (increase dislocation density and residual stresses).
The use of lower displacement rates always gave rise to higher embrittlement indexes, as the accumulation
of hydrogen atoms in the process zone of the notched specimen increases due to the availability of longer
diffusion times. These trends were consistent with changes appreciated in the fracture micromechanisms,
from HELP (MVC, with large and shallow dimples) in the most resistant grades to HEDE (intergranular
fracture, PRHIC and cleavage) for the grades most affected by hydrogen embrittlement.

V-added CrMo steel grades have a uniform dispersion of submicrometric vanadium carbides, which act as
strong traps for hydrogen and, despite a larger absortion of hydrogen, diffusible hydrogen and hydrogen
accumulation in the process zone of the notch tensile specimen decrease, giving rise to a significant better
mechanical performance in the presence of internal hydrogen.
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