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NOMENCLATURE

The symbols most commonly used in text are listed below

d Diameter of round bar solid specimen

D Hydrogen diffusion coefficient in Fe

H Thin walled hollow specimen

Loc QC crack facet length

ot Depth of crack origin from the specimen surface in the thin plate,
round bar solid and thin walled hollow specimens

Sarea Cracked area of QC facet

tp, th Thickness of thin plate and thin walled hollow specimens

of Nominal fracture stress

Gth Threshold stress under delayed fracture

OuUTS Ultimate tensile strength

Oy Yield strength




The abbreviation most commonly used in text are listed below

A-A’ Section of the thin plate specimen
AF Acicular ferrite

BM Base metal

GF Grain boundary ferrite

HAZ Heat affect zone

HE Hydrogen embrittlement

HIC Hydrogen induced cracking

IG Intergranular

MAG Metal active gas

MVC Micro-void coalescence

NCOD Normalized value of crack origin depth
NPC Non-propagating crack

QC Quais-cleavage

QIT Quenched and tempered

R.B Round bar solid specimen

R.A Reduction in area

SEM Scanning electron microscope
SL Shear lip

SSCC Stress sulfide corrosion cracking
TG Transgranular

WF Widmanstaetten ferrite

WM Weld metal

o Ferrite

o+o Pearlite

ii




Chapter 1

General Introduction

1.1 Delayed fracture mechanisms in high and low strength steels
Delayed fracture in steels and alloys

It is well recognized that the susceptibility to delayed fracture of structural steels
becomes greater with the increased ultimate tensile strength (ocurs) and that a
remarkable decrease in the delayed fracture strength of steels is quite noticeable in the
strength level beyond a particular oyrs ranging from 1300MPa to 1600MPa, as shown
in Fig. 1-1[1]. Such high strength steels are often used as structural components or
device materials in aggressive environments. Structural materials are generally required
to have a high yield strength level, and various fracture preventive measures have been
proposed to prevent embrittlement fracture, which causes a catastrophically rapid
fracture in materials at up to the speed of sound. In many materials, the susceptibility to
hydrogen embrittlement grows with increasing a strength level [2]. In this sense, an
analysis of the fracture process under aggressive environments is essential to understand
the nature of fracture and to have an appropriate knowledge for fracture prevention. In
general, the delayed fracture mechanism is very important in understanding and
characterizing the hydrogen susceptibility of high strength steel products, such as screw

bolts, etc. [3].

A study on delayed fracture in steels and alloys

Delayed fracture mechanisms are complicated phenomena, compared to other
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types of fractures, or cracking under environmental influence that may alter stress state
built up ahead of crack tip. Any attempts to evaluate correlations between cracking
behavior and material properties should take interaction effects between environmental
and mechanistic parameters into consideration. Most of the delayed fracture
mechanisms lying in the crack propagation process of steels and alloys involve a strong
interaction between hydrogen accumulation and stress state built up in a local stress
concentration region. The hydrogen behavior in a local plastic flow may be complicated,
depending on the structure and properties of the material such as microstructures
obtained by various heat treatments, mechanistic conditions such as plane stress/strain
conditions, whether the specimen is notched or unnotched, as well as environmental
factors such as temperature, and diffusion and concentration of hydrogen. Therefore,
researchers’ attention is primarily focused on the influence of each factor on the
mechanisms of interaction between hydrogen and the development of initial crack.
There are many reports on crack propagation, dislocation, and plastic deformation with
emphasis on mechanistic factors [4-5], diffusion of hydrogen in steel with emphasis on
environmental factors [7-10], microstructure [11] and carbide formation [12], and
influence of the P and S elements [13-14] with emphasis on material factors.
Furthermore, the introduction of solute hydrogen in high purity aluminum was studied
using electrochemical charging and chemical charging [15]. Hydrogen trapping in
high-strength steels was researched using a potentiostatic pulse technique [16]. The ultra
fine grained steel with an average ferrite grain size of 0.3 um and oxide particles of 10
nm showed high resistance to hydrogen embrittlement by hydrogen trapping effect
related to the nanosize oxide particles [17]. The finite element method [18-29] is a

useful tool for modeling the effect of hydrostatic stress and hydrogen trapping due to
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plasticity on the hydrogen distribution ahead of crack tip. On the other hand, there still
remains the critical issue of a comprehensive understanding of the delayed fracture due

to hydrogen in steels, despite many approaches of investigations [30].

Hydrogen diffusion in solids

The hydrogen behavior in solids has long been a major concern in research on
delayed fracture mechanisms. Volkl and Alefeld have summarized the behavior of the
hydrogen diffusion in Fe [31]. Yet, there is no clear agreement concerning the influence
of hydrogen diffusion on the mechanical properties of engineering alloys. Therefore,
most of the academic attention is focused on the influence of hydrogen on the
mechanical properties of iron and steel. Some earlier works gave us two completely
different concepts of the role of hydrogen: one is softening iron [32-34], the other is
hardening iron [35-41]. On the other hand, in order to discuss the interaction between
hydrogen influence and delayed fracture mechanisms in crack propagation of steels, it is
necessary to consider its diffusivity and solubility in steels. On the basis of the VoIKI

and Alefeld criterion, Hirth suggested the hydrogen diffusion coefficient (D) in Fe [42].

A study on fracture mechanisms under hydrogen attack

There are several basic theories of hydrogen behavior in embrittlement
mechanisms: the pressure theory [43], the decohesion theory [44], and the hydrogen
enhanced local plasticity theory [45]. Hydrogen embrittlement generally requires local
concentration of hydrogen at voids or crack tips, where hydrogen accumulates at trap
sites such as defects, interfaces between different phases, grain boundaries, and at
dislocations [46-51]. Certain local concentration of hydrogen brings about the

nucleation of voids that is assumed to be made by the effect of hydrostatic stress with
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the physicochemical properties of the structure. The hydrogen transport model of
Sofronis and McMeeking [52] proposed the hydrostatic stress state and trapping effects
of hydrogen near the crack tip. In this model, it is assumed that hydrogen atoms diffuse
through lattice sites, and that trap sites are filled in through the lattice diffusion. These
trap sites are mostly formed due to small local plastic deformation. Krom et al [53]
made a new proposal for the definition on the hydrogen distribution ahead of a crack tip
based on the earlier model of Sofronis and McMeeking, using the finite element
analysis incorporating the effect of hydrostatic stress and the trapping of hydrogen
coupled with diffusion elastic-plastic stress.

On the other hand, an examination of the crack propagation capability with respect
to the crack tip shape or plastic deformation caused by hydrogen behavior is also
important in understanding the contribution of hydrogen at the crack tip in relation to
the crack initiation and growth mechanisms. Since the crack development is associated
with stress induced hydrogen diffusion near stress raiser such as notches and defects,
many experimental studies have been made on various dimensions of particular
specimens which have an artificial stress raiser such as a notched and pre-cracked
specimen that simulates the screw bottom of a bolt, with emphasis on the macroscopic

crack propagation behavior and the fracture mechanics technique [54-55].

Stress intensity factor and hydrogen accumulation

There have been many endeavors on correlative analysis of hydrogen cracking and
crack propagation phenomenon, using notched specimens which are widely, accepted
for the study of high strength ductile materials [56-59]. The stress intensity factor (K) to
describe the stress condition at the crack tip is very useful in explaining the correlation

between the stress concentration and the hydrogen accumulation behavior around the
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crack tip [60-61]. Many attempts have been made to evaluate the threshold values of K
for hydrogen cracking, and to establish a relationship between the threshold K values
and hydrogen effects of hydrogen concentration behavior on crack tip [62-66]. However,
the importance of the correlation between the crack tip concentration of hydrogen and
the crack growth path in the microstructure is not well explained due to insufficient

understanding of the hydrogen condensation behavior around the crack tip.

Fractographic analysis

It is particularly difficult to observe the crack initiation behavior in the subsurface
of a specimen and crack propagation due to a hydrogen accumulation around the defects
such as non-metallic inclusion, lath or packet boundary of the prior austenite grains [67],
carbide etc. No appropriate technique is available to study the crack propagation
mechanisms except through fractographic analyses on the fracture surface [68].

The morphologies of the crack propagation in fracture surface of high strength steels
under hydrogen environment are known as delayed fracture, which can be characterized
by the Inter-Granular (IG) crack facet [69-70]. Many studies of crack propagation
behavior, particularly using the notched or pre-cracked specimen shape, have provided
valuable evidence for macroscopic crack initiation and development, which are useful in
understanding crack propagation mechanisms caused by the combined effects of

hydrogen accumulation and stress concentration in the front of the artificial crack tip.

HIC and SSCC fracture mechanisms in low strength steels

When hydrogen permeates through the surface of steel and precipitates in the
interfaces between matrix and non-metallic inclusions or between matrix and defects,

these irregularities can be a nucleation point of cracking [71]. Hydrogen induced
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cracking (HIC) may also occur in low to medium strength steels and alloys,
conventionally used for pressure vessels and piping in the oil, natural gas and chemical
industries [72]. This form of hydrogen damage has also been called hydrogen induced
blistering cracking. HIC and stress sulfide corrosion cracking (SSCC) due to hydrogen

accumulation around the local deformation has been a great concern [73-81] in service.

IG and TG crack in high and low strength steels

Previous studies [39] have investigated the crack propagation in the delayed
fracture of high and low strength steels. These results using notched specimens of high
strength steel revealed that the IG crack first initiated at the front of a very sharp crack
tip triggers fracture. On the other hand, the Trans-Granular (TG) crack first nucleated at
the subsurface, as an initial crack mode in low strength steel. It seems clear from these
studies so far that the delayed fracture mechanisms may be different in high and low

strength steels [82-83] from the viewpoint of crack propagation behavior.

1.2 Outline of the present Dissertation

Although many studies have been performed for the analysis of delayed fracture
mechanisms using notched specimens or specimens with artificial stress raisers, as
shown in Fig. 1-2, and also have focused on the hydrogen diffusion and concentration
ahead of the artificial crack tip, some essential problems remain unsolved regarding the
particular mechanisms of initial crack development. This dissertation employs
unnotched specimens instead of notched specimens to make careful understanding of

the initial crack development and its mechanisms, using the SEM fractographic methods.
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The present dissertation consists of five chapters including this introductory
chapter. In chapter 2, the influence of localized stress conditions on hydrogen induced
cracking was studied by employing extremely thin specimen in high strength steels.

In chapter 3, crack propagation mechanisms of high and low strength steels under
sustained load with hydrogen were investigated with emphasis on the influence of the
various levels of yield strength, which were obtained by changing the heat treatment
temperature.

In chapter 4, hydrogen embrittlement behaviors of the weld metal and the base metal
were studied with an emphasis on the susceptibility to delayed fracture and initial crack
development, and propagation mechanisms in fracture using the various types of
unnotched specimens.

In chapter 5, conclusions and further work are mentioned briefly.



Chapter 2

Mechanistic aspects of delayed fracture of the thin specimens of
steels

Abstract

To examine an influence of the localized mechanical effects introduced by the
difference of specimen configurations on the fracture lifetime and the initial crack
development behavior of the ASTM A490 and S35C steels, delayed fracture tests were
carried out under hydrogen attack using thin plate specimen, smooth solid bar and thin
walled hollow specimens. Cathodic hydrogen charging was used for introducing
hydrogen in the specimen under sustained load conditions. The lifetime under delayed
fracture depends on the specimen thickness. A brittle fracture due to hydrogen attack
still occurs in extremely thin thickness, t=0.3mm, of the thin plate and thin walled
hollow specimens. The QC cracks in the thin plate and thin walled hollow specimens,
still develops at the subsurface of the specimens and the origin of cracks moves from
the near surface to the center of specimen as the specimen thickness becomes thinner.
The condition for brittle fracture in delayed fracture can be evaluated by the classical
Griffith criterion employing fracture stresses and QC crack lengths. The amount of
hydrogen damage caused by the difference in localized mechanistic conditions makes
the difference in fracture lifetimes between thick and thin specimens.

Key Words: Hydrogen Embrittlement, Plane stress, Plane Strain, Quasi-Cleavage Crack,
Intergranular Crack

2-1 Introduction

Hydrogen penetrates into high strength steel components or structural materials
used for bridges or factory plants such as a large steel-bridge built across a wide river or
channel and chemical or oil plants. Hydrogen accumulates at the stress concentration

zone in structural components and plays an important role in making an initial crack

10
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causing unexpected embrittlement fractures. Investigations of the brittle fracture
mechanisms due to hydrogen attack have been actively carried out with a focus on the
phenomenological approach using a notched specimen to simulate a particular condition
in practical use [84]. Evaluation of the crack propagation mechanisms which are studied
on the basis of fractographic analysis has been carried out with a focus on the
mechanisms of IG crack development at the stress raiser such as precrack or notch and
on the role of IG crack in the crack propagation period [85-91].

On the other hand, earlier works on the delayed fracture under sustained load tests,
particularly using the smooth specimen of ASTM A490 steel, SNCM 439 steel and
S35C steel without any artificial macroscopic stress raisers [92-95], have revealed that
the brittle fracture definitely occurs at the low applied stress less than their yield
strength levels, i.e., less than 1/10 of the yield strength level in the case of SNCM 439
steel as shown in Fig. 2-1 [96] and Fig. 2-2 respectively.

According to these studies [96-100] quasi-cleavage (QC) cracking was found to be
as essential as IG crack which has been so far accepted as the essential crack in
hydrogen related fracture [101] as shown in Fig. 2-3. SEM fractographic examination
revealed that the size of QC crack facet could be regarded as the critical length of the
Griffith crack in the delayed fracture. Furthermore, the mechanistic aspect of brittle
fracture condition for delayed fracture can be simply evaluated by the classical Griffith
criterion employing both the critical crack length (Loc: m) and the nominal fracture
stress (or: MPa). The length of the QC crack facet satisfies the classical Griffith type

equation given by [102]:

11
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0.51
O ;° LQC = 0.2 o (2-1)

(or: Nominal fracture stress [MPa], Loc: QC crack facet length [m])

However, the initiation and development processes of the QC crack still remain
unclear, although it plays an important role on the critical crack growth behavior as the
trigger to the onset of the unstable crack growth involving IG crack or micro-void
coalescence (MVC) leading to the final fracture of specimen. Among the variety of
crack growth behavior, characteristic of the QC crack growth behavior can be critical to
understand the reason for the total fracture life of specimens.

A critical behavior of the crack growth under hydrogen attack is determined by the
hydrogen diffusion and concentration near defects inside the specimen. A question
arises as to the difference of the mode of crack development in thick and thin specimens
where the macroscopic stress condition is nominally the same. In order to examine an
influence of the localized stress condition introduced by the difference of the specimen
dimension on the development of the initial crack in the delayed fracture of the Q/T
ASTM A490 and S35C steels, sustained load fracture tests were carried out under
hydrogen attack using solid bar, thin plate, and thin walled hollow specimens without

any artificial stress raiser.

2-2 Experimental procedure

The materials employed in this study were the high strength steel of ASTM A490
and S35C steels with chemical compositions as shown in Table 2-1. ASTM A490 steel

was machined into thin plate shape specimens with a width of 14.5mm and

12
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thickness of 2mm and 1mm respectively as shown in Fig. 2-4-(a). Furthermore, thin
plate specimen with thickness of 0.5mm and 0.3mm can be easily influenced by
warping, so that we performed heat treatment using the plate specimen of 1mm
thickness and then machined it into thin plate specimens of 0.5mm and 0.3mm thickness
to avoid the deformation.

On the other hand, S35C steel was machined into hourglass shape specimens with
mid-section diameters of 8mm and 5mm respectively, and then was machined into thin
walled hollow specimens with outer diameter of 8mm and inner diameters of 7.4mm
and 4mm as shown in Fig. 2-4-(b) respectively. To obtain martensitic structure with an
average prior austenite grain diameter between 10um to 20um, the ASTM A490 steel
specimen was first austenitized at 1473K for 2 minutes in an electro-furnace and
quenched into salt bath at 1143K for 10 minutes, followed by oil quenching as shown in
Fig. 2-5-(a). The S35C steel was austenitized at 1173K for 10 minutes and for 60
minutes in electro-furnace respectively, followed by oil quenching to arrange a
qguenched martensitic structure as shown in Fig. 2-5-(b). These specimens were then
mechanically polished, and then tempered at 473K for 1 hour in vacuum furnace (1.3 X
10™* Pa) before mechanical testing.

Mechanical properties of the ASTM A490 steel specimen are given in the
following: the ultimate tensile strength = 1510 MPa, 0.2% proof stress = 1310 MPa,
reduction in area = 55%, and micro-Vickers hardness = 554 Hv (50 points average with
300g indenter). Mechanical properties of he S35C steel specimen are given in the
following: the ultimate tensile strength = 1630MPa, 0.2% proof strength= 1330 MPa,
reduction in area =50%, and micro-Vickers hardness = 479 Hv (50 points average with

300g indenter).

13
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Specimens were subsequently put into cathodic hydrogen charging through the
surface gauge area using a platinum anode in 0.3mol and 0.03mol H,SO, solution for
ASTM A490 steel and S35C steel with a current density of 500 A/m? at ambient
temperature. The specimen surface was covered with shielding tape except the gauge
area to prevent attack by H,SO,. It was noted that the crevice corrosion occurs between
the specimen surface and shielding tape covering that protected the immersion of
sulphuric acid in 0.3mol H,SO4 when the specimen becomes thinner than 0.5mm. Then,
in the case of S35C steel, hydrogen was carefully charged to the thinner specimen using
sulfuric acid of 0.03mol. Consequently, there was no crevice corrosion occurrence in
0.03mol H;SO,4, even in the case of the 0.3mm thickness of thin walled hollow
specimen of S35C steel.

The delayed fracture experiment of ASTM A490 and S35C specimen was carried
out in 0.3mol and 0.03mol H,SO, solution respectively, and all the lifetime data to
fracture were compared under the same current density of 500 A/m” and each solution
concentration. Conventional delayed fracture tests were performed using a 3-ton
creep-testing machine under the condition that the mechanical loading began with
simultaneous hydrogen charging, and both the current density and H,SO,4 concentration
were kept constant during the test as shown in Fig. 2-6. The trace of crack propagation
in the fracture surface of the specimen was examined using scanning electron

microscope (SEM).

2-3 Results and Discussion

2-3-1 Influence of the reduction in specimen thickness on delayed

fracture time

14
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Figure 2-7 shows the results of delayed fracture tests, giving the relationship
between the nominal fracture stress and the time to fracture under hydrogen attack using
the plate specimen with four kinds of thickness-- 2mm, 1mm, 0.5mm and 0.3mm of
ASTM A490 steel respectively. Figure 2-8 shows the results of delayed fracture tests,
giving the relationship between the nominal fracture stress and the time to fracture
under hydrogen attack using the unnotched specimens with diameter of 8mm and 5mm
and the thin walled hollow specimens of S35C steel with walled thickness of 2mm and
0.3mm respectively. No appreciable differences were observed in the mechanical
properties of brittle fracture such as reduction in area (R.A) showing 2% or less of
difference in a thin walled hollow specimen and thin plate specimen although the plate
and a wall thickness become extremely thin up to 0.3mm respectively. The time to
fracture shows a tendency of increase with decreasing plate and wall thickness in both
thin plate and thin walled hollow specimens. It is shown in Figs 2-7 and 2-8 that the
increase in fracture time comes to be remarkable with the decrease in specimen
thickness especially in the case of 0.3mm thickness. It is suggested that this increase in
the fracture time must be dependent on hydrogen diffusion and accumulation behavior
in front of the initial crack tip caused a change in the specimen size. In order to examine
the influence of specimen dimension on the crack propagation behavior, the detail of the

cracking process was analyzed with the aid of fractography.

2-3-2 Influence of the reduction in the specimen thickness on crack
initiation and propagation
A schematic illustration of the feature of subsurface crack propagation together

with the SEM micrograph is shown in Fig. 2-9 which shows no clear identification of
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characteristic fracture facets such as the QC and IG cracks typically observed in the
fracture surface of solid specimen. Figure 2-10 shows the equivalent feature of crack
propagation in thin plate specimen. From these results it is suggested that the initial
crack is the QC crack with a circular or elliptical feature rather than the 1G crack
irrespective of geometry and dimensions of the unnotched specimens. Figs 2-11 and
2-12 show that crack propagation morphologies of schematic illustration of thin plate
specimen with thickness of 0.5mm or less and of thin walled hollow specimen with
thickness of 0.3mm, and the SEM fractograph of the QC initial crack facets respectively.
The crack propagation in thin plate specimen with thickness of 0.5mm or less and in
thin walled hollow specimen with thickness of 0.3mm gives a result different from that
of the thick plate and thick walled hollow specimens with thickness of 1mm or more.

In the case of specimens having thickness larger than 1mm, a single QC crack
usually grows as a trigger and unstable crack growth involving 1G crack and MVC
follows as shown in Fig. 2-9 and Fig. 2-10. In the case of thin plate specimens with
thickness of 0.5mm or less and of thin walled hollow specimen with thickness of 0.3mm,
multiple QC cracks coalesces each other until they reach the critical length followed by
the fatal growth involving the IG crack and MVC leading to final fracture as shown in
Fig. 2-11 and Fig. 2-12 respectively. The QC facets also show an irregular crack growth
on the surface along the direction of width in thin plate specimen and along the
direction of circumference in thin walled hollow specimen as shown in Fig. 2-11 and
Fig. 2-12 respectively. This may be due to the localized crack tip constraint in the

direction of thickness of the specimen [103].

2-3-3 Influence of specimen thickness on the depth of crack origin

16
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and on the numbers of QC facets in fracture surface

It is interesting to know that the initial crack still originated in a similar manner as
the thick or solid bar specimens, at the subsurface of specimens that were carefully
machined to have an extremely thin thickness of 0.3mm in both thin plate and thin
walled hollow cylindrical specimens. The crack origin moved from the near surface to
the center of specimen as the wall thickness become thinner where the plane stress
condition clearly dominates regardless of the specimen geometry for ASTM A490 and
S35C steels. To explain the relationship between the wall thickness of specimen and the
depth of crack origin from specimen surface, the fracture surface of both specimens
were carefully examined. The relationship between the normalized depth of the crack
origin and the wall thickness of specimens are shown in Fig. 2-13 and Fig. 2-14
respectively. The normalized value of the depth of crack origin is defined by dividing
the depth of crack origin by the half of the specimen diameter “d” for the solid specimen,
and by the half of the wall thickness of the specimen “t,” and “t,” for the plate specimen
and the thin walled hollow specimen as shown in Fig. 2-15 and Fig. 2-16 respectively.
The normalized value obtained tends to vary from 0 to 1 as thickness reduce regardless
of specimen geometry for ASTM A490 and S35C steels as shown in Fig. 2-13 and Fig.
2-14 respectively. The value 1 means that the crack origin is at the center of specimen
thickness, while the value 0 means that the crack origin is at the surface of specimen.
These figures also show an interesting result that the point of crack origin in extremely
thin specimens with thickness of 0.3mm is not in the outer surface but still in the
subsurface of the specimen. This suggests that the hydrogen crack initiation in structural
steels would be deeply related to the hydrogen pressure that possibly build up with the

condensation of hydrogen [104] at the defect located at the subsurface of specimen. In
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addition, particular attention should be given to the number of cracks that present
valuable information on how the crack initiates and propagates in thin specimens under
hydrogen attack.

To evaluate the relationship between the numbers of QC cracks and the specimen
thickness, the fracture surfaces of specimens having various dimensions of thickness
were carefully examined through SEM micrographs. The results of the relationship
between the numbers of QC cracks and the thickness of specimens are shown in Fig.
2-17 and Fig. 2-18 with various types of specimens such as plate, solid bar, and thin
walled hollow cylindrical specimens. These figures show that the observed number of
QC facets on the fracture surface, increases with the decrease for the specimen thickness
regardless of the geometry of specimens in ASTM A490 and S35C steels. These results
suggest that the critical behavior of hydrogen associated with the crack initiation and
propagation would be related to some phenomena with respect to the difference in
specimen thickness. Therefore, the maximum length of QC crack as the trigger of
unstable crack growth leading to finial fracture was investigated to explain the influence

of thickness on the critical crack growth and fracture of specimens.

2-3-4 Stable crack growth in thin plate and thin walled hollow
specimens and classical Griffith type equation

Although the thickness of plate specimen and the wall thickness of hollow

specimen become extremely thin up to 0.3mm, a brittle fracture still occurs and the R.A

remains within 2% or less. It is also found that the classical Griffith type equation is still

valid with respect to the nominal fracture stress and the maximum length of QC cracks

(Loc) obtained from the fracture surface of the thin plate and thin walled hollow
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specimens. Since the typical QC crack has an irregular morphology as the plate
thickness becomes 0.5mm or less in thin plate specimen and the wall thickness also
becomes 0.3mm in thin walled hollow specimen as shown in Fig. 2-11 and Fig. 2-12
respectively. Since the typical QC crack facet as shown in Fig. 2-11 has an irregular
morphology in the thin walled hollow specimen of 0.3mm compared with solid
specimen, a modified value of the crack length Loc was used as shown in Fig. 2-20-(b),
instead of the simple depth of QC facet in the solid specimen and thin plate specimen as
shown in Fig. 2-19, 2-20-(a) respectively. A modified Loc was defined as the diameter
of a notional circle of the cracked area [105-106] as shown in Fig. 2-20-(b). The
relationship between the maximum length of the modified Loc (m) and the nominal
fracture stress (or: MPa) of ASTM A490 steel and S35C steel is shown in Figs 2-21 and

2-22 respectively.

The length of the QC crack facet of the ASTM A490 steel satisfies the classical
Griffith type equation given by:

0.47
Gf.LQC 279 ................................ (2-2)

(or: Nominal fracture stress [MPa], Loc: QC crack facet length [m])

The length of the QC crack facet of the S35C steel also satisfies the classical Griffith
type equation given by:

0.53
Gf.LQC 279 ................................ (2-3)

(or: Nominal fracture stress [MPa], Loc: QC crack facet length [m])

These results explain that the classical Griffith equation is still valid in the case of

extremely thin walled hollow specimen of S35C steel and the thin plate specimen of
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ASTM A490 steel.

2-3-5 Influence of specimen thickness on delayed fracture time

Based on mechanical viewpoint, hollow specimens are undoubtedly in a plane
stress condition in which the hydrogen behavior may not be under the influence of a
particular stress condition. A question arises as to whether the wall thickness of the
specimen actually has an influence on the development of hydrogen crack in the thin
walled hollow specimens. If the diffusion and concentration behavior of hydrogen are
under the influence of the wall thickness of specimen as mentioned in the previous
chapter, it can be expected that the fatal QC crack develops at the thick portion, not the
thin portion, of the specimen when it has an uneven thickness through the cross section.
An eccentrically bored thin walled hollow specimen was accidentally made in which the
maximum and the minimum wall thickness were 0.63mm and 0.45mm respectively. The
specimen was hydrogen charged for 1080 minutes under the applied stress of 200MPa
to develop the QC crack growth in the subsurface of specimen followed by the removal
of hydrogen from the specimen by means of heat treatment at 473K for 1 hour in
vacuum. The specimen was subsequently subjected to a slow conventional tensile
fracture test at a strain rate of about 1< 10™s™ to avoid unexpected effects due to high
strain rate loading, in order to examine the internal crack development caused by the
difference in thickness. Figure 2-23 shows a SEM fractograph of QC crack facets and
MVC, which were observed in both thick and thin portions of the specimen, and
schematic illustration of QC cracks in the fracture surface of the eccentrically bored thin
walled hollow specimen. Two or more QC facets were observed in the thick portion as

shown in Fig. 2-23.
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In the case of the eccentrically bored thin walled hollow specimen that has uneven
thickness, the fact that the QC crack is not developed in the thin portion but in the thick
portion of the specimen under the same macroscopic aspect of the applied stress
condition means that the initial crack due to both the hydrogen accumulation and the
applied stress prefers to develop in the thick portion of the eccentrically drilled thin
walled hollow specimen. This result denotes that the thick portion has many
opportunities to build up localized plane strain stress condition around the vicinity of
the non-metallic inclusion or micro-defect, etc., compared with a thin portion of the
specimen where the plane stress condition mainly dominates. Namely, it may be
concluded that the difference in wall thickness, i.e., plain stress conditions or plain
strain conditions is one of the important mechanistic aspects to influence the difference

of delayed fracture time in steels.

2-4 Summary

In this chapter, experimental analyses were carried out using various types of
specimens to elucidate the influence of the specimen thickness on the initial crack
propagation mechanism associated with the hydrogen behavior and on the delayed
fracture time using thin plate specimen, solid specimen and thin walled hollow

specimen. Results obtained are summarized in the followings:
(1) The fracture lifetime in delayed fracture under hydrogen attack shows a tendency

to increase with decreasing thickness of specimens in quenched and tempered S35C

steel. This can be explained by the evidence that the initial QC crack prefers to develop
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at the thicker section rather than the thinner section of the specimen, which accidentally

has both thick and thin section in a single specimen.

(2) Even though the thickness of plate specimen and wall thickness of cylindrical
specimens becomes extremely thin up to 0.3mm, the initial crack still develops in the
subsurface of specimen. This phenomenon may support the internal pressure theory,
which was proposed for the mechanisms of hydrogen related fracture.

(3) The point of crack origin moves to the center of the thickness from near surface of
the specimen with a decrease in thickness. The numbers of QC facets, which were
observed on the fracture surface decreased with increasing thickness of plate specimen
and wall thickness of cylindrical specimen. These results suggest that the hydrogen
diffusion and concentration at the initial crack tip is so remarkable compared with the
thin specimens in which the crack initiated in subsurface can easily develop to an
unstable growth involving the 1G crack in the crack propagation period.

(4) Although the thickness of the specimens becomes extremely thin as 0.3mm in the
plate specimen of ASTM A490 steel and the thin walled hollow specimen of S35C steel,
the brittle fracture condition in delayed fracture can still be evaluated by the classical
theory of Griffith by employing the nominal fracture stress (or. MPa) and the maximum
crack length of QC cracks (Lgc: m). The length of the QC crack facet of the ASTM

A490 and S35C steels satisfies the classical Griffith type equation given by:

0.47 0.53
O ¢’ LQC = 1.9 (asmado0), O ¢ LQC =7.9 (ss0)

(or: Nominal fracture stress [MPa], Loc: QC crack facet length [m])
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(5) Under the ordinary stress condition without any artificial stress raiser such as
notch, the thickness of specimen is one of the important parameters making influence

on the fracture lifetime under hydrogen attack.
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Chapter 3

Mechanistic aspects of hydrogen degradation in high and low

strength steels

Abstract

Mechanistic aspects of the susceptibility to the delayed fracture were studied with an
emphasis on the critical behavior of Quasi-Cleavage (QC) and Inter-Granular (1G) crack
growth, which took place inside the specimen. The materials employed were ASTM
A490 and S35C steels which were quenched and tempered to have various levels of
yield strength ranging 500~1400MPa. These were put into sustained load delayed
fracture test with cathodic hydrogen charging. The delayed fracture strength was
evaluated by the threshold stress (o) at the elapsed time of 10* minutes. This oy, value
decreased with the increase in the yield strength level and a remarkable decrease was
observed beyond c,=1000MPa. This may be due to the development of crack tip
blunting resulting in the non-propagation of crack in low strength steels. The
experimental results further suggest that the blunting of crack tip can also be responsible
for the absence of IG crack in the crack growth process in low strength steels.

Key Words: Delayed fracture, Susceptibility, Yield stress, Tempering temperature, Threshold stress,

Quasi-Cleavage Crack, Inter-Granular Crack

3-1 Introduction

Although high strength steels in practical use have always been required of a high
toughness level as well as a high strength level, there still remains a hurdle in achieving
a high performance to delayed fracture due to hydrogen attack. The authors have noted
from previous studies that the unexpected fracture phenomenon is not unusual in high

strength steels such as AlISI 4340 and ASTM A490 steels at extremely low stress levels
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less than 1/10 of yield strength [107-108] under hydrogen attack. A study on the delayed
fracture mechanisms in high strength steels started from the failure of the F13T high
strength bolts, which was first reported in 1964 [109]. This accidental event, called
delayed fracture or hydrogen embrittlement (HE), is largely due to a combination of
stress concentration and hydrogen accumulation at defects such as non-metallic
inclusions in the subsurface of a specimen.

It has long been understood that high strength steels have high susceptibility to
hydrogen damage even at far below the yield strength level resulting in a catastrophic
rapid fracture, or an unexpected fracture known as delayed fracture [110-115] and that
the susceptibility to HE and hydrogen-induced cracking (HIC) generally tends to
increase as the yield strength of steel increases [116]. On the other hand, some kinds of
failure analysis in pipelines for transporting sour gas and offshore pipelines for sour
crude oil have made a lot of progress in the research of fracture mechanisms such as
HIC and sulfide stress corrosion cracking (SSCC) in low strength steels [117-123].

Now a considerable amount of knowledge has been achieved on the mechanisms
of HIC and SSCC caused by hydrogen attack even in low strength steels [124-135]. A
morphology of the crack development at an early stage in the fracture surface of high
strength steels under hydrogen attack obtained from SEM analyses, can be typically
characterized into a category of the Inter-Granular (IG) crack while, in low strength
steels, it can be categorized into the Trans-Granular (TG) crack [136]. The reason for
the difference of crack initiation morphology in high and low strength steels can be
crucial in understanding the critical issue of preventing fracture of structural steels
under aggressive environments.

The aim of this chapter is to examine the relationship between the crack
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development behavior and the level of yield strength, which has a critical influence on
the susceptibility to the delayed fracture. The initiation and development behavior of
subsurface crack in high and low strength steels under sustained load tests involving
hydrogen attack were studied with a special emphasis on the influence of the level of

yield strength on the hydrogen crack development.

3-2 Experimental procedure

The materials employed in this study were ASTM A490 steel, S35C steel (AISI
1035), and APl X65 steel with chemical compositions as shown in Table 3-1 and with
mechanical properties as shown in Table 3-2 respectively. These materials were
machined into unnotched shape with a gauge length and a mid-section diameter of
10mm and 5mm respectively. Details about shape and dimensions of these specimens
are illustrated in Fig.3-1 respectively. To obtain martensitic structure with an average
prior austenite grain diameter around 10um to 20um, the ASTM A490 steel specimen
was first austenitized at 1473K for 2 minutes in electro-furnace and quenched into salt
bath at 1143K for 10 minutes, followed by oil quenching as shown in Fig. 3-2. The
S35C steel and the APl X65 steel were austenitized at 1173K for 10 minutes and at
1273K for 60 minutes in electro-furnace respectively, followed by oil guenching to
arrange a quenched martensitic structure as shown in Fig. 3-3 and Fig. 3-4. These
specimens were mechanically polished, and then tempered at 473K, 523K, 573K, 623K,
673K, 773K, 873K and 973K for 1 hour in the vacuum furnace with 1.3 X10™Pa to
make arrangement of specimens with various kinds of mechanical properties as shown
in Table 3-2. Figure 3-5 shows the relationship between the yield strength and the

tempering temperature of ASTM A490 steel.
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Numerical values of mechanical properties in Table 3-2 are averaged results of at
least two or three samples of test specimens. The values of the threshold stresses were
also obtained by the delayed fracture test results of 7-10 specimens. Levels of the
threshold stress were determined as the largest applied stress at which the fracture did
not occur even after the elapsed loading time of 10* minutes for each case. On the other
hand, in some cases loading was discontinued at the 3x10° minutes in ASTM A490 steel
since the fracture life curve leveled off at about 10° minutes of loading time.

After heat treatment and mechanical polishing, the fatigue pre-cracked specimen
with a pit was prepared with electro-discharge machining to have a pit diameter and
depth of 150pm and 100pum respectively, and then N=10*-10° loading cycles were
applied to each specimen under 400MPa which is equivalent to 115%-120% of the
fatigue limit estimated from the S-N curve of the ASTM A490 specimen. This fatigue
test was carried out in advance of the delayed fracture test at pulsating frequency of
10Hz by MTS electro-hydraulic testing machine. Some of the fatigue pre-cracked
specimens were then tempered at 473K for 1 hour in vacuum furnace. Then these
specimens were pulled in two types of tension with a 45% and 90% loading of the yield
strength level to have blunted crack tip, applying a single load at the strain rate of 10°/s
by MTS electro-hydraulic testing machine in air.

These Specimens were subsequently hydrogen charged cathodically through the
surface using a platinum anode in 0.3mol H,SO, solution at a current density of
500A/m? and at ambient temperature. The specimen surface was covered with a
shielding tape to prevent damage from an attack by H,SO, except the gauge area.
Conventional delayed fracture tests were carried out using a 3-ton creep-testing machine

under conditions in which the mechanical loading began with hydrogen charging in
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H,SO, solution having 0.3mol concentration, and 500A/m? current density was kept
constant during the test as shown in Fig. 3-6. A trace of crack path on the fracture

surface was then examined using scanning electron microscope (SEM).

3-3 Results and Discussion

3-3-1 The susceptibility to delayed fracture in steels
3-3-1-1 Relationship between the susceptibility to delayed fracture
and the yield strength in steels

Sustained load fracture tests with the above hydrogen charging condition were
carried out for all kinds of specimens as shown in Table 3-2. Figure 3-7 shows the
relationship between the fracture stress and the time to fracture under hydrogen attack
using unnotched ASTM A490 specimens in a typical example of the delayed fracture
tests. The results of delayed fracture tests for S35C specimens are also shown in Fig.
3-8. These fracture curves of ASTM A490 steel and S35C steel shown in Fig. 3-7 and
Fig. 3-8 approximately level off at the elapsed time of about 10° minutes so that applied
load was discontinued at 10* minutes with the exception of ASTM A490 steel specimen
where loading was discontinued at the 3x10° minutes. Threshold stress (c,,) was then
determined as the largest value of the applied stress at the elapsed time of 3x10° or 10*
minutes. All the obtained data of the threshold stress of these specimens were given in
table 3-2 and Fig. 3-9 showing that these threshold stress increase with decrease of yield
strength level due to tempering treatments. Furthermore, in both cases of ASTM A490
steel and APl X65 steel specimens, which have the yield strength ranging between
600MPa and 700MPa, the results of the fracture tests clearly indicated that the brittle

fracture definitely occurred under hydrogen attack, even under the condition
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that the applied stress levels were far below the yield strength of the specimens.

To have a comprehensive understanding from these results, we made an attempt to
normalize the relationship with the threshold stress values (o) divided by the yield
strength (oy). The results show that the normalized delayed fracture strength decreases
with the increase in the yield strength level for all kinds of steels, and a remarkable
change in susceptibility can be seen at the yield strength ranging above o, =1000MPa as
shown in Fig. 3-10. Since these results imply that the dramatic reduction in the delayed
fracture strength is closely related to the high yield strength, we tried to examine the
degradation mechanisms, which is common to all steels in delayed fracture having a
wide range of yield strength levels. Then, to examine the detailed aspects of crack
development during the fracture process, which is not observed in the surface but in the
subsurface of the specimen, fractographic analysis with SEM was mainly employed on

the fracture surface of the specimens.

3-3-1-2 Relationship between the susceptibility to delayed fracture
and the change in the morphology of crack propagation
In the case of delayed fracture of high strength steels such as quenched and
tempered AISI 4340 specimens [92], a characteristic feature of crack growth behavior
gave us a notable information that the crucial crack is QC crack developed as the initial
crack in subsurface of the specimen rather than the simple IG crack development.
Although the IG crack has long been regarded as a critical crack leading to a premature
fracture in high strength steels due to hydrogen attack, a fractographic analysis on the
fracture surface showing a typical brittle manner of fracture revealed quite an important

presence of the notable QC fracture facet showing that fatal growth began
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as shown in Fig. 11-(a).

On the other hand, in the case of low strength steels such as APl X65 steel, ASTM
A490 steel, and S35C steel, which were tempered at relatively higher temperature above
773K after quenching, the specimens show higher resistance to delayed fracture, namely,
low susceptibility to delayed fracture. This low susceptibility to delayed fracture should
be related with some factors that dominate the essential nature of crack growth. The
characteristic feature of crack growth under hydrogen attack has long been considered
to be dependent on the yield strength level of steels, such that no IG crack is appreciable
in the fracture surface of low strength steels and that IG crack is noticeable in high
strength steels [84]. However, a careful examination of crack development and growth
morphologies shown in Fig. 3-11-(a) and 3-11-(b), gives us an understanding that no
appreciable difference can be seen in essential nature of crack growth in both high and
low strength steels. The QC crack first appears in the crack growth process in both high
and low strength steel specimens. This QC mode continues to grow up to the
transition point where the growth mode changes into IG mode with the unstable growth
in high strength steel specimen, while in low strength steel specimen, no transition to 1G
crack seems to be appeared in the crack growth process.

According to the forementioned evidence, it can be concluded that the
susceptibility to delayed fracture is related to the fact that high susceptibility prefers the
IG crack growth triggered by the QC crack resulting in a brittle fracture, while no I1G
crack appears in the low susceptibility condition. Therefore, we examined the
mechanistic factors, which must have an influence on the development of the QC crack

and the 1G crack in the delayed fracture.
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3-3-2 Influence of the mechanistic factor on the development of I1G crack
3-3-2-1 Relationship between the crack tip configuration and 1G
crack development

QC cracks in low strength steels under hydrogen attack show a mode of crack
growth different from that in high strength steels. The fractographic analysis revealed
that the QC crack in low strength steels grows without changing the mode of growth
into IG crack which is the characteristics of high strength steels, but QC crack grows
with a coalescence of a number of neighboring QC cracks under a relatively long period
of time followed by a development of MVC leading to final fracture. The QC cracks
should remain as non-propagating crack (NPC) when the applied stress is not enough to
boost the crack coalescence. From the mechanistic viewpoint, a possible reason for the
QC crack to propagate or to remain as NPC is a role of plasticity at the crack tip, namely,
the crack tip blunting. If a blunting is involved at the crack tip in low strength steels, the
hydrogen diffusion and concentration may be disturbed to a certain extent [24]
compared with high strength steels which keeps a sharp crack tip configuration with
little plastic deformation. This may reduce the stress intensity together with the reduced
hydrogen accumulation at the crack tip resulting in difficulty of the IG crack growing
from the QC crack front. A question arises as to whether the crack tip blunting actually
behaves as we expected. To examine the relationship between the level of yield strength
and the morphology of the initiated crack tip in steels, two kinds of specimens were
prepared for the metallographic observations of the cross section: one was ASTM A490
steel with a higher yield strength of 1344MPa and the other was APl X65 steel with a
lower yield strength of 709MPa.

A configuration of the tip of QC crack was then examined on steels which had
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already been loaded for 10* minutes to produce QC crack in the specimen under
sustained load at the stress level of 90MPa for ASTM A490 steel and 500MPa for API
X65 steel, both of which correspond to the respective threshold stress of the delayed
fracture with hydrogen charging condition of 500A/m?. After 10* minutes from the start
of loading and hydrogen charging, sustained load tests were discontinued and the
metallurgical examination on the cross section of the gauge section of specimen was
made after mechanical polishing and metallographical treatments to see the crack tip
configuration as shown in Fig. 3-12.

Figure 3-12-(a) and (b) shows the micrographs of subsurface crack tip, which
were observed in the cross section by using optical microscope. These results showed
two types of different crack tip morphologies of the initial cracks of QC developed in
the two specimens tested. The one crack tip is very sharp with no appreciable plasticity
in ASTM A490 steel having high yield strength. On the other hand, in the case of API
X65 steel having a low vyield strength, the crack tip showed an appreciable plastic
deformation both at the tip and the flank of the crack as shown in Fig. 3-12-(a) and (b)
respectively. From this evidence, the reason for the difficulty for the onset of IG crack
growth from the QC crack in the low strength steel may be explained that the crack tip
blunting is easily built up in the low strength steel compared with the high strength steel
and this may suppress the hydrogen accumulation near the crack tip resulting in
disappearance of IG crack growth which should be triggered by the QC crack in the

crack growth process.

3-3-2-2 Relationship between the crack tip blunting and I1G crack

development in high strength steels
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To examine whether or not the above explanation for low strength steels can be
acceptable for other structural steels as to any amount of blunting is possible at the
crack tip, the high strength steel specimens having QC cracks, the tip of which is
difficult to blunt under ordinary condition for delayed fracture, were prepared by the
forementioned loading procedure. If the additional crack tip blunting is applied for the
QC crack in high strength steels, it is expected that the crack growth behavior would be
different from that having a sharp crack tip where the QC crack easily propagates into
IG mode resulting in premature fracture. However, preparations of QC crack having
plastic blunting at the crack tip in high strength steels is difficult to accomplish in a
specimen since the QC crack develops in the invisible subsurface of the specimen.
There seems to be no way to identify a particular QC crack leading to fatal fracture of
the specimen among other embedded QC cracks and to catch the plastic blunting at the
crack tip. Therefore, an influence of the crack tip blunting behavior on the onset of IG
crack growth from the QC crack was estimated from the available evidence of the
surface fatigue crack behavior instead of the embedded QC crack in the specimen.

Hence, surface fatigue pre-cracked specimens were prepared in place of the
specimen having subsurface QC cracks. We arranged the experiment using the ASTM
A490 steel specimen having the surface fatigue pre-crack of 250um in depth with the
loading cycles about N=10*-10° under the cyclic stress amplitude of 400MPa. These
fatigue pre-cracked specimens were further loaded to make a blunted crack tip under the
stress condition as follows: Loading conditions were selected as 45% (c=605MPa) and
90% (c=1210MPa) of the yield strength with the strain rate of 10™/s.

Employing these specimens, the sustained load test was carried out at 400MPa

after hydrogen charging for 24 hours at the current density of 500A/m? under no applied
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stress. Fractography showed that the critical crack eventually started at the fatigue
pre-crack and that the mode of the crack growth was still intergranular even in the case
of the specimen, which was pre-loaded up to 90% of the yield strength level. However,
the length of the IG crack facet in front of the fatigue pre-crack obviously reduced
compared with the specimen having no additional crack tip blunting.

The relationship between the 1G crack length and the normalized applied stress for
blunting with respect to the yield strength is given in Fig. 3-13. The IG crack length
decreased with increasing magnitude of normalized applied stress. Since the magnitude
of this stress must be related to the degree of plastic blunting at the crack tip, it can be
suggested from Fig. 3-13 together with the evidence shown in Fig. 3-12 that the crack
tip blunting has a definite influence on the condition for the onset of growth of 1G crack
from the fatigue pre-crack front. The detailed mechanisms of IG crack development
from the QC crack in an unnotched specimen under hydrogen attack is not fully
understood, but it must be related to the sharpness or bluntness of the morphology of
QC crack tip which should influence the behavior of hydrogen diffusion and

accumulation capability [25-26] during the crack propagation process.

3-3-2-3 Relationship between the tempering temperature and 1G
crack development

The following experiments were carried out to obtain a further understanding of

the influence of the reduction in the yield strength on the behavior of IG crack

development from the tip of the fatigue pre-crack. Fatigue pre-cracked specimens of

ASTM A490 steel were prepared to have reduced yield strengths by the forementioned

higher tempering temperature process. They were tempered at 473K, 673K and 973K
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for 1 hour in vacuum furnace (1.3x10™Pa) respectively, and then hydrogen charged for
24 hours at a current density of 2000A/m? with no applied stress to keep up the state of
original crack tip morphology of fatigue pre-crack. These specimens were subsequently
subjected to a delayed fracture test under 400MPa at the same hydrogen environment.

Figure 3-14 shows the relationship between the facet lengths of I1G cracks from the
crack front of the fatigue pre-crack and the tempering temperature. Both specimens
tempered at 473K and 673K showed the same crack propagation behavior
accompanying IG crack, and the length of IG facet remarkably decreased with increase
in the tempering temperature from 473K to 673K, and all traces of IG crack facet
eventually disappeared off from the pre-crack front of the particular specimen tempered
at 973K as shown in Fig. 3-14. Accordingly, the activation of the onset of IG crack
growth in the fracture process under hydrogen attack depends mostly on the yielding
resistance of the specimen which is directly related to the crack tip blunting and the

crack tip stress state for the concentration and diffusion of hydrogen.

3-3-3 Mechanisms of QC crack development to delayed fracture in
steels

From the results of fractographic analyses of the subsurface crack propagation
under hydrogen attack and of the study on the mechanisms of delayed fracture with
respect to the various levels of yield strength of steels, we may reach a comprehensive
understanding of the crack development behavior under hydrogen environment as
shown in Table 3-3. This table summarizes the forementioned results of crack
propagation analyses in a simple model. It is obvious that the initial crack is always the

QC crack irrespective of the strength level of the specimens. It is evident that the basic
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manner of crack growth process consists of the QC crack, IG crack, and MVC in the
delayed fracture of various kinds of structural steels. However, in the case of low
strength steels, the IG cracking process may disappear due to the crack tip blunting
resulting in difficulty of the hydrogen concentration.

Since the fracture appearance in the delayed fracture shows various features in
response to the level of yield strength of steels, many of the previous results [42] have
pointed that the fracture mechanisms of delayed fracture should be understood as a
different phenomenon depending on the level of yield strength. Then, the feature of
crack growth at initial stage of fracture in low strength steels was always identified as
the transgranular crack differing from that of high strength steel in which the IG crack
was common especially when the specimen had a sharp notch. On the contrary, if the
model of the sequence of crack growth “QC—IG—MVC” is considered as essential for
the crack propagation mechanism regardless of the level of yield strength in steels under
the delayed fracture process as shown in this experiment using the unnotched specimen,
a susceptibility to the delayed fracture is directly related to the condition for an
appearance of the IG crack growth which can be explained by the blunting of the QC

crack tip.

3-4 Summary

A mechanistic aspect of the susceptibility to delayed fracture of structural steel was
studied with an emphasis on the subsurface crack development mechanisms using
various types of steels which have yield strength levels ranging from 500MPa to

1400MPa. Results obtained are summarized in the followings:
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(1) The susceptibility to the delayed fracture increases with an increase in the yield
strength level irrespective of the variety of steels.

(2) The delayed fracture strength remarkably decreases at a particular strength level
about ©,=1000MPa in ASTM A490 and S35C steels. The development of the
subsurface QC crack is common and fundamental phenomenon to high and low strength
steels under hydrogen attack.

(3) SEM examination of the fracture surface revealed that two types of crack
propagation morphologies exist in delayed fracture of steels: one is QC—IG—MVC in
high strength steels and the other is QC—MVC in low strength steels. It can be
explained that the IG crack is absent in the case of low strength steels in which the
coalescence of micro-QC cracks occurs leading to the final fracture accompanying
MVC growth.

(4) On the basis of mechanistic viewpoint, a magnitude of the susceptibility to
delayed fracture in steels can be explained from the degree of crack tip blunting due to

the magnitude of yield strength.
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Chapter 4

Crack initiation mechanisms at welded joints under hydrogen
attack

Abstract

To avoid the fracture of welded joints, “over-matching” has been employed as a
useful and practical method in welding operation. This has been known as an effective
approach to maintain a high static strength level of the welded structure. However, it is
also known that welded joints have a high susceptibility to delayed fracture under
hydrogen attack. To examine the mechanisms of delayed fracture of welded joints that
consist of the weld metal and the base metal of API X80 steel, sustained load tests were
carried out under hydrogen attack using four types of unnotched specimens; the
specimen A which consists of three microstructural elements-- a base metal, a heat
affect zone (HAZ), and a weld metal; the specimens B and C are composed of a single
microstructure-- a base metal and a weld metal respectively, and the specimen D is
composed of a single weld microstructure without marked defects due to welding
operation. Although the weld metal at welded joints has a yield strength level below
900MPa, it shows almost the same tendency toward hydrogen susceptibility as that of
the high strength steels having the yield strength level above 1200MPa. Weld defects
such as blowholes can be responsible for the high susceptibility to hydrogen
embrittlement of welded joints.

Key Words: Weld Metal, Initiation crack, Susceptibility, Yield stress, Threshold stress,
Quasi-Cleavage Crack

4-1 Introduction

To prevent welded joints from fracture, “over-matching” has been applied as a
useful method for welding operation of the joints of pipelines. This brings about higher
strength at welded joints compared with the base metal under static applied load in the

case of present pipeline steel APl X100 [133]. Although over-matching operation
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is an effective welding method and is popular for providing tough structures to pipeline
systems in power plants, high sensitivity of the welded joints to hydrogen cracking is a
crucial problem for welding process of pipeline steels especially in high pressure and
aggressive environments.

When hydrogen penetrates into a specimen and accumulates at the interface of the
non-metallic inclusions and the matrix, a significant amount of cracking may occur even
in low and medium strength alloy steels such as the API X series commonly used for
pipelines and pressure vessels in oil and chemical industries [138]. It is reported that the
elongated MnS inclusion is the most favorable site for the initiation of hydrogen
induced cracking (HIC) [139-140]. This type of hydrogen damage is also called
hydrogen induced blistering cracking or stepwise cracking, which is accelerated by the
effect of band structure of the specimen [141-142]. Many studies so far have been
carried out to develop various improved grades of pipeline steels with low susceptibility
to delayed fracture under aggressive environments [143], but it has been reported that
the AP1 X60 up to X80 types of pipeline steels are prone to hydrogen induced cracking
even in the absence of applied stresses [144].

On the other hand, the initial crack nucleation and growth mechanisms of hydrogen
embrittlement (HE) of welded structures have attracted little attention of researchers so
far. Therefore, an aim of the study in this chapter is to elucidate the mechanisms of
crack development in the weld metal and the base metal under hydrogen attack. To
examine the fracture mechanisms of the base metal of API X80 steel and the weld metal,
conventional delayed fracture tests were carried out using specially prepared specimens

as shown in the next chapter.
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4-2 Experimental procedure

The material employed in this study was an APl X80 steel plate having a thickness
of 17.5mm, chemical compositions of which are given in Table 4-1. The APl X80 steel
plate was welded using welding wire with chemical compositions as shown in Table 4-1.
In this study, MAG welding method was employed using argon and carbon dioxide as
primary shielding gases. The welding condition is summarized as shown in Table 4-2.
From this welded plate, the type A specimen, which consists of three microstructural
components, the base metal, the HAZ and the weld metal, was machined into an
hourglass shape with a gauge length of 25mm and with a mid-section diameter of 5mm
for the sustained load test. Details of the welded plate and the shape and dimensions of
this unnotched specimen are illustrated schematically in Fig. 4-1.

For evaluations of the susceptibility to delayed fracture of the base metal and the
weld metal, specimens B and C, each of which is composed of a single micorstructural
component of a base metal and a weld metal respectively, were also prepared from the
same welded plate and machined into an unnotched specimen with a gauge length of
10mm, and with a mid-section diameter of 5mm. To examine the delayed fracture
strength of the weld metal without marked defects due to welding operation, the
specimen D was prepared through vacuum plasma melting to achieve defect-free weld
metal specimens. The specimen D was arranged from an ingot with 270X 60X 15 mm?
and machined into an unnotched specimen with a gauge length of 10mm, and with a
mid-section diameter of 5mm. Details of the shape and dimensions of the specimens B,
C and D are illustrated in Fig. 4-2. The mechanical properties of the specimens B, C and
D are shown in Table 4-3.

These specimens were mechanically polished, and were subsequently hydrogen
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charged cathodically through the surface using a platinum anode in 0.03mol H,SO,
solution with a current density of 500A/m® and at ambient temperature. The rest of the
specimen surface was covered with shielding tape to prevent the specimen surface from
H,SO, attack. Conventional delayed fracture tests were carried out using a 3-ton
creep-testing machine under conditions in which mechanical loading began
simultaneously with hydrogen charging, and both 0.03mol concentration of H,SO, and
500A/m? current density were kept constant during the test to the moment of final
fracture, as shown in Fig. 4-3. A feature of crack propagation on the fracture surface was

then traced using a scanning electron microscope (SEM).

4-3 Results and Discussion

4-3-1 Feature of microstructures at the welled joints

Figure 4-4 shows micrographs of the cross section of the welded plate specimen.
From these, the base metal was shown to be a mixture of ferrite and pearlite structures
with a segregation band, and the HAZ was also found to be a mixture of fine grained
ferrite and pearlite structures as shown in Fig. 4-4-(a), and (b). Optical micrograph of
the weld metal consists primarily of acicular ferrite (AF), Widmanstaetten ferrite (WF),
and grain boundary ferrite (GF) microstructures. Figure 4-4-(c) gives an example
showing the mixed feature of AF, WF, GF and pearlite microstructures in the weld metal.
The weld metal without marked defects was also shown to be a mixture feature of AF,
WEF and GF microstructures as shown in Fig. 4-4-(d). However, weld defects such as
blowholes due to welding operation were hardly detected by means of optical

microstructural examination in the weld metal microstructure.

4-3-2 Delayed fracture characteristics of welded joints
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Figure 4-5 shows the relationship between fracture stress and time to fracture
under hydrogen attack for the specimen A. Although both the base metal and the weld
metal have low strength levels ranging from 610MPa~860MPa, their fracture behavior
seems to be similar to those of high strength steels such as ASTM A490 and S35C steels
which were heat treated to the strength level above 1200MPa. It is notable that the
delayed fracture has occurred even at extremely low stress level such as 100MPa, as
recognized in Fig.4-5.

Welded joints are composed of three microstructural components in series
connection-- the base metal, the HAZ, and the weld metal, each of which has a different
mechanical property, as shown in Table 4-3. If the weakest-link-concept, that was first
proposed by Peirce F.T. in 1926 [145], is applied to the fracture event of welded joints
in air, the weakest spot can be the base metal not the weld metal, as shown in Fig.
4-6-(b), since welded joints are usually prepared under the concept of “over-matching”.
To examine the role of the weakest spot in welded joints under delayed fracture, an
identification of the fracture spot at the welded joints in specimen A was carefully made
on all the fractured specimens given in Fig. 4-5. Possible fracture spots are categorized
into three microstructural constituents; base metal, HAZ, and weld metal, respectively.

Figure 4-7 shows the results of the categorization of the fracture spot in the
welded joints of specimen A. In the case of stress levels above 600MPa, close to the
yield strength of the base metal, the fracture spot was found in the base metal in this
delayed fracture tests. On the other hand, in the case of low applied stress where the
applied stress was less than 600MPa, the delayed fracture occurred in the weld metal,
with few exception of the case of HAZ region fracture, which occurred at 550MPa.

Although the weld metal has a higher static strength than the base metal, i.e.,
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“over-matching”, as shown in Table 4-3, the fracture prefers to the weld metal as the
weakest spot in delayed fracture instead of the base metal.

Consequently, the hydrogen degradation at welded joints can be understood as a
phenomenon that the fatal crack prefers to develop at the weld metal damaged due to
the thermal history during welding operation. Although the fracture curve of specimen A
given in Fig. 4-5 seems to be a result of simple delayed fracture, the result of Fig. 4-7
evidently implies that not one but two types of fracture mechanisms are dominating the
embrittlement fracture of the welded joints subjected to hydrogen attack. Multiple
mechanisms for crack development dominate the fracture of welded joints; one in
higher strength levels and the other in lower strength levels. This implies that it is
insufficient to understand the essential fracture characteristics of welded joints from the
forementioned simple result of delayed fracture of the specimen A. To have a
comprehensive understanding of the nature of the susceptibility of the base metal and
the weld metal to delayed fracture under hydrogen attack, both of the specimen B
representing base metal and the specimen C representing weld metal are subjected to a

sustained load fracture test, the results of which are given in the next chapter.

4-3-3 Difference in susceptibility to delayed fracture between the
base metal and the weld metal

Figure 4-8 shows the relationship between fracture stress and time to fracture
for both specimens B (base metal) and C (weld metal) under hydrogen attack. Since the
overall fracture strength of specimen is dependent on the strength of the weakest spot in
microstructure, it can be expected that the fracture strength of specimen A should be
closely related to the strength of either specimen B or C. The results of Fig. 4-8 clearly

show that the base metal specimen has a higher level of threshold stress for hydrogen
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attack than the weld metal specimen. Since the intrinsic strength level of the weld metal
is comparable to that of ordinary low strength steels, it is reasonable to expect the weld
metal to show high resistance for delayed fracture. However, the results are quite
different from expectations. This extremely low strength level of weld metal in the
figure is comparable to the case of high strength steels. The threshold stress (o) was
then determined as the largest value of the applied stress at which fracture did not occur,
after the elapsed time period of 10* minutes. The threshold stress of the weld metal was
considerably lower than that of the base metal even though the yield strength of both
metals stays in a similar range of yield strength. Furthermore, this result clearly shows a
fact that delayed fracture under hydrogen attack occurs even at extremely low stress
level such as 200MPa.

Figure 4-9 shows a schematic illustration of the superposition of the two
fracture curves of the base and weld metals, both of which are microstructural
constituents connected serially in the specimen A. On the basis of this consideration, the
fracture behavior of the specimen A can be explained from the superimposed fracture
curve. In the range of relatively higher stress levels and shorter elapsed time period
before remarkable decrease in fracture strength, the delayed fracture strength of welded
joints is dominated mainly by the fracture strength of the base metal. On the other hand,
in the range of lower applied stress level and longer elapsed time period, the delayed
fracture strength of welded joints is determined predominantly by the fracture strength
of the weld metal. The thick single solid line represents the expected fracture curves of
the specimen A composed of a combination of two fracture curves. Thus, the results of
delayed fracture tests of the specimen A were plotted against this expected curve given

in Fig. 4-9. Figure 4-10 shows a quite good agreement between the two results.
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To have a general understanding of the susceptibility to the delayed fracture of
the individual specimens of B and C, the levels of the threshold stresses of each
specimen were compared with the results of the quenched and tempered carbon steel
specimens having yield strength levels ranging from 500MPa~1400MPa as shown in
Fig. 4-11. The threshold stress of delayed fracture was evaluated by using the yield
strength normalized as the ratio of the threshold stress to the yield strength (cw/cy). It is
found from Fig. 4-11 that the normalized delayed fracture strength of the specimen B
(base metal) has the same level as those of low strength steels, while the delayed
fracture strength of the specimen C (weld metal) remains in an extremely low level
comparable to the high strength steels having the yield strength above 1200MPa. This
may raise a question as to why the weld metal shows higher susceptibility than that of
the base metal though their strength levels are in the same range.

Since a feature of crack initiation and propagation can be related to the
susceptibility to delayed fracture, the characteristic of crack growth morphologies in
both base and weld metals and the details of fracture surface were carefully observed in

the next chapter by fractographic analysis with SEM.

4-3-4 Difference in crack propagation mechanisms between the
base metal and the weld metal

Figure 4-12 shows schematic illustrations of the morphologies of crack
propagation and SEM photographs of the QC and IG cracks in the specimens B and C.
The sequence of the crack propagation modes in the base metal can be traced in the
particular order of QC—MVC as shown in Fig. 4-12-(a). Initial QC cracks develop
accompanying coalescence of the QC cracks to reach the critical length at which they

trigger an unstable crack growth with the MVC mode. Although there was no
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appreciable difference in the level of yield strength between the specimen B and the
specimen C, the crack propagation mechanisms of the weld metal shows different
characteristics from the base metal as shown in Fig. 4-12-(b). The sequence of crack
propagation mode in the weld metal is in the order of QC—1G—MVC. It is noticeable
that the crack propagation mode following the initial QC crack is not MVC but IG crack
in the case of the weld metal as shown in Fig. 4-12-(b). This evidence coincides with the
suggestion from the previous studies [83] indicating that the appearance of the I1G crack
mode in the crack propagation period of the weld metal is one of the important factors
of the high susceptibility to delayed fracture.

It is interesting to know that the nucleation sites of the initial crack in the base
metal and the weld metal are different from each other, even though the initial crack
modes are identically QC cracks. To examine the initiation sites of the origin of QC
cracks in the base metal and the weld metal, the fracture surface of the specimens B and
C were carefully examined. Most of the initial cracks in the specimen B started at the
non-metallic inclusions as shown in Fig. 4-13-(a). On the other hand, most of the
initiation sites of QC cracks in the specimen C were the blowholes as shown in Fig.
4-13-(b). In addition, particular attention should be given to the numbers of blowholes
and non-metallic inclusions at initiation sites that give useful information on how the
QC cracks develop and propagate in the base and weld metals under hydrogen attack.
To evaluate the numbers of blowholes in the weld metal and non-metallic inclusions in
the base metal, the fracture surface of the specimens B and C were carefully examined
through SEM micrographs. Figure 4-14 shows the numbers of blowholes and
non-metallic inclusions observed as nucleation sites of QC cracks on fracture surface.

The number of blowholes and non-metallic inclusions which became initiation sites for
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QC cracks in the weld metal were approximately 4 times larger than the number of
non-metallic inclusions which also played the nucleation sites in the development of QC
cracks in base metal. It is noted from this result that the blowholes in weld metal have

an important role on the degradation of delayed fracture strength in welded metal.

4-3-5 Role of blowholes in weld metal under hydrogen attack

A question arises as to whether or not the weld metal itself before welding has a
high susceptibility to delayed fracture. Then, a particular specimen D was arranged from
the ingot of welding wire as mentioned in the experimental procedure. Presently there
seems to be no way to prepare welded joints without having welding defects due to
welding operation. From the results of the fracture behavior of the specimen D, it can be
presumed that welding defects such as blowholes in weld metal influences on
susceptibility to delayed fracture. Since the strength level of the specimen D having the
yield strength of 531MPa is comparable to ordinary low strength steels, it is expected to
show a relatively low susceptibility to delayed fracture, i.e., a higher delayed fracture
strength. Figure 4-15 shows the relationship between the fracture stress and the time to
fracture for the specimen D together with the results of the specimen C given by the
solid line without data plots. The specimen D has a higher threshold stress than the
specimen C as shown in Fig. 4-15. To compare the susceptibility to hydrogen
embrittlement between the specimen C (weld metal) and the weld metal without marked
welding defects such as blowholes, the susceptibility to delayed fracture of the
specimen D was also evaluated by the ratio, o / oy, in a similar manner shown in Fig.
4-11. Figure 4-11 shows that the normalized delayed fracture strength of the specimen D
has a higher strength level than the weld metal. The level of susceptibility to delayed

fracture can be influenced by the feature of crack development behavior in the
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microstructure. To compare the difference in susceptibility between the weld metal
(specimen C) and the weld metal without marked welding defects such as blowholes
(specimen D), the details of crack propagation morphologies on the fracture surface of
both specimens were examined by fractographic analysis with SEM. Figure 4-16 shows
the schematic illustration of the morphology of crack propagation, SEM photographs of
QC cracks, and the initial sites of QC cracks on the fracture surface of the specimen D.
In case of the specimen D, the initial crack mode is basically QC with a mixture mode
of QC crack and cleavage crack. The sequence of the crack propagation process is in the
particular order of QC—MVC as shown in Fig. 4-16-(a). The initial QC cracks develop
accompanying also coalescence with each other to reach the critical length at which
they trigger an unstable crack growth with the MVVC mode as the base metal and the
weld metal. To examine the initiation sites of the QC cracks in the weld metal without
marked welding defects such as blowholes, the fracture surface of the specimen D was
carefully examined. The initial sites of the QC cracks in the specimen D started at the
non-metallic inclusions as shown in Fig. 4-16-(b). The evidence that the crack in the
specimen D initiates at the non-metallic inclusion not at the blowhole may suggest the
most probable reason for the low susceptibility to delayed fracture of specimen D
compared to the results of weld metal.

Although the effects of welding defects such as blowholes on mechanical
properties are dependent on their size, shape, number, and distribution [146-147], the
weld metal has a higher mechanical property in air than the base metal due to the effect
of “over-matching” described in Table 4-3. When the specimen A is subjected to a
sustained load test in air, not in an aggressive environment, the fracture should start at

the base metal if we accept the weakest-link-concept. In this case the defects such as
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blowholes in the weld metal may not act as the weakest spot so that the static fracture
does not occur at the weld metal. On the other hand, when the specimen A is subjected
to sustained load tests where the applied stress is a relatively low stress level under
hydrogen attack, the fracture starts from the weld metal not from the base metal. It is
considered that welding defects, such as blowholes, may significantly affect on
reduction in fracture strength of the weld metal under hydrogen attack. It is reported that
the blowholes in the vicinity of the specimen surface in A 5183 weld metal become a
fatigue crack initiation site due to stress concentration effect, but if the blowholes are
located far from the surface of the specimen, they do not become a fatigue crack
initiation site in air [148] showing almost no appreciable effects on fatigue properties.
On the other hand, when the welded joints of APl X80 steel were subjected to sustained
load tests under hydrogen attack, most of the blowholes in the weld metal gave
initiation sites of QC cracks irrespective of the distance from the surface of the
specimen. From these experimental results, it is noted that the blowholes which became
initiation sites in development of QC cracks in crack propagation, provide the most
susceptible site as preexisting defects in the weld metal and play an important role to
promote the progress of hydrogen accumulation and to develop a critical subsurface

crack due to hydrogen attack.

4-4 Summary

The susceptibility to delayed fracture and the mechanisms of hydrogen related
fracture in a welded plate were studied using four types of unnotched specimens which

were specially prepared with an emphasis on the initial crack development behavior.
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Results obtained are summarized as follows:

(1) The weld metal shows a tendency to increase susceptibility to delayed fracture in
a similar manner as crack development in the high strength steels with yield strength
above 1200MPa level.

(2) Even though the weld metal has a high performance in mechanical properties
compared to that of the base metal in air, the fracture occurs from the weld metal not
from the base metal of welded joints under hydrogen attack. The welding defects such
as blowholes are associated to increase the susceptibility to delayed fracture in the weld
metal.

(3) On the basis of the weakest-link-concept, the delayed fracture behavior of welded
joints can be explained from the two superimposed delayed fracture curves of the base
and weld metals: the delayed fracture strength of the welded joints at higher stress levels
is dominated by the base metal, while at lower stress levels it is dominated by the weld
metal.

(4) The morphology of initial cracks in welded joints is always Quasi-Cleavage
irrespective of the difference in trigger defects, i.e., blowholes or non-metallic
inclusions. This may give us a generalized aspect of the fracture morphology of
structural steels under hydrogen attack where the development of crack involves the

typical Quasi-Cleavage followed by Inter-Granular or Micro-Void Coalescence.
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Conclusions and Further work

5-1 Conclusions

In this study, mechanistic aspects of the mechanisms of subsurface crack
propagation and hydrogen degradation in high and low strength steels with various
magnitudes of yield strength ranging from 500MPa to 1400MPa were studied with
special attention on specimen shape and dimensions. The mechanisms of critical crack
development and susceptibility to delayed fracture in welded joints of APl X80 steel

were also studied. The following conclusions were obtained.

(1) Mechanistic aspects of the development of critical crack in thin specimens of
high strength steels under hydrogen attack (Chapter 2)

To examine the influence of the localized stress condition introduced by the
difference in specimen shape and thickness on the development of critical crack, and on
the delayed fracture time associated with hydrogen diffusion and accumulation at the
vicinity of the subsurface crack tip, delayed fracture tests were carried out using three
types of unnotched specimens. Even though the plate thickness of thin plate specimen
and the wall thickness of thin walled hollow specimen become extremely thin up to
0.3mm, the initial QC crack still develops in the subsurface of specimens. Although
there is no essential difference in the morphology of crack propagation between the
thick and the thin specimens, the time-to-fracture depends on the thickness of specimens

regardless of specimen shape in steels. This implies that the development of the initial
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hydrogen crack is still under the influence of local stress condition though no
appreciable difference in stress condition is observed in macroscopically very thin

specimen.

(2) Mechanistic aspects of hydrogen degradation in high and low strength steels
(Chapter 3)

A mechanistic aspect of the susceptibility to delayed fracture of steels was studied
with an emphasis on the critical behavior of QC crack and IG crack development using
various levels of yield strength steels ranging from 500MPa to 1400MPa. The
susceptibility to delayed fracture increases with increasing yield strength irrespective of
steels. The delayed fracture strength remarkably decreases at a particular strength level
beyond cy,=1000MPa in ASTM A490 and S35C steels. SEM examination of the fracture
surface revealed that two types of crack propagation morphologies exist in steels: one is
QC—IG—MVC in high strength steels and the other is QC—MVC in low strength
steels. This implies that the IG crack mode is absent in case of low strength steels in
which coalescence of micro-QC cracks occurs leading to final fracture accompanying
MVC growth. This explanation is supported by the plastic deformation at the crack tip
due to low yield strength. It is further suggested from the experimental results that the
blunting of crack tip can be also responsible for the absence of 1G crack from an initial
crack in the crack growth process and the low susceptibility to delayed fracture in low
strength steels. The morphology of initial cracks in the high and low strength levels is
always Quasi-Cleavage irrespective of the levels of the yield strength and the initial
crack tip blunting. This may give us a generalized aspect of fracture morphology of
structural steels under hydrogen attack where the development of crack involves the

typical Quasi-Cleavage followed by Inter-Granular or Micro-Void coalescence.
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(3) Mechanisms of critical crack development at welded joints under hydrogen
attack (Chapter 4)

To examine influence of the mechanisms of crack propagation on the susceptibility
to delayed fracture at welded joints, sustained load tests were carried out using welded
plates which consisted of the weld metal, the HAZ, and the base metal of AP X80 steel.
Since an intrinsic strengths of the base and weld metals is not so different compared to
the low strength steels having the yield strength below 900MPa, it is not unreasonable
to expect low susceptibility to delayed fracture. However, the weld metal shows almost
the same tendency of susceptibility to delayed fracture as that of the high strength steels
having the yield strength above 1200MPa. Although blowholes are present as an
inevitable defect in the weld metal, when the weld metal was subjected to tensile tests in
air, the blowholes did not act as the weakest point to promote crack propagation. When
the weld metal was subjected to sustained load tests under hydrogen attack, however,
the blowholes became an initiation site of critical crack development in crack
propagation. The reason for the high susceptibility to delayed fracture of the weld metal
compared to the base metal can be explained from the experimental evidence that the
weld defects such as blowholes are the most susceptible sites and provide an initiation
site of QC cracks development in the crack propagation process under hydrogen attack.
On the basis of the weakest-link-concept, the delayed fracture behavior of welded joints
can be explained from the two superimposed delayed fracture curves of the base and
weld metals: the delayed fracture strength of welded joints at higher stress levels is
dominated by the base metal, while at lower stress levels it is dominated by the weld

metal.

From the fractographic analysis of crack propagation using SEM in the fracture
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surface of unnotched specimen, it is found that the feature of initial crack mode is not
IG crack but QC crack irrespective of the shape and dimensions of specimens, and of
the levels of yield strength in steels. The essential elements of morphologies in crack
propagation under hydrogen attack are composed of three modes: QC crack, IG crack,
and MVC. The development of QC crack as an initial and critical crack is a common
and fundamental phenomenon in high and low strength steels under hydrogen attack.
When the unstable crack mode of IG crack can easily transfer from the stable crack
mode of QC crack in crack propagation process, it means that the susceptibility to
delayed fracture is high and the fracture strength drops to extremely low levels, e.g., less
than 1/10 of the yield strength. The following crack mode next to the QC crack depends
on various parameters such as the degree of blunting at the crack tip due to the
magnitudes of yield strength, preexisting defects like blowholes in the welded joints, the
hydrogen diffusion and accumulation ability which is affected by the microstructures,

and stress conditions around the critical crack tip.

5-2 Further work

Since the mechanisms of crack development and propagation due to the
combination of hydrogen diffusion and stress concentration in local region such as
defects or non-metallic inclusions are very complicated, no single mechanisms can
explain the degradation of fracture strength in steels under hydrogen attack. In this
study attention is focused on the influence of mechanistic aspects on the feature of
initial crack development and the susceptibility to delayed fracture. There still lies

considerable scope of further progress toward a comprehensive understanding of
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hydrogen behavior related to the mechanisms of delayed fracture in steels. Hence some

recommendations for future studies are given in the followings:

(1) Clarity about the role of hydrogen in nucleation and growth of critical cracks in
steels is especially important to have a comprehensive understanding of the
development mechanisms of subsurface crack such as the QC and TG cracks under
hydrogen attack. Details of examination are needed to understand the influence of
microstructures of steels on the early stage of crack development under hydrogen attack.
It is also recommended to study the critical matter between the actual fracture problems

and the basic understanding of crack development such as QC crack in delayed fracture.

(2) A study on the development of QC crack is proposed as an essential and
fundamental phenomenon in unnotched specimens under hydrogen attack through the
technique of fractographic analysis on fracture surface, especially within the sustained
load test. Thus the concept of initial QC crack should be modified and developed by
extending the range of test parameters such as in the high and low cycle fatigue

situations.
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Fig. 1-1. High strength steels have high susceptibility
to hydrogen cracking resulting in extremely low
fracture stress levels (Notched specimen) [1].
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Crack tip of notched specimen

Fig. 1-2. Schematic illustration for interactions of
stress concentration and hydrogen accumulation in
front of the crack that leads to delayed fracture.



Table 2-1. Chemical compositions of specimens

wt%

Materials C Si Mn P S Cr Mo Fe
ASTM- 0
A490 0.33 | 0.16 | 0.68 0.016 0.01 0.79 | 0.16 Ba

S35C
036 | 0.24 | 0.75 0.1 0.15 0.11 _ Bal

(AISI 1035)
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Fig. 2-1. Relationship between fracture stress
and time to fracture for SNCM439 steel [96].
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Strain : g( ) Time to fracture : t(min)

Fig. 2-2. High strength steel has a high
susceptibility to hydrogen cracking at extremely
low stress levels, about 1/10 level of the yield
strength, leading to brittle fracture known as

Delayed Fracture.
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QC : Quasi-cleavage
IG : Inter-granular
MVC : Micro-void coalescence

%0

)
A

Fig. 2-3. SEM fractographs and morphological
characteristics of the fracture surface of
unnotched solid specimen subjected to delayed
fracture test.
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Fig. 2-4-(a). Shape and dimensions of thin plate
specimens of ASTM A490 steel.
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Fig. 2-4-(b). Shape and dimensions of thin
walled hollow and solid specimens of S35C
steel.
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Fig. 2-5-(b). Schematic diagram showing heat
treatment of S35C steel.
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Fig. 2-6. Three-ton-creep test apparatus and
hydrogen charge by cathode electrolysis method
in sulfate solution.
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QC: Quasi-cleavage crack IG: Intergranular crack

MVC: Micro-void coalescence SL: Shear lip

Fig. 2-9. SEM fractograph and schematic
illustration of crack propagation mode in the
fracture surface of solid specimen of Q/T
S35C steel with Smm and 8mm diameters.

35



w—«r\*r W*“_‘
e %
8.”-! i

IG facet MVC facet
_ - ‘\
QC IG @ MVC %SL Fracture
§O ol surface
| '\
@/& . O 4

Crack propagation direction

[NV NV VNV Sowgtersierster$1
QC IG MVC Cross

s s s Section

Fig. 2-10. SEM fractographs and fracture
morphologies in thin plate specimens of ASTM
A490 steel having thickness greater than Imm.
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QC facets in the MVC

Fig. 2-11. SEM fractographs and a schematic
illustration of cracking process in a fracture
surface of the thin walled hollow specimen of
Q/T S35C steel with 0.3mm wall thickness.
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Fig. 2-12. SEM fractographs and fracture
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A490 steel having thickness less than 0.5mm.
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Fig. 2-15. SEM fractograph and and depth of
crack origin from the side wall of specimen

surface in thin plate specimens of ASTM A490
steel (0.3mm t 2mm).
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N.C.O.D:I's/(d/z) or rh/(th/Z)

{ 1: Center
0: Surface

Fig. 2-16. Depth of crack origin from
specimen surface in a solid and thin walled
hollow specimen of Q/T S35C steel
(d=5,8mm, t=0.3,2mm).
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Fig. 2-17. Relationship between number of QC
facets and specimen thickness for ASTM A490
steel.
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Fig. 2-18. Relationship between number of QC
facets and specimen thickness for Q/T S35C

steel.
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400
T (a) Typical QC facet having irregular morphology

in thin plate specimen : t 1mm

(b) Typical QC facet having irregular morphology

in thin plate specimen : t 0.5mm

Fig. 2-19. SEM fractographs and critical crack
length (Loc) measured as the maximum length
along the direction of thickness and width 1n a
plate specimen of ASTM A490 steel

(0.3mm t 2mm).
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(d=5mm, 8mm)

(b) Typical QC facet having unusual morphology in thin hollow specimen
(t=0.3mm)

Fig. 2-20. SEM fractographs and evaluation of
the critical crack length in a thin walled hollow
specimen of Q/T S35C using the root area
method[105-106].
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Fig. 2-21. Relationship between fracture stress
and QC facet length 1n thin plate specimens of
ASTM A490 steel.
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Fig. 2-22. A classical Griffith relationship
between fracture stress and QC facet length 1n
solid and hollow specimens of Q/T S35C steel.
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Fig. 2-23. SEM fractographs and schematic
illustration of cracking process in the fracture
surface of an eccentrically bored hollow
specimen of Q/T S35C steel.
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Table 3-1. Chemical compositions of specimens

wit%

Materials C Si Mn P S Cr | Mo | Ni Fe
ASTM A490 | 0.33 | 0.16 0.68 0.016 0.01 0.79 | 0.16 — | Bal
S35C
(AISI 1035) 0.36 | 0.24 | 0.75 0.1 0.15 011 | — | — | Bal
API X65 0.07 | 0.24 1.48 0.008 | 0.0013 | 0.035 | — | 0.027 | Bal
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Table 3-2. Mechanical Properties of specimens

Tempering | U.T.S |0.2% Proof [Micro-Vickers|Threshold |Elapsed
Materials | Temperature| (MPa) stress hardness stress |loading time
(K) (MPa) |(P=300g, 50points) | (MPa) (min)
473 880 709 360 500 10*
API X65 *473 852 640 322 620 10*
673 790 693 241 650 10*
873 678 622 206 600 10*
473 1734 1344 554 90 10*
523 1630 1390 525 120 10*
573 1577 1409 510 130 10*
623 1475 1339 483 130 10*
ASTM A490 673 1352 1113 447 190 10*
723 1214 1098 355 500 3x10°
773 1119 989 338 750 3x10°
873 936 816 284 750 3x10°
973 767 674 245 620 3x10°
473 1360 1330 479 200 10*
573 1369 1168 318 350 10*
S35C 673 1128 976 329 500 10*
(AISI 1035) 723 876 822 268 650 10*
773 785 690 264 600 10*
973 632 523 180 475 10*

* 473K: Austenitized temperature of this particular specimen was at 1373K.
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Table 3-3. Factors which affect the Crack
propagation of delayed fracture in steels

\S(tlrilrc]igth Materials Crack rz:)odpea:gatlon Ratio of
e

level y
High ASTM A490
strength (473K-623K) QC—IG—MVC 0.06-0.1
steel S35C(473K)
Medium ASTM A490
strength (723K) QC—QC IG—MVC 0.45-0.5
steel S35C (673K)

ASTM A490
Low (773K-973K)
strength S35C(723K-973K) QC—MVC 0.7-0.95
steel APIX65(473K-

873K)

A general feature of crack

propagation in steels QC—IG, QC+IG  MVC

* Numbers in parenthesis indicate the tempering temperature.
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Fig. 3-1. Shape and dimensions of unnotched
specimens of ASTM A490, S35C and API
X65 steels.
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Fig. 3-2. Schematic illustration showing heat

treatment of ASTM A490 steel.
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Fig. 3-3. Schematic illustration showing heat
treatment of S35C steel.
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Fig. 3-4. Schematic illustration showing heat

treatment of APl X65 steel.
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Fig. 3-5. Relationship between yield strength
and tempering temperature in ASTM A490
steels.
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Fig. 3-6. Three-ton-creep test apparatus and
hydrogen charge by cathode electrolysis method
In sulfate solution.
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Fig. 3-7. Relationship between fracture stress
and time to fracture under delayed fracture
test of ASTM A490 steels.
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Fig. 3-8. Relationship between fracture stress

and time to fracture under delayed fracture
test of Q/T S35C steels.
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Fig. 3-9. Relationship between threshold stress
and yield strength for various kinds of steels.
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Fig. 3-10. Relationship between delayed
fracture strength and the yield strength for

various kinds of steels.
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(a) High strength steel

MV C facet

Fig. 3-11-(a). SEM fractographs and
morphological characteristics of the fracture
surface in high strength steels subjected to
delayed fracture test.
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(b) Medium strength steel Of= 650MPa, t=5,893min
SL A
QC MVC
. 500um |
] | QC facets
(¢) Low strength stee G=490MPa, t=6,150min

Fig. 3-11-(b). SEM fractographs and
morphological characteristics of the fracture
surface in medium and low strength steels
subjected to delayed fracture test.
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(a) High strength steel(ASTM 490)
Crack  __ O0=90MPa, t=10,000 minutes

c rentyquuitns”

200um

(b) Low strength steel (API X65)
G=500MPa, t=10,000minutes

Fig. 3-12. Difference in crack tip morphologies
between low and high strength steels (APl X65
and ASTM A490) in optical micrograph taken at

the cross section.

(Delayed fracture tests were discontinued at 10,000 minutes.)
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Fig. 3-13. Relationship between IG facet length

and applied preload stress (c/cy) INn ASTM
A490 steels.
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Fig. 3-14. Relationship between IG facet length
and tempering temperature in ASTM A490
steels. (c=400MPa)
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Table 4-1. Chemical compositions of specimens

wit%

Materials C Si Mn P S Cr | Mo Fe
API X80 0.08 | 0.22 | 1.85 0.007 0.002 0.12 Bal
Filler Metal | 0.06 | 0.47 | 1.61 0.006 | 0.003 0.5 0.58 Bal
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Table 4-2. MAG welding conditions

Average of | Temperature .
WELDING Gas heat input among W- Bevel Dla_meter Numbers of
(Ar/CO2) angle | of filler W-electrode
amount electrodes (K)
MAG 1 801200 | 1.15(ki/mm) | Lessthen323 | 40= | 1.2mm 6
welding
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Table 4-3. Mechanical Properties of specimens

0.2% Proof | Tensile Vickers Hard £l .
Materials Strength Strength ickers Hardness ongation
(p=10kg, 30points) | percentage
(MPa) (MPa)
i B
Specimen 610 770 240 20%
(API1 X80)
Specimen C .
(Weld metal) 860 920 310 23%
Specimen D
(Weld metal without 531 676 231 22%
marked welding defects)
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Fig. 4-1. Shape and dimensions of the welded
plate and the unnotched specimen which consist
of three microstructural components; the base
metal, the HAZ, and the weld metal. (Specimen A)
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Fig. 4-2. Shape and dimensions of unnotched

specimens which consists of a single
microstructural component; the base and the

weld metals, respectively. (Specimens B, C and D)
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Fig. 4-3. Three-ton-creep test apparatus and
hydrogen charge by cathode electrolysis method
In sulfate solution.
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AF(Acicular Ferrite)
WF(Widmanstaetten Ferrite)
GF(Grain boundary Ferrite)

Fig. 4-4. Metallographs showing the base metal,
HAZ, and the weld metal of the specimen A: (a)
base metal, (b) HAZ, (c) weld metal, (d) weld
metal without marked defects due to welding
process.
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Fig. 4-5. Relationship between fracture stress
and time to fracture in delayed fracture of the
specimen A.
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(c) Delayed fracture strength of the welded joints
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Fig. 4-6. The Weakest-link concept of the
specimen A in air and under hydrogen attack.
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Fig. 4-7. Change of fracture spot according to
the levels of applied stress for the specimen A.
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Fig. 4-8. Relationship between fracture stress
and time to fracture in delayed fracture of the
specimens B and C.
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Fig. 4-9. Schematic illustration of synthesized
fracture curve of welded joints which consist of
the base metal and the weld metal.
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Fig. 4-10. The results of fracture strength of
specimen A and expected fracture curve.
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Fig. 4-11. Comparison of the delayed fracture
strength of the base and the weld metals with
that of carbon steels with a wide range of yield
strengths.
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Crack propagation
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(a) Base metal
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o1 =200MPa, t=784min

Fig. 4-12. Morphological characteristics of
fracture surface and crack propagation behavior
In the base metal and the weld metal.
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(b) The origin of QC crack in Weld Metal (cr =650MPa, t=40min)

Fig. 4-13. The initiation sites of crack in crack
propagation process of the base metal and the

weld metal.
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Fig. 4-14. Relationship between the number of
Initiation sites as the QC cracks and non-metallic
Inclusions, blowholes in the base and the weld
metals
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Fig. 4-15. Results of the specimen D plotted
with those of the specimen C Solid line is taken
from Fig. 4-8.
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Crack propagation

(a) Crack propagation morphology and SEM photography
(o1 =500MPa, t=809min)

Non metalllc |nclu3|on
(b) An initiation of QC crack (cr =400MPa, t=1921min)

Fig. 4-16. Characteristics of fracture surface and
crack propagation behavior and initiation sites of
QC cracks in weld metal without marked defects
due to welding process.(Specimen D)
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