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This paper provides a methodology, based on the Theory of
Critical Distances (TCD), for the hydrogen embrittlement
analysis of steels in cracked and notched conditions. The
TCD has been successfully employed in fracture and fatigue
analysis, but it has not yet been applied under
environmentally assisted cracking conditions. The point
method and the line method, both belonging to the TCD,
have been applied to two steels (X80 and S420) following an
experimental programme composed of C(T) specimens
containing defects with notch radii varying from 0 mm up to
2 mm. Fracture mechanics tests were carried out at 6- 10" m/s
of constant displacement rate under cathodic polarization
conditions (5 mA/cm?). The aqueous environment has been
prepared following the Pressouyre’s method. The study,
which has been completed with finite element simulation
analysis, reveals that the TCD provides accurate predictions
of the hydrogen embrittlement behaviour of these steels in
notched conditions.

1. Introduction

Predictions of the U.S. Department of Energy estimate that fossil fuels (petroleum, gas,
and other liquid fuels) will remain the main source of energy until 2040. At the same time,
nuclear power and renewables are growing in order to satisfy the energy demand, which is
expected to present an increase of 48% by 2040 [1]. The increasing energy demand has led
to the development of new infrastructures, many of which are located in offshore areas,
operating in increasingly aggressive environments and poor conditions. The environment in
which the resulting structural components operate can cause stress corrosion cracking (SCC)
or hydrogen embrittlement (HE) phenomena, both of which may lead to brittle failure due to
the degradation of the mechanical properties of the materials [2,3].
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Nomenclature

Principal symbols
a crack size

B specimen thickness

E Young’s modulus

L material critical distance

r distance from the notch tip
w specimen width

p notch radius

Bn net specimen thickness

€u ultimate strain
Kmat fracture toughness
KN mat apparent fracture toughness

Kieac crack propagation threshold for EAC
KMEac  apparent crack propagation threshold for EAC

Leac material critical distance for EAC

Leacer  best fit of material critical distance for EAC
Po applied load when the crack starts propagation
AKn fatigue crack propagation threshold

Aco fatigue limit

Cu ultimate tensile strength

oy yield stress

o inherent strength

OOEAC inherent strength for EAC

Principal abbreviations
EAC Environmentally Assisted Cracking

FE Finite Element

HE Hydrogen Embrittlement

LEFM Linear Elastic Fracture Mechanics
LM Line Method

PM Point Method

SCC Stress Corrosion Cracking

TCD Theory of Critical Distances

Nowadays, the behaviour of steels under Stress Corrosion Cracking (SCC) or Hydrogen
Embrittlement (HE) conditions is a matter of great importance [4,5]. Repairs and
replacements of components containing defects in offshore areas or power plants have
become a highly affair. During fracture assessments, a common practice is to assume crack-
like defects. However, defects may present a finite radius at their tip, and, in these cases, they
are referred to as notches (e.g. corrosion defects, mechanical damage and fabrication defects).
Assuming crack-like behaviour leads to overconservative results when defects are notches,
given that notched components present an apparent fracture toughness which is greater than
the fracture toughness observed in cracked components [6—9]. Hence, methodologies
considering the real behaviour of notches are necessary.



Failure of components that present defects, such as cracks or notches, is a matter of great
interest at present and can be assessed by two different criteria: the global criterion and local
criteria. The latter criteria are more easily applicable due to the fact that they are based on
the stress-strain field at the defect tip. Local approaches for the failure assessment of brittle
and quasi-brittle materials such as Neuber’s fictitious notch rounding approach, the notch
stress intensity factor criterion, the generalized maximum tangential stress criterion and Sih’s
criterion involve averaging the stresses [10—13]. Other methodologies, such as the strain
energy density or the equivalent material concept, can be linked to these approaches for
predictions of brittle failure and in the presence of considerable plastic deformations [14—
17].

In the last few decades, the most important group of methodologies capable of predicting
the fracture behaviour of notched components has been developed under the name of Theory
of Critical Distances (TCD). All these TCD methodologies employ a characteristic material
length parameter, the critical distance (L), when performing fracture and fatigue assessments.
The most relevant are the Point Method (PM) and the Line Method (LM), since they are the
most simple and have been successfully applied in fracture and fatigue analyses [18-21].

The accuracy of the TCD in carrying out fracture and fatigue assessments in materials
has been proved by numerous researchers. However, the TCD has not yet been employed in
Environmentally Assisted Cracking (EAC) analyses. Hence, the aim of this study is to
present, through a set of mechanical tests and finite element simulations, an analysis of EAC
(Hydrogen Embrittlement in this case) based on the TCD. Two steels (X80 and S420), which
are commonly used in power plants, offshore structures and pipes, have been employed in
this work. Cathodic polarization (or cathodic charge) has been employed because of its wide
use in industry to protect (against corrosion) components that operate in aggressive
environments, causing steel embrittlement by the hydrogen action going through and getting
trapped in the steel.

2. Theoretical background

2.1. The Theory of Critical Distances

The TCD is a group of methodologies all of which use a characteristic material length
parameter, the critical distance (L) when performing fracture and fatigue assessments. The
pioneering study was carried out both by Neuber in Germany [12,22] and Peterson in the
United States [23,24]. Both researchers investigated fatigue failure in components containing
notches. The work of these authors was applied to the prediction of brittle fracture in the
1960s by McClintock, Irwin and Novozhilov [25,26]. Whitney and Nuismer linked this
theory to the theory of Linear Elastic Fracture Mechanics (LEFM) providing a theoretical
relationship between the critical distance, L, and the fracture toughness in order to predict
brittle failure in notched components [27]. In 1983, Tanaka presented the equation for fatigue
analysis [28] which was later validated by Lazzarin, Taylor and Wang [29-32].

Nowadays, this theory is currently being developed providing accurate solutions to
different engineering problems in a wide range of materials (e.g., metals, ceramics, polymers,
composites, rocks, bones etc.) [21,33-41].

In fracture analysis, the above-mentioned critical distance, L, follows this equation [18]:
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where K. is the material fracture toughness (derived from cracked specimens) and oy is a
characteristic strength parameter, known as the inherent strength. In steels, the inherent
strength is usually larger than the ultimate tensile strength, o, and requires calibration.

Analogously, in fatigue analysis, 40y is the plain specimen fatigue strength, 4Ky is the
fatigue crack propagation threshold, with L following equation (2) [18,19]:

L=1@“ﬁz 2)

T\ Agy,

When using the TCD through any of its two simplest methodologies, which are the Point
Method (PM) and the Line Method (LM), predictions in fracture and fatigue analyses can be
made when the stress-strain field around the stress concentration feature is known [18].

2.1.1. The Point Method (PM)

The simplest form of the TCD is the PM. This method establishes that fracture occurs
when the stress at a distance of L/2 from the notch tip is equal to the inherent strength, oo.
The mathematical equation is [18]:

L
o(3) = ©)
An analogous approach can be used in order to predict failure in fatigue [18]:
L
Ao <§> = Ao, 4)

Stress-distance curves at the notch tip in fracture (a) and fatigue (b) are shown in Fig. 1.
TCD parameters (the critical distance, L, and the inherent strength, gy) can be obtained by
performing only two fracture (or fatigue) tests on two samples which present different defects
(e.g., different notch radii), as shown in Fig. 1a)

(a) (b)
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Fig. 1. Obtaining TCD parameters through the stress-distances curves at the notch tip in (a)
fracture and (b) fatigue analyses.

The stress-distance curves cross each other at one point with coordinates (L/2, g9) in
fracture assessments or (L/2, 4oy) in fatigue analysis.

Equations predicting the apparent fracture toughness (exhibited by U-notched
components), K"a, may be provided by the PM. To do so, it is necessary to consider the
linear-elastic stress field at the defect tip, provided by Creager-Paris (equation (5)) [42]:

K 2(r+p)
O o ~

where K is the stress intensity factor defined for a crack with the same length as the notch, »
is the distance from the notch tip and p is the notch radius. Equation (5) was obtained for
long thin U-shaped notches and is only valid for small distances from the notch tip (» <<
notch depth). Assuming that failure occurs when K is equal to K", and combining equations
(3) and (5), a new expression is obtained (equation (6)) [18]:

(19"

N = —_—
Kmat mat (1 + ZTP)

(6)

This expression provides predictions of the apparent fracture toughness exhibited by U-
notched components.

2.1.2. The Line Method (LM)

The LM considers the average stress over some distance from the notch tip, starting at
r=0. This distance is equal to 2L, L being obtained from equation (1). Thus, the LM criterion
for fracture assessments can be defined, employing the same definition of L as above, by
equation (7) [18]:

1 2L

z . O'(T') dr = Oy (7)



Analogously, the LM criterion for fatigue analysis is defined by the following expression
[18]:

2L

1
oI ) Ao(r)dr = Ao, (8)

Following analogous assumptions as those considered for the PM, predictions of the
apparent fracture toughness, K" mar, can be made combining equations (5) and (7). The result
is a simple expression [18]:

[P
Kmat = Kinare |1+ 4L ©)

2.2. Hydrogen embrittlement

Most steels containing hydrogen present premature failures when they are stressed in
tension. This kind of hydrogen damage, known as hydrogen embrittlement (HE), reduces
ductility and is the basic mechanism that controls the EAC.

Hydrogen can cause embrittlement in metals by the action of atoms penetrating into the
microstructure and diffusing to the plastic areas (most stressed zones) [5]. In order for HE
failure to occur, a susceptible material, an exposure to hydrogen-containing environment and
a high enough stress are required. The above-mentioned exposure to an aggressive
environment involves a corrosion process whose anodic reaction is:

Fe - Fe?t + 2e~ (10)
The oxygen is reduced at the metal surface, the cathodic reaction being:

0, + 2H,0 + 4e~ - 40H™ (11)
In acidic solutions (i.e., pH<4), meanwhile, the cathodic hydrogen evolution is [5]:

2H" +2e~ - H, (12)

One of the most widely used methods of corrosion prevention is cathodic protection (or
cathodic charge) because it reduces the corrosion rate if a potential (or current density) below
the open circuit potential is applied by means of a cathodic polarization between the anode
and the cathode, usually provided by an external source. The main disadvantage is that it also
increases the H» production [5]. If the polarization of the system is excessive, a direct
reduction of H>O is possible, as shown below:

2H,0+2e™ - H, + 20H™ (13)
In these cases, hydrogen causes the breakage of protective layers and damages the

material below by HE [43]. Before the H> molecule formation, H atoms are present on the
metal surface during a significant time, which is increased by the presence of cathodic



poisons (e.g., S* and As**). Hydrogen atoms can penetrate into interstitial sites facilitated by
its small size causing embrittlement [44].

3. Materials and methods

3.1. Materials

Two steels were employed in this study. Firstly, a rolled X80 medium-strength steel [45],
which is used in petroleum and gas transportation at low temperatures. Secondly, a weldable
thermo-mechanically treated S420 medium-strength steel [46], which is mainly employed in
offshore structures, power plants and pressure vessels. The chemical composition of these
steels is shown in Table 1.

Table 1 Chemical composition of the two steels analysed (weight %).

C Si S P Mn Ni Cr Mo Cu Al A% Ti Nb
X80 0.07 0.18 <0.005 <0.005 1.83 0.03 - 0.15 0.02 0.03 - - 0.03
S420 0.08 0.28 0.001 0.012 1.44 0.03 0.02 0.003 0.015 0.036 0.005 0.015 0.031

The microstructure of the steels analysed in this work is shown in Fig. 2. Both X80 and
S420 steels present a ferritic-pearlitic microstructure with a grain size ranging between 5-15
um and 5-25 pum respectively. The mechanical properties of these steels, as received and
exposed to the aggressive environment, are gathered in Table 2.

(b)

Fig. 2. Microstructure of (a) X80 and (b) S420 steels.

Table 2. Mechanical properties of the two steels analysed, as received and exposed to the aggressive
environment.

Material E (GPa) Air Aggressive environment




oy (MPa) oy (MPa) eu (%) oy (MPa) ou(MPa) ey (%)
X80 2099  621.3 692.9 29.6  492.6 492.6 0.34
S420 2064  447.7 547.1 21.7  348.6 348.6 0.20

Tensile stress-strain curves of the materials in air and subjected to the aggressive
environment are shown in Fig. 3.
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Fig. 3. Tensile Stress-Strain curves of X80 and S420 steels in air and exposed to the aggressive environment.

3.2. Simulation of cathodic polarization and hydrogen embrittlement

In this study, cathodic polarization will be used to cause embrittlement on the metal,
imposing a fixed current intensity [43]. The steel and the noble metal (platinum in this case)
are connected through an aqueous solution at SmA/cm? due to its common use in gas and oil
pipes and offshore structures in order to reproduce local HE phenomena. The aqueous
solution used in this study has been an acidic electrolyte, prepared following the Pressouyre’s
method [47]. It consists of an 1N H2SO4 solution in distilled water with 10mg of an As>O3
solution and 10 drops of CS» per liter of dissolution. During the test, the pH is kept in the
range 0.65-0.80 at room temperature. Out of this pH range, the solution has to be changed
[47-49].
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Fig. 4. Schematic of the cathodic polarization used in this work.

The aqueous solution is stirred to remove hydrogen bubbles on the specimen surface and
prevent localized corrosion (e.g., pits). A schematic of the cathodic polarization and the test
carried out, respectively, are shown in Fig. 4 and Fig. 5. In the test, the C(T) specimen, a
platinum grid and the saturated calomel electrode are used as the working electrode, the
counter electrode and the reference electrode, respectively.

Fig. 5. Set up of the test under cathodic polarization.

3.3. A methodology for analysing EAC using the TCD

The TCD provides failure predictions in fracture and fatigue analyses. In this work, the
TCD is reformulated to address the EAC problem. In order to obtain the characteristic length
parameter in EAC and following equations (1) and (2), an analogous expression has been
proposed:

2

1 KIEAC
Leac =~ (22) (14)
BAC T OoEAC




where Leac is the EAC critical distance, Kiz4c is the EAC crack propagation threshold
(calculated from cracked specimens) and goe4c is the inherent strength under EAC conditions
which has to be calibrated [50].

Assuming this expression for the EAC critical distance determination, crack initiation
predictions in U-shaped notches caused by EAC can be made by comparing the applied stress
intensity factor with the apparent EAC crack propagation threshold (K" /z4¢). In this case, the
PM generates equation (15):

p \3/2
KIIZ‘AC = Kigac %
(1+ LEAC)

(15)

and the LM provides equation (16):

, p
Kftac = Kigac |1+ ALpae (16)

Both methods allow the apparent EAC crack propagation threshold, K"/z4c, of a material
containing a U-shaped notch, to be calculated from the notch radius, p, the material EAC
critical distance, Lr4c, and the material EAC crack propagation threshold, Kiz4c (calculated
in cracked conditions following well-known standards (e.g. [51])).

3.4. Experimental programme

In the EAC context, mechanical variables such as loading type and loading rate affect
the crack propagation threshold (K;z4c) and the crack propagation rate [52]. In this work,
fatigue pre-cracked C(T) specimens and notched C(T) specimens, as shown in Fig. 6, have
been tested under the constant displacement method using a slow strain rate machine [51].
A displacement rate of 6-10®° mm/s has been used in each material. In all cases specimens
were obtained in T-L orientation.

10
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Fig. 6. Geometry of the tested specimens (dimensions in mm).

Table 3 gathers a summary of the experimental programme, which is composed of 20
C(T) specimens with radii varying from 0 mm (crack-like defect) up to 2 mm. As shown in
Fig. 6, a standard geometry of C(T) specimens has been used [51]. In order to obtain more
accuracy, the tests have been duplicated for each notch radius.

Before testing, both cracked and notched specimens were exposed to hydrogen
absorption for 48 hours, being submerged in the cathodic polarization environment to a
sufficient degree as to ensure that the defect tip will always be covered [53]. After the
hydrogen absorption due to cathodic polarization, mechanical testing started using a slow
strain rate machine. During the tests, the specimens were subjected to constantly rising
displacement while being exposed to the cathodic charge [54,55]. In this case, the constant
displacement rate is 6-10" mm/s. Load-COD curves were obtained for each test.

In spite of the relatively low applied displacement rate, an important advantage is the
rapidity with which EAC susceptibility can be assessed in comparison with other
methodologies (e.g., constant load test, double cantilever beam, C-ring) [55].

Table 3 Summary of the experimental programme.

Displacement rate
(m/s) p (mm)
X80 6-10% 0.00
0.25
0.50
1.00
2.00

Material Number of tests

S420

0.00
0.25

NS 2 ST NS I \O I (S I \O I \)
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0.50 2
1.00 2
2.00 2

The methodology proposed by ISO 7539 [51] was employed in order to calculate Kizac.
The governing expression of these methodologies is:

P
Kigac = Wf (%) (17)

For C(T) specimens the expression of the geometrical factor, f{a/W), follows equation

(18):

, (%) _ [(2 +17) (0.886 +4.647; - gjfzi()%/)z +1472(37) —56(77) )] )

Po is the applied load when the crack starts to propagate due to EAC, B is the specimen
thickness, By is the net specimen thickness (B = By if no side grooves are present), W is the
specimen width and f{a/W) is a geometrical factor depending on the crack size, a, and the
specimen width, W. These equations were applied to both cracked specimens (generating
Kieac values) and notched specimens (generating K™ z4c values).

3.5. Finite Element Analysis

A FE modelling of the C(T) specimen was built in Abaqus. The analysis was performed
in order to determine the stress field at the notch tip when the crack starts to propagate.
According to the literature [18], the simulation was carried out in linear elastic conditions.
The mesh, which has been created employing hexahedric elements, is much more refined
close to the notch tip because of the higher gradients in this zone.

Fig. 7. FE model employed to simulate the tests.

The structured meshing technique has been employed and the model has been developed
using C3D8R 3D solid elements with a reduced integration. This 3D model requires manual

12



partitioning, which has been performed following the specimen shape in order to mesh the
most complex regions such as the notch tip and the holes. Each partition has been carried out
according to the geometry of the specimen and the mesh has been created by number of
elements rather than by element size so that the notch tip presents 60 elements around the
perimeter and 30 elements along the width. As the distance moves away from the notch tip
the mesh becomes thicker. Fig. 7 represents the FE model employed together with the mesh.

4. Results and discussion

The results of Pp and the corresponding apparent EAC crack propagation threshold,
K igac, are gathered in Table 4. The values of K"Viz4c have been obtained following the
methodology proposed in ISO 7539 and using equations (17) and (18). For cracked
specimens, K" jz4c coincides with Kizac.

Table 4. Experimental results of KNiscc.

Material Specimen p (mm) Po (kN) KMNigac (MPa-m®?)

X80 X80-1 0.00 27.86 67.42
X80-2 0.00 23.12 53.16
X80-3 0.25 34.41 63.21
X80-4 0.25 34.85 64.01
X80-5 0.50 38.26 70.28
X80-6 0.50 42.75 78.52
X80-7 1.00 44.50 81.74
X80-8 1.00 42.93 78.87
X80-9 2.00 48.59 89.25
X80-10 2.00 54.20 99.56

S420 S420-1 0.00 28.76 67.58
S420-2 0.00 24.01 61.25
S420-3 0.25 34.70 63.74
S420-4 0.25 33.94 62.34
S420-5 0.50 37.09 68.13
S420-6 0.50 34.21 62.84
S420-7 1.00 41.09 75.48
S420-8 1.00 40.49 74.37
S420-9 2.00 45.45 83.49
S420-10 2.00 45.67 83.89

The Kieac values used here to apply the TCD have been obtained as the average value of
Kieac in precracked specimens (p = 0 mm). Thus, the experimental values of EAC crack
propagation threshold in X80 and S420 steels are, respectively, 60.29 MPa-m®> and 64.42
MP-m®3 (as shown in Table 6).

Table 5 shows that the S420 steel does not fulfil the recommendation for size
independency. However, following the standard ISO 7539 [51], the presence of an aggressive
environment during the test reduces the extent of plasticity associated with fracture and hence
the sample dimensions needed in order to limit plastic deformation. Thus, a minimum

13



thickness cannot be specified. In any case, regardless of whether or not Kigac is size
independent for the specimens being tested, the analysis performed allows the results
obtained for the different notch radii to be compared.

Table 5. Recommended specimen thickness following ISO 7539

Kieac (MPa-m®3) o, (MPa)  Min. recommended thickness (mm)
X80 60.29 621.3 235
S420  64.42 447.7 51.7

In order to obtain the TCD parameters (Le4c and ooeac), FE simulations were carried out
in linear elastic conditions and applying Pp, which is the load at crack propagation onset
(gathered in Table 4). The TDC assumes linear-elastic conditions although the real situation
may have nonlinearities. This may be done and has been widely validated once oo is
calibrated. In other words, under non-linear conditions, 6o becomes a parameter that converts
a non-linear situation into an equivalent linear-elastic one. [18,56].

Stress fields at the notch tip and stress-distance curves in the central line of the middle
section were obtained, as shown in Fig. 8 and Fig. 9 respectively.

Fig. 8. Principal stress distribution around the notch tip in C(T) notched specimen (a) before the test and (b)
after the simulation (X80 steel and p=1.00 mm).

It can be observed that the different curves cross each other at approximately one point,
with coordinates (Lr4c/2, oorac), as this work postulates following the assumption of the PM.
The value of the experimental Lz4c has been obtained as the average value at the different
crossing points. In the case of X80 steel, Lesc = 0.286 mm (Le4c/2 = 0.143 mm) and 6oeac =
2630 MPa (Fig. 9-a), while for S420 steel, Lrsc = 0.462 mm (Leac/2 = 0.231 mm) and ooeac
=2101 MPa (Fig. 9-b).

As noted previously, the analysis has been performed in linear elastic conditions because
the critical distance in EAC (Le4c) method described in this paper requires only linear-elastic
stress analysis [18]. As a result of ignoring the yielding of the material, the values of the
inherent strength for EAC (o9r4c) have been large.
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Fig. 9. Stress-distance curves at crack initiation in (a) X80 and (b) S420 C(T) notched specimens.

Once Ke4c and Leac have been calculated, predictions of KV/g4c can be easily derived
for each notch radius following the PM, equation (15), or the LM, equation (16). The
accuracy of these methodologies is determined by comparing the experimental results with
the predictions of K" jz4c.

Table 6 gathers the experimental values of Lz4c and the value of the EAC critical distance
providing the best fit of the experimental results depending on the methodology. The latter
parameter has been calculated by performing the best fit (least squares) of the PM and LM
predictions (equations (15) and (16), respectively) of KVjgsc with Lgsc being the fitting
parameter.

Table 6. Values of Kjz4c, EAC critical distance and the best fit depending on the methodology.

Material Displacement Kieac Leac (mm) PM Leacsr LM Lgac-Br
rate (m/s) (MPa-m®?) (mm) (mm)

X80 6:10°® 60.29 0.286 0.197 0.276

S420 64.42 0.461 0.386 0.776

The experimental results of K"/z4c and predictions provided by PM and LM (equations
(15) and (16) respectively) using the experimental EAC critical distance (Le4c) and the best
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fit of the experimental EAC critical distance (Le4c-sr) for X80 and S420 steels are shown in
Fig. 10 and Fig. 11.
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Fig. 10. PM and LM predictions in X80 steel.

Both PM and LM provide suitable predictions of K" z4c. An evident notch effect with an
increase of K"z4c with the notch radius, p, has been observed. This notch effect is especially
significant in X80 steel.

The experimental results show that there is a notch radius, 0.25 mm in X80 steel and
0.25-0.50 mm in S420 steel, below which K" jz4c remains basically constant. The PM, which
is capable of predicting this behaviour, provides K"jz4c predictions which are more
conservative than those obtained with the LM. This conservative trend may also be related
with the fact that the calibration of Lg4c has been performed using the PM definition. In case
of the LM, predictions tend to overestimate K"/z4c in S420 steel.
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Fig. 11. PM and LM predictions in S420 steel.

4.1. SEM Analysis

Once the tests were completed, the two parts of each C(T) specimen were submitted to
an ultrasonic cleaning with acetone for 30 min. Then, fracture surfaces were studied with a
scanning electron microscope (SEM) in order to analyse fracture mechanisms.

Macro-images and fracture surfaces of X80 and S420 steels, varying the notch radius,
are shown, respectively, in Fig. 12 and Fig. 13. Similar fracture mechanisms have been
observed for the different notch radii. In other words, the notch effect does not apparently
affect the fracture initiation mechanism, something which is in contradiction with the
observations made in the analysis of ordinary fracture processes (e.g., [38,57—60]).

Fig. 12-a and Fig. 13-a show the fracture surfaces of precracked specimens in X80 and
S420 steels respectively. Two different zones have been observed, fatigue precracking zone
and crack propagation due to EAC.
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Fig. 12. Macro-images and fracture surfaces observed in X80 steel. (a) p = 0.00 mm; (b) p=0.50 mm; (¢) p =
2.00 mm.

X80 steel suffers a delamination process that comes from the formation of unconnected
layers during the manufacturing process [61]. This can be appreciated in the macro-images
of the analysed samples, where a discontinuity is present in the middle of the thickness
parallel to the plane LT (Fig. 12).
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Fig. 13. Macro-images and fracture surfaces observed in S420 steel. (a) p = 0.00 mm; (b) p = 0.50 mm; (c) p
=2.00 mm

Based on the fracture surface appearance, cleavage and quasi-cleavage fracture, which
involve subcritical crack propagation, were observed in both X80 and S420 steels (Fig. 12
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and Fig. 13). These fracture mechanisms are a common feature caused by hydrogen induced
fracture surfaces [62].

5. Conclusions

In this paper, the Theory of Critical Distances has been reformulated to address the
Environmentally Assisted Cracking issue in steels. The TCD has been applied through the
Point Method and the Line Method to predict the apparent crack propagation threshold in
notched components, KV/z4c, under hydrogen embrittlement conditions caused by cathodic
polarization at a level of 5 mA/cm?. Its application has been proved through tests using
constant displacement rate (6-10® m/s). The experimental results have been calculated in
terms of KV;z4c. TCD parameters have been obtained by a combination of experimental tests
and finite element simulations.

Both materials have presented an evident notch effect, which is more significant in the
X80 steel. The Point Method and the Line Method predict this tendency providing accurate
results. The stress field at the crack propagation onset of the different specimens (and notch
radii) demonstrates that the PM criterion is fulfilled in EAC conditions.

The inherent strength obtained in this EAC analysis, ooz4c, shows values which are much
larger than the ultimate tensile strength. Thus, this parameter requires calibration.

Based on the fracture surface appearance obtained from SEM analysis, cleavage and
quasi-cleavage fractures (causing subcritical crack growth) have been observed. These
fracture mechanisms are common in fracture surfaces of specimens which have been tested
under constant displacement in Hydrogen Embrittlement conditions.
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