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AN ABSTRACT

The technological advancement in aerospace, nuclear, piping and oil tanker industry
has put stringent demand on structural components leading to widespread failure. These
failures often are catastrophic with serious consequences on important aspects of life like
economy, ecology and safety. Fortunately, some of the potential dangers due to increasing
technological complexity may, in many cases, be reduced or avoided through better
understanding of materials. Earlier, the design engineers used the flow behavior of ductile
materials under uni-axial loading as the basis of design although for brittle materials, the
preexisting crack used to be taken into account. Cracks and crack like defects exist in both the
brittle and the ductile materials, which escape attention because of size limitation of detection
ability of different quality éontrol methods. It is also well known that these defects often
initiate atA non-rﬂetallic inclusisns or at casii;lg, forging and welding defects and propagate
rapidly causing structural failure. There are certain similar defects, which may remain benign
and does not contribute to failure. The identification of potentially dangerous defects and the
condition under which these defects start propagating, has become the focus of research in
fracture mechanics and this knowledge is being increasingly incorporated in our approach to

design and quality control.

Fracture toughness, J, has been identified as a measure of resistance to extension of a
crack [ASTM E1823-96 1996] and it is a key concept fracture mechanics, which deals with
the effect that a defect has on the load-bearing capacity of structures and materials. The
fracture mechanics allows a quantitative assessment of the resistance of a material to fracture
by determining the maximum load-bearing capacity of a structural element with a given crack
size, subjected to monotonically increasing load. The fracture toughness may also provide an
indicator that marks the onset of extension of a crack. In some cases, the curve describing

the behaviour of stable extension of a crack is important from the application point of view.
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In general, the fracture toughness helps to indicate the end point of the useful life of a material
or structure. As such, it may be used as a parameter for determining the design conditions like
allowable stresses in order to make material selection for a given application and also, to set
inspection criteria for the corresponding maximum size of crack which could be tolerated in a

safe structure.

Resistance to fracture of a ductile material is determined by its J-R curve, which
shows variation of fracture toughness, J, with the extension of crack and it is an important
input to all elastic-plastic fracture analysis of structures. J-R curve is determined
experimentally through fracture toughness test of a specimen or component, which involves
loading under bending or tension of fatigue pre-cracked specimens for the determination of
J as a function of crack length during the process of crack growth. J-R curve was earlier
believed to be the material property. Thus, the J-R curve obtained through the Compact
Tension (CT) / Three Point Bend (TPB) specimens of the same material could as well be
applied to estimate the limiting load for a prototype structure. However, it is increasingly been
realized that real life structures exhibit fracture resistance which is different from that of
CT/TPB specimens. The transferability of the J-R curve obtained by CT/TPB specimens to
component level is, thus, an important issue in fracture mechanics. As fracture mechanics
parameters have become extremely important as design criteria, it is imperative to develop
simple, easy and reproducible measurement method which could be undertaken without much
specialized knowledge and also address the transferability issue of the J-R curve to component
level. During fracture in CT and TPB specimens it is observed that between fatigue pre-crack
region and the region of stable crack propagation there is a stretched zone, which develop
during initial stage of tensile loading as a result of the blunting of fatigue pre-crack. It has been
proposed that the stretched zone width (SZW) could be used to determine the initiation fracture
toughness, Jic, of a material. Further, it has been claimed that Jic determining on the basis of

SZW is more reliable than that determined followed the procedure prescribed by ASTM.
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The present study aims to explore the correlation between the initiation fracture
toughness (Jic) and stretched zone width (SZW) in high toughness ferrous material system.
The distribution of SZW along the thickness of a test specimen has been explored in SA333 Gr. 6
and SAILMA HI 410 steel under investigation in order to extract a reliable parameter of SZW.
The impact of variation of the thickness and the extent of fatigue pre-crack on SZW and J-R curve
has been examined to arrive at a reasonable understanding of the effect of these parameters on
the transferability of the laboratory data to real life components. The negative crack extension
in the J-R curve often observed in ductile specimen as an artifact, has been tackled by
“appropriate shifting of the J-R curve [Rosenthal et al, 1990; Bbwman et al, 1988; Voss and
Mayville, 1985 and Seok, 2000]. The initiation fracture toughness and J-R curves, which are
important from design point of view, have been investigated in SA333 Gr. 6 and SAILMA

steel with special attention of the transferability issue.
The dissertation has been organized into chapters with contents as outlined below.

Chapter-1 contains the introductory remarks about the fracture toughness and it§
importance for the design. The problems associated with the measurement of fracture

toughness are also briefly discussed.

Chapter-2 begins with the survey of the existing literature outlining the evolution of
concepts of fracture mechanics leading to elastic plastic fracture mechanics based on J-integral.
The acceptance of fracture parameter relevant to engineering applications is dependent upon
how easily it can be measured on test specimens. The various procedures to determine the J-R
curve and the initiation fracture toughness have been critically examined. The effects of
specimen geometry on initiation fracture toughness have been highlighted as it provides a
context for the present study because of their importance in the context of transferability.
An exhaustive survey of literature has been carried out to understand the existing knowledge

about the formation of stretched zone and the role that its width may play in determining
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initiation fracture toughness. After reviewing the available literature, the problem under the

current investigation has been formulated.

Chapter-3 presents the experimental techniques and procedure employed for fracture
toughness testing and stretched zone width measurement in the two types of steel
investigated. This chapter also highlights various methodologies applied in respect of
microstructure characterization, tensile testing and cleaning and preservation of fractured

surfaces.

The materials investigated, as mentioned earlier are SA333 Gr. 6 steel pipes of
16” diameter and wall thickness of 32 mm, SAILMA HI-410 micro-alloyed steel plate of
thickness 32 mm. The SA333 Gr. 6 steel pipes have been procured from Bhaba Atomic
Research Centre (BARC). SAILMA HI-410 micrd-alloyed steel plate is a product of SAIL,
India and has been procured from Govt. Irrigation Workshop, Roorkee. Test on compact
tension (CT) and Single Edge Notch (SENB) [also called Three point Bend (TPB)] specimens
carried out to generate the J-R curves for SA333 Gr. 6 and SAILMA micro alloyed steel (HI 410)
materials have been described including the procedure used to incorporate a wide range of
crack tip triaxiality in order to see its effect on J-R curve in specimens having different

constraints ahead of the crack tip.

J-R curve is determined experimentally through fracture toughness test of a specimen,
which involves determination of load versus load-line displacement recorded digitally as the
basic data of the test. The J-integral is determined at different load-displacement points from
the load by the relevant analytical expression for a given mode of loading and it is plotted
against crack extension, Aap, as determined through compliance within specified limits of
vcrack growth. These data are plotted as J versus crack extension, which reflects the resistance
of a material to crack growth. The J versus crack extension behaviour is approximated with
the best-fit power law relationship. A blunting line is drawn, approximating crack tip stretch

effects, following ASTM standard E 813. The blunting line is defined as a line that



approximates apparent crack advance as given by change in compliance due to crack tip

blunting. The equation for the blunting line is given by ASTM as J=20,Aa, where,

o, =%( o, +0, ). The value of J on J-R curve marking the initiation of the actual ductile

crack extension is termed as initiation fracture toughness (Jic). The initiation fracture
toughness has been taken to be a point on the J-R curve corresponding to physical crack
extension of 0.2 mm, which could be identified by an offset construction line at 0.2 mm with

the same slope that is defined in the test method [ASTM E 813, 1995].

After testing for J-R curves, the fractured surfaces of the CT/TPB specimens have
been separated by dipping it in liquid nitrogen and pulling apart to cause brittle fracture in the
remaining area, not fractured during the test. These surfaces have been cleaned before

examining the surfaces under SEM to measure Stretched zone width (SZW).

Chapter-4 describes the results of the studies on materials characterization and
stretched zone observed on the fractured surface of the tested CT and TPB specimens of the
two steels used in the present investigation. In SA333 Gr. 6 steel the carbon content is 0.16 wt%
which is lower than the specified 0.18 wt% and the silicon content is more than the specified
level. A small amount of aluminium is also observed in the pipe material and it could have
originated from de-oxidation practice or been added intentionally for grain size control.
Sulphur and phosphorus contents in the material are at acceptable levels. The chemical
composition of SAILMA HI-410 micro-alloyed steel shows that the plates are having micro
alloying of Cr (0.003-0.011 wt%) and Ni (0.031-0.035 wt%) along with Cu (0.033-0.042 wt%).
The carbon content of the steel is 0.14 wt%. The micrographs of SA333 Gr. 6 steels show the
presence of ferrite (white) and pearlite (black) in the matrix with banded morphology. The
microstructures of as received SAILMA HI 410 steel plate obtained by controlled rolling,
revealed ferrite-pearlite (dark) microstructure with relatively finer grains and the presence of
pearlite is primarily along the bands observed in typical rolled structure. The yield strength of

all the pipes of SA333 Gr. 6 steel is greater than 280 MPa and the tensile strength is around
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420 MPa. The percent elongation is more than 36% as specified. The yield strength of
SAILMA HI 410 steel plate is 440 MPa, the tensile strength is about 574 MPa but elongation

is about 29 %.

The widths of the stretched zone have been measured by scanning electron
microscopy at low magnification under tilted condition. There are two prevalent methods for
measuring stretched zone width (SZW) — the nine point method of ESIS and three point
method. To determine the adequacy of the methods in the present context, the stretched zone
width (SZW) has been measured from micrographs along the thickness on the fracture surface
at close intervals of about 200 um and the average, which is taken as the true average SZW,,
has been compared with that determined by three point (SZWs) and nine point methods
(SZWy) for different specimens. It has been observed that the stretched zone width estimated
by nine point method is almost similar to the true stretched zone width while the stretched
zone width estimated by three point method are generally lower than the true stretched zone
width. Thus, it appears that nine point method is more likely to give a representative estimate

of stretched zone width.

In the present study, the variations of stretched zone width, both true as well as those
measured by the nine point method, with the thickness at different pre-crack depths of the two
steel have been studied. In view of mixed trends and variation limited to 95% confidence
interval, no significant trend in the variation of stretched zone with thickness of the specimens

could be inferred.

The variation of stretched zone width, both true as well as those measured by the nine
point method, with the pre-cracked depth have also been studied at different thicknesses of the
two steels. Here, again no definite conclusion could be drawn about the dependence of SZW
on the depth of pre-cracking. Thus, one may arrive at a mean value of SZW over different

thickness and depths of pre-cracking and use it for the determination of fracture toughness.
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The effect of composition and heat treatment on the observed stretched zone width in
low carbon steels shows a limited variation within the observed standard deviation of the
measurements. However, it was interesting to note higher standard deviation in the
measurement of SZW in normalized SA333 Gr. 6 steel which has relatively higher difference
in mechanical properties of phase constituents in the microstructure compared to that in either

annealed or as received steels.

Chapter-5 describes the finding of the study regarding the initiation fracture toughness
of the two steels investigated in the present study. The J-R curves have been obtained for CT
and TPB specimens by compliance technique using the compliance equation for crack
extension. Sometimes, the initial crack extension (4a) data points in the J-R curve have
anomalous negative values, which are often encountered in ductile materials during partial
unloading compliance test. This is an artifact of the method of measurement. ASTM standard
does not dispuss thisfproblem of the apparent negative crack growth phenomenon or specify
any procedure for treating J-R curve with such features. These J-R curves have been corrected
by a constant by shift of all J versus Aa data points along the Aa direction so that the most

negative Aa point falls on the blunting line from origin as proposed by Seok [2000].

The initiation fracture toughness (J,.) based on the offset blunting line equation with

0.2 mm offset as prescribed by ASTM could not be determined in highly ductile steel, since this
offset line has a relatively smaller slope as estimated from the material flow stress and does not
intersect the J-R curve within the valid region as prescribed by ASTM standard. Thus, there is a
need to establish an accurate slope for the blunting line for highly ductile materials. The slope have
been evaluated from the observed SZW and its variation with strain hardening coefficient has been
fitted by regression to find an empirical expression of slope in term of strain hardening coefficient.
It is observed that the fracture toughness measured by the SZW method and fracture toughness
measured by the blunting line as obtained from the regression equation are comparatively similar,

showing consistency of the blunting line equation with individual measurements.
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The variation of initiation fracture toughnesé, measured either by the blunting line
method or by the stretched zone width method, with increasing specimen thickness and pre-
crack depth have been studied for the two steels under investigation. The variation of the
initiation fracture toughness (Jic) with the pre-crack depth (a/W ratio) for CT specimens of
SA333 Gr. 6 steel shows that in a relatively thin specimen there is drastic reduction in Jic
when pre-crack depth increases from a/W ratio of 0.4 to 0.6 but beyond 0.6, Jic changes
marginally till a/W ratio of 0.8. But at larger thickness, there is continuous reduction in Jic
with increasing a/W ratio in the entire range.from 0.4 to 0.8. The results on the effect of
a/W ratio on Jjc in CT specimens of SAILMA éteel show similar trends of variation as
observed in SA333 Gr. 6 steel. The fracture toughness of three point bend specimen of
SA333 Gr. 6 steel increases with increasing a/W ratio, but the extent of increase is relatively
small and becomes still smaller at lower thickness. This trend is contrary to that observed on

CT specimens.

The influence of specimen thickness on the initiation fracture toughness Jic for CT
specimens of SA333 Gr. 6 steel show that fracture toughness decreases with increasing thickness
but it is observed only in the range of thickness between 15 and 25 mm. At relatively lower
thickness, initiation fracture toughness increases significantly with increasing specimen
thickness between 10 and 15 mm. The variation of the initiation fracture toughness, Jic, with
the specimen thickness of CT specimens of SAILMA steel shows that in thinner specimens
with lower pre-crack depth the fracture toughness increases drastically but on increasing the
thickness the fracture toughness decreases. However, at higher pre-crack depth, the initiation
fracture toughness increases steadily with increasing specimen thickness. The variation of the
initiation fracture toughness, Jic, measured on TPB specimens of SA333 Gr. 6 steel, with
increasing speci/rﬁ;en thickness show that the initiation fracture toughness measured by either

0.2 mm offset blunting line or SZW method, is more or less insensitive to increasing thickness.

The observed J-R curves leads one to infer that J-R curves for CT specimens of

different thicknesses and pre-crack depths show mixed trends in both SA333 Gr.6 and
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SAILMA steel but TPB specimens of SA333 Gr. 6 steel show consistent trends of lower J-R
curves for thinner specimens of higher pre-crack depth, which are also observed in CT

specimens in certain limited ranges of thickness and pre-crack depth.

The effect of different composition and heat treatments like annealing and normalizing
on fracture behavior of different carbon steels reveals that the variation in initiation fracture
toughness in CT specimens of 25 mm thickness and pre-crack depth of 0.6, closely follows
the trend of variation in ductility obliterating the effect of strength, possibly because of

limited variation of mechanical properties in the steels investigated.

At relatively high crack extension, the annealed SA333 Gr. 6 steel having relatively
lower strength, has relatively much higher slope of J-R curve compared to that in as received
SA333 Gr. 6 steel which has shown a relatively higher strength and ductility, possibly
because of the difference in morphology of phases. The normalized SA333 Gr. 6 steel has.
a J-R curve lower than that of as received steel at higher crack extension reflecting the
irhportance of ductility, which is more emphasized in the lowest observed J-R curve in

SAILMA steel.

Chapter 6 presents the major conclusions of the current study in two segments. The
first segment includes conclusions relating to materials characterization and stretched zone
width observed on the fractured surface of the tested CT and TPB specimens of the two steels
used in the present investigation. The conclusions related to the initiation fracture toughness

and J-R curves have been outlined in the second segment.
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Chapter 1

INTRODUCTION

The emergence of fracture mechanics preceded some well known disasters. About
400 liberty ships out of 2700 ships built during World War II, suffered from serious fracture
problem when the method of joining was changed from riveting to welding. The crash of
comet jet in 1954 due to structural failure during a severe storm has led to considerable
investigation on fracture. Kings Bridgé in Melbourne failed in 1962 when a loaded vehicle
weighing 45 tons crossed one of the spans, causing it to collapse by extensive fracture. From
the early concepts of fracture in brittle material forwarded by Griffith [1920] and its extension
to ductile materials by Orowan [1948], the progress of the understanding of fracture has led to
two distinct types of fracture mechanics -linear elastic fracture mechanics (LEFM),
applicable to brittle elastic materials lil§e high strength steels, glass, ceramics etc. and elesto-
plastic fracture mechanics (EPFM) which is applied to ductile materials like low carbon
steels, stainless steels, certain aluminium alloys and polymers. Present study involves low

carbon steels and so falls within the regime of elesto-plastic fracture mechanics.

In classical engineering design, the load bearing capacity or ultimate strength of a
structure is normally judged by the load-elongation diagram of the material, in terms of a limit
stress or load calculated on the basis of yield strength or tensile strength depending on the
definition of failure in a given context of application. The next step then is to impose a partial
safety factor on thié limit load combined with minimum tensile elongation requirements.
As long as this load bearing capacity of the material exceeds the applied stress, integrity of
the component is assured. It is implicitly assumed that the component is defect-free but the

design margins provide some protection against defects. However, in some cases, classical



design rules have proved to be inadequate or unsafe as described in the previous paragraph.
For this reason, fracture mechanics has gained a major attention in sectors where catastrophic
failure can have serious consequences on important aspects of life like economy, ecology and
safety. Fortunately, some of the potential dangers due to increasing technological complexity
may, in many cases, be reduced or avoided through better understanding of materials, design

and fracture driving forces.

Modern design and operation philosophies, however, take explicit account of the
possible presence of defects in engineering components. Such defects may arise from
fabrication, e.g., during casting, welding or forming processes, or may develop during
operation. These defects may extend during operation and eventually lead to failure, which, in
the ideal case, occurs beyond the design life of the component. Failure assessment methods
are based upon the behaviour of sharp craci(s in structﬁres. For this reason all flaws or defects
found in structures have to be treated as if they are sharp planar cracks. In fracture mechanics
there are two structural variables - design stress and flaw size and fracture toughness replaces
strength as the material characteristic property. Fracture mechanics quantifies the critical
combination of these three variables. Fracture mechanics is the science of progressive crack
extension in real structures, which contain discontinuities. Thus, fracture mechanics
approaches allow development of safer, more reliable and more economical structures by
providing quantitative bases for decisions on quality control in design, material selection,
manufacture, heat treatment, inspection and repair during manufacture and service. Fracture

mechanics also provides a powerful diagnostic aid in the investigations of service failures.

The first milestone in the fracture mechanics has been set by Griffith [1920] in his
famous paper that quantitatively relates the flaw size to the fracture stresses. However,
Griffith's approach is too primitive for engineering applications and is only good for brittle

materials. For ductile materials, Irwin [1948] has set another milestone by developing the



concept of strain energy release rate, G, which is defined as the rate of change in potential
energy near the crack area for a linear elastic material. When the strain energy release rate
reaches the critical value, G,, the crack will grow. Later, the strain energy release rate has
been replaced by the stress intensity factor, K, while developing a similar approach. After the
fundamentals of fracture mechanics were established around 1960, scientists began to
concentrate on the plasticity at the crack tips. In 1968, Rice modeled the plastic deformation
as a nonlinear elastic behaviour and extended the method of energy release rate to nonlinear
materials. [t was demonstrated by him that the energy release rate can be expressed as a path-
independent line integral, called the J integral. Rice's theory has since dominated the
development of fracture mechanics of ductile materials in United States. Meanwhile, Wells
proposed a parameter called crack tip opening displacement (CTOD), which provided the
central concept for the fracture mechanics research in Europe. Thereafter, many experimentsm‘
have been conducted to verify the accuracy of the models of fracture m‘echanics, with the aim

to convert theories of fracture mechanics to fracture design guidelines.

Ductile fracture in engineering materials is usually characterized by the fracture”
initiation toughness, Jic, and the fracture resistance curve (i.e., J-R curve) beyond the onset of *
the propagation of crack. For a cracked component or structure, J;c dictates the condition under
which the crack propagation is initiated and the J-R curve determines how far the crack can
grow in a stable manner at an applied load characterized by J. These single-parameter fracture
criteria based on J, namely, the Jic and the J-R éurve, have been widely used in fracture
analyses of engineering structures when the ductile tearing is dominant. Therefore, the J;c and
the J-R curves obtained from the laboratory specimens must be reasonably accurate and
applicable to full-scale structures. The fracture criteria are based on single-parameter J, which
characterizes the crack tip stress conditions. As long as the plastic zone at the crack tip is
limited compared to the geometry of the component or specimen, satisfying the so called small

scale yielding, a single parameter fracture mechanics approach could be applied.



Resistance to fracture of a ductile material is determined by its J-R curve, which
shows variation of fracture toughness, J, with the extension of crack and it is an important
input to all elastic-plastic fracture analysis of structures. The fracture toughness data are
generally obtained experimentally through fracture toughness tests of standard specimens,
following the procedure specified by ASTM standards [ASTM E 1820-01, 2001]. The test
involves loading under bending or tension of fatigue pre-cracked specimens for the
determination of J as a function of crack length during the process of crack growth. J-R curve
was earlier believed to be a material property. Thus, the J-R curve obtained through the
Compact Tension (CT) / Three Point Bend (TPB) specimens of the same material could as
well be applied to estimate the limiting load for a prototype structure. However, it has now
been realized that the fracture tou;ghness and the fracture resistance properties are dependent
on test specimen design and the standard fracture mechanics test procedures are designed to
have high constraint in order to reproduce the worst conditions, more favorable to crack
propagation. This dependency is often referred as the effect of crack tip constraint. It is
understood that the nonstandard specimens and actual cracked structures may have low
constraint configurations. Accordingly, the constraint effect on the J-R curve must be

considered when it is applied to a structure in service for flaw stability evaluation.

In general, the fracture initiation toughness Jic and the J-R curve could be functions of
test specimen geometry and loading configurations. As a consequence of these observations,
two fundamental issues appear. The first issue is thé}t of characterization of crack growth
resistance of specimens and structural components having low constraint. The second issue
pertains to the transferability of the fracture toughness data that are measured on a specific

specimen to component level, referred in the literature as ‘transferability problem’.

As fracture mechanics parameters have become extremely important as design criteria,

it is imperative to develop simple, easy and reproducible measurement method which could



be undertaken without much specialized knowledge and also address the transferability issue
of the J-R curve to component level. Dﬁring fracture in CT and TPB specimens it is observed
that, between fatigue pre-crack region and the region of stable crack propagation, there is a
stretched zone, which develops during initial stage of tensile loading as a result of the
blunting of fatigue pre-crack. It has been proposed that the stretched zone width (SZW) could
be used to determine the initiation fracture toughness, Jjc, of a material. The blunting line
drawn by the procedure recommended by ASTM for the determination of Jic, aims to
simulate the resulting apparent da, which results due to stretching of the fatigue crack
(introduced by pre-fatiguing) under tensile load, before the onset of propagation of crack.
However, the procedure involves arbitrary elements like an offset of 0.2 mm, which does not
have any apparent justification. Therefore, many investigators have suggested direct
measurement of the stretched zone width whiq!'n is clearly rgcognized under microscope as
distinct region between regions of fatigue fracture and dimpled ductile fracture. Since SZW
remains constant after the onset of crack propagation, it provides a convenient marker for
identifying the crack initiation point, even in a material component at any time after
completion of the fracture process. Thus, estimation of the material fracture toughness in a
material is possible on the basis of direct measurement of stretched zone width. Further, it has
been claimed that Jic determined on the basis of SZW is more reliable than that determined

followed the procedure prescribed by ASTM.

The present study aims to explore the: correlation between the initiation fracture
toughness (Jic) and 'stretched zone width (SZW) in highly ductile low carbon steels. The
distribution of SZW along the thickness of a test specimen has been explored in SA333 Gr. 6 and
SAILMA HI 410 steel under investigation in order to extract a reliable parameter of SZW. The
impact of variation of constraints in terms of thickness and the extent of fatigue pre-crack on
SZW has been examined in CT and TPé specimens. The effect of changing thickness and pre-

crack depth on initiation fracture toughness, Jic, and J-R curves has been examined to arrive at a



reasonable understanding of the effect of these parameters on the transferability of the laboratory
data to real life components in the context of SA333 Gr. 6 and SAILMA steel. A limited study
on the effect of heat treatment on SZW, Jic and J-R curve has also been carried out to develop

some understanding of the metallurgical aspects.



Chgﬁe_r 2

REVIEW OF LITERATURE

The technological advancement in aerospace, nuclear, piping and oil tanker industry
has put stringent demand on structural components leading to widespread failure. These
failures often are catastrophic with serious consequences on important aspects of life like
economy, ecology and safety. Fortunately, some of the potential dangers due to increasing
technological complexity may, in many cases, be reduced or avoided through better
understanding of materials. Earlier, the design engineers used the flow behaviour of ductile
materials under uni-axial loading as the basis although for brittle materials, the preexisting
crack used to be taken into account. Cracks and crack like defects exist in both the brittle and
the ductile materials, which escape attention because of limitation of the ability to detect by
different quality control methods. It is also well known that these defects initiate rapidly at
non-metallic inclusions or in casting, forging, and welding defects causing structural failure.
There are certain similar defects which may remain benign and does not contribute to failure.
The identification of potentially dangerous defects and the condition under which these
defects starts propagating, has become the focus of research in fracture mechanics and this

knowledge is being increasingly incorporated in our approach to design and quality control.

Fracture toughness has been defined as a ‘‘generic term for a measure of resistance to
extension of a crack’ [ASTM E 1823-96, 1996]. The term fracture toughness is associated
with the fracture mechanics method, which deals with the effect of defects on the load-bearing

capacity of structures and materials. Fracture toughness is an empirical material property that
is determined by a standard fracture-toughness test. Different standard test methods or test

procedures have been developed by different organizations for fracture-toughness testing



including American Society for Testing and Materials (ASTM) in USA, British Standards
Institution (BSI) in UK, European Society of Structural Integrity (ESIS) in Europe, and

Japanese Standards Association (JSA) in Japan,

Fracture-toughness values are generated for a variety of reasons. The fracture mechanics
methods allow a quantitative assessment of the resistance of a material to fracture. As such,
the fracture-toughness value can determine a point of maximum load-bearing capacity for a
critical crack size in a structural element subjected to monotonically increasing load. The
fracture toughness may be measured as an indicator tﬁat marks the separation of the material
into two or more pieces or that marks the onset of a stable extending defect. In some cases,
the curve describing the fracture process of a stable extending crack is important from
application point of view. In general, the fracture toughness indicates the end point of the
useful life of a material or structure. As such, it may be used as a parameter for determining
the design conditions like allowable stresses in order to make material selection and also, for
determining the critical defect sizes to set inspection cr'iteria in order to identify the conditions

leading to failure during failure analysis.

During the space race of the 1960s, failures of rocket motor cases provided the
motivation and urgency to develop a standard test method for the prediction of fracture. The
first widely recognized fracture-toughness standard evolved to provide plane-strain fracture-
toughness method [ASTM E 399-70T, 1970] for the measurement of K, first published in
1970 as a tentative standard. The crack-tip stress intensity factor, K, has been fairly
established by then for characterizing fracture-toughness values quantitatively, in order to
predict final failure conditions in metallic materials. This standard is limited to the materials,
which could be described by linear-elastic fracture mechanics (LEFM), and also to highly
constrained geometries approaching the plane-strain constraint. The ASTM method to
measure Kjc has become a paradigm for other standards. For example, BSI (BS 1977), JISA
(JISG 1999), and ISO (ISO 1996) have developed standards for plane-strain fracture



toughness K¢ testing having many of the features of the original ASTM standard. For many
materials including most metals used in structural applications, linear elastic fracture
mechanics cannot describe the stress state around the prack because of their ability to undergo
significant amount of plastic deformation. Approaches and parameters that can be used to
characterize fracture toughness in these relatively ductile materials have already been
developed. The approach, developed initially by Wells [1961], involves crack-tip opening
displacement (CTOD) parameter, which has been basis of the first standard evolved by BSI in
1979 (BS 1979). In a parallel development the concept of J-integral is developed [Rice, 1968] and
forwarded as an alternative fracture parameter [Begley and Landes, 1972]. The method to

measure Jic has evolved into ASTM standard in 1981 [ASTM E 813-81, 1982].

The fracture-toughness tests, depending on the deformation behaviour of materials, are

used to evaluate the resistance of a material quantitatively for the extension of a crack-like -

defect. This involves the testing of a specimen containing a crack-like defect under
monotonically increasing force or displacement. The test continues until the specimen reaches

or passes a point or region over which the fracture toughness is defined.

21 THEORY OF FRACTURE TOUGHNESS

2.1.1 Linear Elastic Fracture Mechanics

There are two alternative approaches for fracture analysis under dominantly linear-
elastic conditions; one is energy criterion and other is stress intensity approach. Both

approaches are equivalent in certain circumstances.
(@) Energy Balance Approaches to Fracture

Inglis [1913] introduced stress concentration at geometrical discontinuity. Seven years

later, Griffith [1920] realized its importance in failure of brittle materials where failure takes



place by fracture following elastic deformation. The discrepancy between theoretically
estimated strength and the observed ones in brittle materials like glass has inspired Griffith
[1920] to draw attention to the role of preexisting cracks in the process of fracture. He has
proposed the quantitative connection between fracture stress and flaw size and is acknowledged
as the father of the fracture mechanics approach. Griffith, [1920] has shown that a flaw become
unstable when the decrease in the elastic strain energy change due to increment of crack growth
is sufficient to overcome the surface energy required to create fracture surfaces in a brittle
material. His concept can be explained in the context of a body of arbitrary shape having crack

of area A under point load P resulting in load line displacement, V (Fig. 2.1).

Fig.2.1 A cracked body of an arbitrary shape loaded by a point load P resulting in a

displacement along the load-line, V'

Energy balance in the body is given in terms of rate by

W=U+K+2y, 4 2.1

where,
W = work performed by the external loads;
U = Elastic energy stored in the cracked body = U,
K = Kinetic energy of the body

ys = energy per unit surface area required to create the crack.

10



U was later modified to accommodate for some plastic deformation between elastic
deformation and fracture by including the part of the energy, U,, required to be spent out of
stored elastic energy to perform work of plastic deformation before propagation of crack

causing fracture.

Sir Nevil Mott [1948] introduced the kinetic energy term, K, to lay the foundation of

dynamic fracture mechanics.
If the load is not time dependent and KE change is negligible then,

0 0 04 . 0
22,2 2.2
ot 0A ot AaA 22)

and so one may write,

ou, ou
W _| Y. . (2.3)
64 04 04
By rearranging,
ou, oU
W _9U. =—2L 42y, 2.4)
04 04 o4

.U, ‘
if one writes 6Ap =2y, and y, +y, =y, as proposed by Irwin [1948] and Orowan [1948]

independently, the final form of the equation becomes,

ow 8U
e 29 2.5
oA a1 7 (2.3)

a .
, —W-U)=2y= .
or aA( )=2y=G | (2.6)
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where, G is defined as the Griffith crack extension.force. This equation (2.6) states that
fracture can only occur if the difference between the work done by external forces and the
increase in elastic strain energy of the body is sufficient to supply the energy required for
fracture. The energy required for fracture is the sum of the energy used for plastic deformation
before the propagation of crack and the energy needed to form new surfaces resulting due to
advancement of crack. For metals, the plastic energy term is much lager as compared to the

surface energy term.

During loading of the specimen with a given size of crack, as shown in Fig.2.2, load

(P) is linearly related to load-line displacement (V) as,
V=CP 2.7

where, C is the compliance of the specimen, which- depends on crack size and body but
independent of applied load and distance. The elastic energy stored on the specimen with a

given crack size, U, is obtained by integrating the area under the straight line in Fig. 2.2 as,

(2.8)

-1 ‘o

Of -

&
: o

v
Fig.2.2  The relationship between load and displacement and the definition of compliance.

As load increases, the amount of elastic energy stored increases following equation

(2.8) till the condition under equation (2.6) is fulfilled and the crack, so far dormant, starts to

12



advance by a length da. The change in area cracked caused by this advance is B da where B is

the width of the specimen as defined in Fig. 2.1.

If AW = 0 during crack advance which corresponds to fixed grip situation,

—~——f=m——E = ——— (2.9)

Under fixed grip condition energy needed for fracture is balanced by decrease in strain

energy.

However, for fixed load situation,

W =PV (2.10)

U =Lpy @2.11)
2_ ,,,,, . _

W-U, =—12—PV ‘ 2.12)

- 2
oW Ue)zli(lPV)_P dc

£ 4 (2.13)
EY Bdal2 2B da

Under fixed load condition, the external work goes to supply energy for both fracture
and for increase in strain energy due to displacement. Under both these conditions, the energy
per unit area required to be released for fracture, G, is the same and is also known as the strain

energy release rate.
(b) Stress Intensity Parameter Approaches

Westergaard, [1939] has shown that stresses at the tip of the crack in elastic body

varies as a function of L where, r is the distance from the crack tip. Irwin [1957] has

7

extended this theory to almost brittle material accommodating for a limited plastic

13



deformation and led finally to the development of the fracture mechanics based on crack-tip
stress field analysis. Irwin has shown that stresses and displacements near the crack tip can be
described through a single parameter that is related to the energy release rate, namely, the

crack-tip stress intensity factor, K.

There are three modes of application of load under which crack may open up, as
shown in Fig. 2.3. In mode I, the stress and strain fields are symmetric with respect to the

x-y and x-z plane while anti-symmetrical fields are there in mode II and mode III.

For mode I, the stresses and displacement near the crack tip are given by

. .

o, =—= cose(l—sin—qsinﬁJ (2.14a)
N2mr 2 2

o, = K, cos0(1+sin—6~sinﬁ) (2.14b)
N2 2 2
K

T, =—= cosHsingsin—?ﬁ (2.14¢c)
N2m 2 2

Under plane strain condition: o, =uv(c, +0o,) while under plane stress condition: o, =0
Also, 7, =7,=0

The principal stresses in radial coordinates are:

K, 9( . 9)
= cos—| 1 +sin— (2.15a)
i N2 2 2
K, 0[ : 0)
o, = cos—| | ~sin— (2.15b)
Y 2m 2 2
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The general expression for stress distribution which is valid ahead of crack-tip region

is given by Williams [1957] as,
K 3 mi2 _(m)
o, =T yAC)) +2Amr g, (6) (2.16)
r m=0Q

Where, f, and g, are angular functions. 4, is the amplitude which depends on the

geometry of the crack. Both the equations (2.14) and (2.16) indicate o aLwhere r is small.

7r

Higher order terms change with geometry but near the crack tip, it only makes a second order
contribution to the stresses. The distance up to which the second term in equation (2.16) can
be neglected could give us an idea of the size of the region ahead of crack where the stress
intensity parameter, K, alone will determine the level of stress. A numerical study has been
conducted by Talug and Reifsnider [19'77'/:]”{‘67r7a épecimen where o, has been estimated by
equations (2.14) and (2.16) as function of r from the crack tip for two sizes (lengths) of crack
(a) a = 0.25 mm (small) and (b) a = 6.25 mm (long) in 25 mm wide single edge notch subjected
to uniform stress under mode-I loading. It has been observed that till » = 0.15 a, both the estimates
match very closely. Thus, in other words, K-dependent stress field, for the given geometry of the
specimen, develops within a region of ab;)ut 0.15a ahead of the crack where a is the crack length.

It is also interesting to note that at » = 0, there is a stress singularity and K; also signifies the

amplitude of this singularity.

The elastic displacement fields in x and y directions in Fig. 2.4, near the crack tip are

u=& LCOSQ(K‘—]+25in2g) (2.17a)
2GV2r 2 2
K, |r .0 , 0
- —sin—=|x-1+2 = 2.17b
v G \3n sin 5 (K‘ cos 2J ( )

15



where,

G = shear modulus

Kk=3-4v for plane strain condition
3-v

“Tiv Jor plane stress condition
+v

and, v = Poisson’s ratio
Thus, it is shown that the stress intensity parameter, K;, also controls the displacement fields
that develop ahead of the crack tip. K; depends linéarly on the applied load or stress and is
also a function of the crack size and geometric parameter of the specimen.

P

1

Bw?

K= F(alW)=omf(alW) (2.18)

Irwin [1957] has performed a crack closure analysis and has shown a general relationship of

G to K for Mode I loading as

K 2

= 3 for plane stress (2.19a)
K 2

G= = (1-v?) for plane strain (2.19b)

For other modes of crack extension such as mode II and III similar relationships as in

equation (2.19) may also be derived.

The stress intensity factor, therefore, provides a measure of the stress and strain fields
developing in the vicinity of the crack tip in a elastic material. However, its use in the context
of crack in a real material, which may undergo some plastic deformation in the most highly
stressed region at the tip, has to be considered to evolve the condition for validity of this
approach. The elastic stress distribution, oy, near a crack as given by equation (2.20) is shown
in Fig. 2.5 and the stress singularity at the crack tfp cannot be supported by real materials,

which, if capable, will undergo plastic deformation to relax the stress there.

16



Fig. 2.4 Crack-tip coordinate system and the stresses acting on an element ahead of

the crack-tip
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For an elastic perfectly plastic material, the stress will be limited to the yield
stress, oy = 0p, and under plane stress condition, the boundary of the zone under plastic

deformation characterized by radial distance r,, will satisfy the condition

=0, (2.20)

Thus, the size of the plastic zone is

- (EJ | @.21)

2\ o,

This is incorrect because it is based on elastic stress distribution. Under elastic-plastic stress

distribution, force equilibrium in y direction leads to

2
r =2 = %{aﬁj - | 222)

To arrive at the correct elastic stress distribution outside the region under plastic
deformation, the effective position of the crack tip is at » = 7, and so the crack length is not a but
is agr= a +r,. The plastic zone does not allow the elastic stress to develop within it and is unable
to transmit any stress across their surfaces. It is a region behaving in between crack and elastic

material,

For strain-hardening materials, the size of the plastic zone, r, = ¥p, is estimated to be

,oom-l l(_{(_) (2.23)

’ m+l nl\o,

19



The stress distribution now becomes
o; = K, ' (2.24)
Equation (2.23) and (2.24) are for plane stress conditions where a3 = 0 and ¢, = o) for

yielding to occur.

Under plane strain condition, the stress in the thickness or z-direction for 8 = 0, is given by

o,=0,=2V (2.25)

K
2mr
For v = 1/3, a; = 30 for yielding to occur. If one substitute 35, in place of gy in
equation (2.22) the plane strain plastic zone size will be nine times smaller than the plane
stress plastic zone. But Irwin argued that plane strain condition does not exist either at the
specimens surface or at the crack tip so effective yield strength is 6, = 1.680) and it gives an
estimate for r, as

1 (5-) (2.26)

r =
P\ plane strain 6” 0.0

Plastic zone under plane strain is much smaller than that under plane stress.

Large plastic zone results in unconstrained yielding. If plastic zone size is equal to

plate thickness free yielding will cause plane stress condition to develop.

The shape of the plastic zone size can be derived by substituting the Von Mises and
Tresca yield criteria into crack tip field equations. Plastic zone shapes for plane stress and
plane strain conditions according to the two criteria are shown in Fig. 2.6. The extent of

plastic zone along 8 = 0 is independent of yield criterion but the shapes are dependent on it.
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Fig. 2.6 Plastic zone shapes for plane stress and plane strain conditions according

to (a) Von-Mises criterion and (b) Tresca criterion.
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2.1.2 Crack tip Opening Displacement (CTOD)

Wells [1961] has noticed that the crack faces moves apart prior to fracture as
blunting occurs at initially sharp crack due to plastic deformation (Fig. 2.7). The degree of
crack blunting increases in proportional to the toughness of the material. Based on this
observation Wells [1961] has proposed the opening at the crack tip as a measure of
fracture toughness.

It is obtained by putting 8 = 180° and r = 7, in v and putting CTOD =2 v

2
CTOD =2v, = 4K (2.27)
O,
Where value of v is vy at the crack tip.
CTOD may also be related to the energy release rate as
CTOD = 4G (2.28)
7o,

Thus, in the limit of small scale yielding, CTOD is related to G and K;. Wells, [1961]
have recommended that CTOD is an appropriate crack tip characterizing parameter when

LEFM is no longer valid.
CTOD in Specimen

The crack tip opening displacement (CTOD) of a crack at the edge of a three-point
bending specimen is shown in Fig. 2.8.
where CTOD,, is the measured crack tlp opening displacement, usually near the edge of the
specimen for ease of access, CTOD is the real crack tip opening displacement, a is the length of

the crack, and b is the width of the rest of the specimen. From simple geometry of two similar

triangles:
pb
CTOD = CTOD,, (2.29)
a+ pb
pb
6= A _
o+ b (2.30)

where p is a dimensionless rotational factor used to locate the center of the hinge.
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For simplicity, it is assumed that the center of the hinge locates at the center of b, i.e., p ~ 1/2.

The CTOD then becomes
b
o= A 2.31
2a+b ( )

The above hinge model may not be accurate when the displacement is mostly elastic.

A more accurate approach is to separate the CTOD into an elastic part and a plastic part:

d=96

elastic

+6

plastic

pplasu'cb A (2‘32)

2

Ki
= +
mo-ysE a+ pplaslicb

where oy is the small scale yielding stress and m is a dimensionless constant that depends on

the material properties and the stress states.
2.1.3 Compliance and crack size:

L
BE

=C=— f(alW) (2.34)

=

The dimensionless quantity CBE is dependent only on /W provided planer geometry of the

body remains the same.

BEC = %—V— (2.35)

If V is measured not on load-line but at a distance x from the load line

BEV, |x, x
C.BE = BiV* I A4 (2.36)
fl+02#
%
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Original crack

Fig.2.7 Crack tip opening displacement (CTOD). An initially sharp crack blunts with

plastic deformation, resulting in a finite displacement (3) at the crack tip.

Fig.2.8 The hinge model for estimating CTOD from three-point bend specimens.
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x is positive towards the crack tip and negative towards the front face of CT specimen. xp is

the point of rotation

"—ng = [0.09953+3.02437(a/W)— 7.95768(a /W) +13.546(a/W )’ - 10.6274(a/W )" +3.1 133(a/W)5]
(2.37)

alW =[C, +CU, +CU? +CU +C,U* +CU’] (2.38)
where

1
U, =
" [c.BE]" +1

C, corresponding to measurement location xy. The value of Cy, C, etc. for different x value are

available.
2.1.4 Fracture Toughness

K uniquely determines
1. The magnitude of stresses in the_crack tip region
2. Size and shape of the crack tip plastic zone
3. Strain energy available for crack extension

When applied X is equal or greater than critical X, crack extension occurs and this critical X is

called the fracture toughness.
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2.1.5 Thickness- Plane Strain to Plane Stress:

The plastic zone size increases as thickness decreases to create plane stress condition.

So the fracture toughness should depend on thickness as shown in Fig. 2.11.

Under plane strain condition the material shows the lowest fracture toughness value
Kjc which is regarded as material constant. Thus, limiting the plastic zone size is extremely
important. The standard requires that the uncracked ligament and the craék length itself be not
less than 25 r, at the point of fracture. To ensure plane-strain conditions along most of the
crack edge except near the faces, it. is also required that the specimen thickness be atleast 25 r,,.
Small-scale yielding will be in force at the onset of crack growth if the applied load is less
than half the limit load. For high strength, relatively brittle metal alloys, values of 7, at
fracture initiation in the range 0.1 to 1 mm are typical in plane strain. Thus the specimen with

crack lengths on the order of 2.5 to 25 mm will suffice to ensure small scale yielding. All the

K 2
pertinent dimensions of the specimen (ASTM E-399) B,W —a 2 2.5[——(3) must be more
gy

than 50 times the plastic zone size under plane strain condition.
2.1.6 Fracture in Thin Plate Sheets:

In thin specimens, due to plastic deformation, instability ion crack growth is preceded by a
stable crack growth. So R-curve or K-resistance curve is used to arrive at the condition of
instability in crack propagation. The crack growth resistance curve in which the crack extension
da, is correlated with K, is shown in Fig. 2.12 (a). Fig. 2.12 (b) shows the K-resistance curve on
which the applied K vs crack size curves for various stress levels are superimposed. For

instability, the applied K must exceed the fracture resistance of the material.
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Fig.2.9 The relationship between non-dimensional compliance (CBE) and crack size

for compact type specimens
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Fig.2.10 An arbitrary displacement measurement location on a compact-type specimen for

which the compliance relationship can be computed by equation.

27



Plane Stress

Plane Strain
3-d Stress
and Strain
State

-------------

----------------------

K|c =Plane Strain
Fracture Toughness

weecemedernccccvnenunncesnnnieen.

Pevocmccdefocenrecererrecracen

-

Specimen Thickness

Fig. 2.11 A schematic relationships between fracture toughness and specimen thickness

illustrating K¢, the plane strain fracture toughness value.
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Fig. 2.12 (a) K-resistance curve as a function of crack size; (b) K vs. crack size curve

superimposed on the K vs. crack size trend for different stress level illustrate

instability.
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As stress increases from g,— o3, a increases from a; to a, and at this stress applied K level

drops below K curve as crack length increases so there is no crack extension.

But at ¢— o3 the crack extends to a; and increase in crack length keeps applied K above Kz

curve so crack length increases giving rise to instability.

The condition for instability is

i]_(_>dKR
da  da

and KK, (2.39)

2.1.7 Limitation of LEFM

Early developments of fracture mechanics have focused on plain strain, linear elastic
fracture mechanics (LEFM) and on relatively high strength brittle materials. Attention was
concentrated on K¢ and Kj; values, which relate well to instability conditions for materials
which exhibit relatively brittle fracture behavior. However, for a broader structure reliability
spectrum of applications and materials, variants disqualifying LEFM such as lower strength
and higher toughness materials, thinner section, higher localized stress region, large scale
plasticity developed prior to fracture have to bé considered and included. Many structural alloys
may qualify for LEFM at room temperature but at elevated temperatures, fracture does not
develop before a significant yielding, disqualifying it for description under LEFM. An alternative
fracture mechanics model has been developed to account for some of these variants through

elastic- plastic fracture analysis.
2.1.8 Elastic Plastic Fracture Mechanics

This pertains to fracture in ductile material where scale of plasticity may not impose

any limitation.
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Elastic-plastic fracture mechanics (EPFM) has been developed in 1968 and three
papers of considerable significance to the development of elastic-plastic fracture mechanics
have appeared. Rice [1968] have idealized plastic deformation as a nonlinear elastic behavior
for mathematical purposes and is able to generalize the energy release rate for such materials
in terms of a path-independent contour integral J. This has the form identical to energy-
momentum tensor for characterising general forces on dislocations and point defects by
Eshelby [1956]. Nonlinear elastic materials have similar behavior to plastic material under

unidirectional loading.

J, = {Wnl - i‘—gxi}ds (2.40)
¢ 1

W = Elastic strain energy density

_ (s d _ow
=| o,de, or, o, ,=—

aa,.,

T = Traction vector along the outer normal to contour ®
u = displacement vector = u; i+ u;;j

T=0,-n,

In the absence of body forces and under small deformations it can be shown (Fig. 2.13) that

For a cracked body Rice defined J integral as

ou
J=I(Wnl—T,-axi s 2.41)

i

Where T is a counter clockwise contour as shown in Fig. 2.14 which begins at a point on

lower crack surface and ends on a point on the upper crack surface.
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yor(x3)

ds n

\'2

x or (x3)

Fig. 2.13 A counter-clockwise closed contour, ®

as

Fig. 2.14 A two dimensional crackd body with a contour I' originating from the lower
crack surface and going counterclockwise and terminating at the upper crack

surface. The traction vector at any point on the contour is marked T.
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Path independence of J-integral

J is path independent as shown in Fig. 2.15

Jp +Jp +Jp + I, =0 (2.42)

Along T, & T4 n,=§y— anddy =0son; =0
s

Also, on free crack surface the traction force Ti = 0 so,

Jo ==Jp, (2.43)

2.1.9 Relationship between J and Potential energy

It has been shown that J is related to the rate of change of potential energy, U
U= [W(xy)dd— | Tu,ds (2.44)

A is the area of the body; T; and w; are the traction and displacement, respectively, applied
along the boundary I'.

J= _1du (2.45)
B da . :

so under elastic regime J will correspond to G, the crack extension force of Griffith.

21.10 Relation between J and Crack tip Stress Field

Crack tip stress fields,

J 1

o, =0,( )i+ &, (6, m) (2.46)
ao &1, r
Crack tip strain fields,
J e
g, =agy(———)""¢,(0,m) (2.47)
ao'o 0%m

The material follows a nonlinear stress-strain relationship under uniaxial loading as

TR (2.48)
& Oy
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g0, O are strain and stress at yield point and m is the plasticity exponent.£,(6,m) and
6,(6,m) are angular functions.
_16.568-0.4744m + 0.0404m* - 0.001262m’> for plane strain
4.546 -0.2827m+0.0175m* —0.45816 X107 m>  for plane stress
x> oa K/
Whenm=1, J=— so
E £ a K/ \/7
Hutchinson [1968 a, b] and Rice and Rosengren [1968] in the same year, have related

(2.49)

m

the J-integral to crack tip stress, strain, and displacement fields for nonlinear materials in a
similar manner as the crack tip fields are related to K under linear-elastic conditions.
Since J is derived for nonlinear elastic materials, it is considered to have severe limitations

for characterizing fracture in elastic-plastic materials.

2.1.11 Relation between J and CTOD

For a perfect plastic material (m = oo) Dugdale [1960] in his model to strip
deformation zone at the crack-tip has shown (Fig. 2.16) that if we take an integration path
along thé boundary of the strip deformation zone at the crack tip along which dy = 0, the
J-integral simplifies to

a+c

a+c a + - + _
J=] aoa(uz —uy )dx =0 (u, _uz)a

a

(2.50)
=Q'05
where ¢ is the crack tip opening displacement (CTOD).
Shih, [1981], took a step further and showed that a unique relationship exists between J
and CTOD beyond the validity limits of LEFM. He has evaluated the displacements at the crack
tip implied by the HRR solution and related the displacement at the crack tip to J and flow

properties. According to the HRR solution, the displacements near the crack tip are given by

ac el
u =—= Z,EJ ru,(6,m) (2.51)
E \ao,l,r

Shih [1981] introduced the 90° intercept definition of CTOD, as shown in Fig. 2.17.
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Fig. 2.15 A closed contour around a cracked tip with four distinct segments.

L,

Fig.2.16 The Dugdale model for deformation at the crack tip in a thin sheet in an

elastic perfectly plastic material.
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Fig. 2.17 Definition of crack tip opening displacement (CTOD)
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The CTOD is evaluated from u, and uyat 7 =7 and 0 =7

2=, )= ) 252)
L
Since P o= (a;” )m i e,m)+ 30, (e, m)f o (2.53)
and Shih has obtained

1

n 2a(n,m){aays 7. (e m) +7, (ﬂ,m)]}m

d E

5= J (2.54)

s . [ma.ys

where d), is a strong function of m but weakly dependent of o,/E. for most engineering

materials, 0 < d,, <1 for plane stress and 0.< d}, < 0.8 for plane strain [Lloyd and McClintock, 2003]

The Shih analysis shows that there is a unique relationship between J and CTOD for a
given material. Thus these two quantities are equally valid crack tip characterizing parameters
for elastic-plastic materials. The fracture toughness of a material can be quantified either by a
critical value of J and CTOD. Dawes [1979] has also acknowledged that the two parameters
are related and represented different ways of measuring the same toughness.

Gullerud et al [1999] have expressed eqilations (2.50) and (2.54) as
J=mo 6 (2.55)

Where m can be a constant for a specific material. Differentiating equation (2.55) with respect
to the crack length (a), with additional approximation that m remains unchanged during
limitied amount of crack extension, Gullerud et a/ [1999] and Omidvar et al [1997] have

established the relationship between CTOA and slope of the J-R curve as

CTOA = d5/da =(dJ/ da)/ mo, (2.56)
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Lam et al [2005] have observed that value of m is not exactly constant due to fluctuation
of the experimental data points, but depends on the crack tip constraint. The value of m derived by

this process is 1.27, 1.16 and 1.01, respectively for specimens with @/ of 0.32, 0.59 and 0.71.
21.12 J integral as Fracture parameter

Path independent J integral can be interpreted as the rate of release of potential energy for
non-linear elastic materials. It is identical to G in LEFM and has all the characteristics of K in the
linear elastic limit so the theory may apply to plasticity if the loading is monotonic and no
unloading occurs. In addition, small deformation is assumed to show path independence of J, the
relation between J and the potential energy and between crack tip stress field and also with
CTOD. In ductile metals, fracture occurs in a region where deformation may not be considered
small (¢ < 0.1). J can be used to correlate the initiation of crack growth in true elastic-plastic
solids, one must be sure that the following two conditions are met. First, the deformation theory of
plasticity must be an adequate model of the small-strain behavior of real elastic-plastic materials
under the monotonic loads. Second, the regions in which finite strain effects are important and in
which the microscopic processes occur must each be contained well within the region of the
small-strain solution dominated by the singularity fields. The later condition is J-dominance

condition and is analogous to small-scale yielding requirement for linear fracture mechanics.

Landes and Begley [1972] have published the results of their study on the use of J
to predict the initiation of fracture under elastic-plastic conditions and this work led to the
publication of a standard procedure for testing J. They hypothesized the relation between J
and Aa as shown in Fig. 2.18. Clarke et al [1976] have simplified this approach and proposed
partial unloading technique, where the extent of crack extension is determined from the change of
the elastic compliance by repeated small unloading during test carried out on a single specimen.
Following these studies, the field of elastic-plastic fracture mechanics has progressed rapidly due

to persistent efforts of Landes and Begley and also, some land-mark work by Shih [1981] and by
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Hutchinson and Paris [1979]. The latter two pieces of work provide a rigorous theoretical
justification for characterizing stable crack growth using the J-integral. When crack extension
occurs the material plasticity deformed ahead the crack moves behind the crack-tip, gets
unloaded which is not permissible if J-integral has to qualify as a fracture parameter.
Hutchinson and Paris [1979] have noted that crack growth involves elastic unloading and non-
proportional plastic deformation near the crack tip. As they accept the validity of the J
integral only within the deformation theory of plasticity, they conclude that for J-
controlléd crack growth it would be necessary that nearly proportional plastic deformation
occurs everywhere except in a small neighborhood around the crack tip. In this case the
differences between a deformation theory of plasticity and the corresponding flow theory
of nonlinear elasticity would be negligible. Based on this proposition, criteria for J-
controlled growth (small relative crack extension, large slope of the J-4a curve) have bé\én
developed so that J uniquely measures, or physically controls, the stress and strain field
surrounding the crack tip. As the plastic zone is a problem in LEFM, the zone of intense
deformation extending over one CTOD distance (J;) beyond the crack tip is the problém
for J. Around this region there is a larger zone, where stress and strain fields are
controlled by J (Fig. 2.19). |

So the pertinent dimensions of the specimens

a,W—a,BZC—‘—]—
Oy

where, C = 20.

McClintock [1971] argued on the basis of slip line fields in perfectly plastic material
specimens of different geometries that crack tip stress and strain fields are geometry
dependent. Strain hardening may result in clear J~-dominance but the extent of regions of

J dominance depends on specimen geometry.
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Finite element analysis shows that

b=W-a2 200i Sfor CCT specimens
Oy
J .
230— for Bend specimens
Ty

It is now apparent that J could be accepted as a fracture parameter at the onset of
ductile crack initiation. Hutchinson and Paris [1979] argued that several metals sustain only
small amount of crack extension compared to pertinent dimensions of the specimen which
characterize the mechanics of the problem. If crack grdwth is controlled by J, it is necessary as
well as sufficient that nearly proportional plastic defoﬁnation occurs everywhere except in the
small region near the crack tip or 0 must be uniquely related to 8J for the dominant portion

of the body.
For power law hardening material

J = .
e, =K, (7)“'" £,(0) (2.57)

we are concerned with crack increment in an element of material which was originally at

r + da but is now only a distance » away from the crack tip.

l l m

5]
— l+m m+1 m+1 l+m
de, ——m+ K ( ) JmdJE, ;@) —-K,J daa (r e,j(O)) (2.58)
where —a—=c:059i—smgi
ox or r 06
l+m m _ci]_
or, de, =K, (= ) C— (9)+ ﬁu(é’)) (2.59)

there are two terms - the first is proportional to dJ and the second is non proportional term.
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Fig.2.19 Schematic representation of crack tip deformation zones for a growing crack.
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So for J controlled crack growth to occur

dl,, da
T

or, ——) =

so, J /%]— should remain small in comparison to region R where J field dominate for
a .

J-controlled crack growth to occur. For fully yielded specimen, R =W ~a, the uncracked

ligament size.

J

So, ——(R=W-a
dJ /da
or, 224 _
da

higher the ;ﬂ in a specimen, there will be larger extent of crack growth characterized by J in
a

a specimen of a given size. Shih ez a/ [1979] has shown that for bend specimen J controlled

condition exist for
Aa £0.06(W -a) and for @ 210

In the subsequent years, much progress has been occurred in the development
of test methods using the J-integral approach and in the development of methods for
estimating J-integral, making elastic-plastic fracture mechanics a viable engineering tool

for assessing structural integrity.
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2.2 FRACTURE CHARACTERISTICS OF DUCTILE METALS
- J-R CURVE AND Ji¢

Resistance to Fracture of a material is determined by its J-R curve, which is an
important input to all elastic-plastic fracture analyses of structures. J-R curve is determined
experimentally through fracture test of a specimen or component. Fracture test involves
loading under bending or tension of fatigue pre-crackéd specimens and determination of J as a
function of crack length during the process of crack growth. Load versus load-line
displacement is recorded digitally as the basic data of the test. The J-integral is determined
from the load and the mode of loading at different load-displacement points, to plot it against
crack growth, Aa,, within specified limits, as determined physically or through properties like
compliance. These data reflect the materials resistance to crack growth. The J versus crack
growth behaviour is approximated with a best-fit po;zver law relationship. A blunting line is
drawn, approximating crack tip stretch effects, following ASTM standard E-813. Blunting
line has been defined as a line that approximates apparent crack advance due to crack tip
blunting in the absence of slow stable crack tearing [ASTM E 1823, 1996]. The blunting line

is given by the equation,
J=20,Aa | ' (2.60)

where, o, =%(0', to,)

The single point on J-R curve related to the initiation of the ductile crack extension
is termed as initiation fracture toughness (Jic). The initiation fracture toughness can be a
point on J-R curve at physical crack extension point, e.g., 0.2 mm of crack extension is
most often used. It can also be at an offset poiﬁt modeled by the crack-tip blunting
geometry, e.g., a point defined by an offset construction line at 0.2 mm with a slope that is

defined in the test method [ASTM E 813, 1995].
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Usually single edge notch bend (SENB or three-point bend) or the compact tension
(CT) specimens are tested for fracture t(;ughness test, as shown in Fig. 2.20. The measurement
of displacement is carried out generally on the load line to avoid correction, which will be
required since J is an energy based parameter. Therefore, provision has to be made in the
specimens to allow a direct measurement of displacement along the load-line. The position
and orientation of the specimen is important and also, the location and orientation of the notch
is critical. Typically, the notch along which fatigue pre-cracking takes place is positioned so
as to propagate the crack through the; chosen microstructure. The notch is oriented with
respect to (a) the weld axis for welded joints, (b) the rolling direction in a rolled product or
(c) forging axis in a forged .component, as shown in Fig. 2.21. All the specimen dimensions
are proportioned to the width, W. For SENB and CT specimens the dimensions obey 1 < W/B <4

and 2 < W/B <4 respectively.

Specimens are required to be pre-cracked under cyclic load before carrying out the test
for fracture toughness in order to ensure reproducibility. Pre-cracking is done to introduce a
sharp crack from a machined notch, which may be a straight one through the thickness of the
specimen or in the shape of a chevron. All standard test methods have some requirements for
fatigue pre-cracking, given as under:
o Applied load during pre-cracking be lower than the limit load so that the specimen is
not overloaded,
o Maximum stress intensity factor, Knax, be lower than a specified value,
© Kmax lower than a specified percentage of the measured fracture toughness,
o Additional requirements be met when the test temperature is different from the pre-
cracking temperature,
o - Minimum pre-cracking length be met,
o Specified range of load ratio (R = Ppin/Pmax) be maintained,

o More severe requirements be met while approaching the final stage of pre-cracking.
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Theoretical justification given by Scibetta et al [2002] may help to understand these
requirements specified in various standards. During fatigue pre-cracking a plastic zone is
created. As long as pre-cracking is performed in the linear elastic regime, the square root of

the plastic zone size, r,, is proportional to the applied stress intensity factor, K, under fatigue.

K= fo,.[6nr, (2.61)

Where oy, is the yield strength, fis a function of the strain hardening exponent and the ratio of
yield strength to Young modulus. Fracture tougﬁness may artificially increase due to
compression residual stresses induced at the crack tip during pre-cracking. The residual stress
affects fracture toughness and it is supported by experiments conducted in different studies
[Hsing and Ji-Liang, 1993; Kaufman and Schilling, 1973 and May, 1970]. Therefore, the
plastic zone size during fracture must be larger than the plastic zone size during fatigue.

Several requirements are given to satisfy this condition in terms of:

Kmax < 7KJc | (262)

: . N : , K.’
where K. is the J-integral at initiation converted to X following equation J . = llv?C andya

constant varying from 0.6 to 0.8.

Fracture toughness increases due to an overloading at a temperature above the testing
temperature [Pickles and Cowan, 1983]. When the test temperature, Ty, is lower than the
pre-cracking temperature, g, the plastic zone generated during pre-cracking has size
larger than the one that would be obtained during fracture toughness test at the test
temperature, Ty Therefore, the ratio oy (Truigue)/0ys(Tees), Which is lower than one, is
generally taken into account to make the requirements on equation (2.54) more stringent.
Tobler and Shimada [1991] have tested two austenitic steels 13 Mn (low toughness material)
and 22 Mn (high toughness material) at 4 K that are pre-cracked at 295, 77 and 4 K. No effect

of pre-cracking has been observed on low toughness material (cleavage fracture) as long as
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Kimax < 0.70vs (Thaigue)/0ys (Ties) Kic. When Kmax > 0.70ys (Tratigue)/0ys (TiesyKic @ strong
effect of pre-cracking has been observed. In high toughness material (ductile fracture),
no effect of pre-cracking has been observed even for specimen pre-cracked up to 46 MPaVm
at room temperature. All tests were performed with Kpax < 0.80.70vs (Truigue)/0ys

(Tres) Kyc, where K. is the J -integral at initiation converted to K.

In order to apply linear elastic fracture mechanics to the pre-cracking
requirements, it is required that the load be lower than the limit load. Loads higher than
the limit load could result in permanent deformation caused by pre-cracking. Therefore,
several requirements are given in terms of:

P <kP

max lim

(2.63)

Where, Py, is the limit load and x a constant varying from 0.4 to 1.

In order to avoid any interaction of the machined notch with the stress field at the
crack tip, the length of the crack due to fatigue should be long enough. For the purpose of

each specific test method, crack length to width ratio requirement is set.
2.2.1 Single and Multi Specimens Tests

Two techniques are used to determine J-R curve of a material. The first is the multiple
specimen method, in which four or more identically prepared (including pre-cracking) specimens
are loaded to different displacements and plotted as a single curve to obtain the desired plot. The
value of J is estimated from the area under the load vs. load-line displacement curve by the
equation |

J=J,+J, (2.64)

where, J,; = elastic component of J

Jpi = plastic component of J.
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For a given load-displacement point, (i), J; is calculated following the equation,

Kzu) (] - 1)2 )
Jawy = —r (2.65)
For CT specimens of width 17,
K, =|P((BBW)" | f(a, /W) : (2.66)

Where, P; = Load at point (i)

By = net specimen thickness (By = B if no side grooves are present), and,

Py IWY = (2+a, /W)(0.886 +4.64a, /W ~13.32(a, /W)* +14.72(a, /W)’ ~5.6(a, I W)*
’ (—a, IW)"
(2.67)
For three point bend specimens of width 17,
PS
K= [W]f (a, /W) (2.68)
N

Where, By = net specimen thickness (By = B if no side grooves are present)

S = Span between the loading points, and, |

]
3a, /)2 [1.99 = (a, 1 X1 = a, 1 W)X(2.15-3.93(a, 1W) +2.7(a, I W)? )]
201+ 2a, /WY1 -ag /W)

Say IW) =

(2.69)
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From the area under the load-displacement curve J,; at a point corresponding to each loading
unloading cycle has been calculated using equation

A
g, = (2.70)
! BN bO

Where,
i = point on the load-displacement curve
Apiiy = area under the Ioaa-displacement curve up to the point i
by = uncracked ligament

n =2+ 0.522 by/W for CT specimens and 2 for TPB specimens.

In multiple specimen technique crack extension is determined from measurements
taken on the fractured surface of the test specimen. The final crack length is usually
identified as being at the end of the ductile crack extension region. This is identified by
special marking such as Heat tinting at about 300 °C for 30 minutes for steels and titanium
alloys before breaking it into two. Without heat tinting, the sample may be broken under
cyclic load. The region under fatigue fracture could be easily distinguished from the
region under ductile tearing by their physical appearance. Usually the crack front for each
regibn (i.e. fatigue pre-crack region, region of ductile. crack extension and a final fast
crack extension region) is curved. For obtaining the single;length value, the crack is
measured at different points on fixed interval through the thickness and these are
averaged. In nine point average method, the crack length is measured at the fractured
surface along the thickness at seven intervals of size 1/8th thickness. The two surface
lengths are averaged to give one value and the seven middle lengths are averaged to give
another value. The average of these two values gives the length of crack extension, 4a.
From the estimated J and da data points at different load-displacement level in at least

four specimens, J-R curve is fitted using construction procedure specified in standard test
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methods for further analysis. Multiple specimen technique is costly due to requirement of

large number of specimens.

The second technique requires only one specimen and is called “Single specimen
technique”. There is fundamental difference between multiple and single specimen test
methods. Since the J-R curve in the multiple specjmen method is determined only at a
few specific load-displacement points, one, therefore, gets a crack growth resistance
behavior and the initiation parameter, which is averaged over the inhomogeneity of the
specimen. The single specimen method, on the other hand, gives results on a much
closer interval providing information on the impact of material inhomogen‘eity. The
single-specimen test technique is also based on same principle as that of multiple
specimen technique, but this technique uses e_lastic compliance or potential drop
techniques for measurement of crack growth at various stages of loading without

breaking the specimens.

The partial unloading compliance technique is the commonly used method to
measure the crack growth under increasing loading during fracture mechanics tests on
compact tension (CT) and three point bend (TPB) specimens. The crack length is
computed at regular intervals during the test by partially unloading the specimen and
measuring the compliance. The specimen compliance changes with the growth of a
crack. However, one pre-requisite of using this technique is to have a compliance
function correlating the crack length and depth with compliance. Correlations are
available for CT, TPB and some other types of specimens. The relation for CT specimen

is as follows [Saxena and Hudak, 1978]
alW =[1.000196-4.06319+11.2424 ~106.043 11" +464.33511* —650.677 11* |

(2.71)
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1

where, H= m

B -p-B=B

2
: B )

where, By = net specimen thickness, for the non side grooved specimens B, is taken as B. E is
the Young’s Modulus of the specimen and C; is the compliance at corresponding loading

unloading cycle. The compliance correlation for the TPB specimen is as follows [Wu, 1984]:

alW =[0.999748-3.9504 +2.98214:° ~3.21408° +51.51564u° ~113.0314° |
| 2.72)
Where,

1

. 1/2 :
BWE'C, |
—_— +1 3
S/4 |

S is the loading span and W is the width of the TPB specimen. The other symbols have the

same meaning as in equations (2.71).

The potential drop technique utilizes a voltage change to infer ébout the extent of
crack growth. If a constant alternating or direct current passes through the uncracked ligament
of a test specimen, the voltage increases as the crack grows, due to increased electrical
resistance across the crack contributed by decrease in remaining ligament cross-section.
Crack extension can be determined accurately using either AC or DC potential drop
[Okumura et al, 1981]. However, there are particular advantages of each of these techniques,
which govern the most suitable one for a given application [Gibson, 1987]. There are two
main advantages of using AC rather than DC potential drop. Firstly, the sensitivity of AC

potential drop to changes in crack length is less affected by specimen size as the current
-~ ﬂQM$ &Rg e
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passes around the surface of the specimen, while in DC technique, the current passes through
the specimen. Therefore, for a given voltage resolution, a smaller increase in current is
required in AC technique while testing larger specimen. The second advantage is that there
are no thermal induced emfs when testing at temperatures other than ambient; although this
problem can also be avoided by repeatedly reversing the current flow in DC technique. There
are two main disadvantages of using AC potential drop. Firstly, the potential drop signals
have to be corrected for contributions due to the effect of stress on electrical resistance.
No such step is required for DC potential drop. The second disadvantage of using AC
potential drop concerns the lowest detectable J; value. The value has been found to be about

twice as high in AC compared to that in DC potential drop [Gibson, 1987].

The potential drop technique is not very popular as it requires additional
instrumentation and sometimes, it is difficult to separate the voltage change due to crack

growth and that due to plastic energy near the crack tip of a ductile material.

j—Aa data points estimated from either multi specimen technique or single specimen
technique is joined to get J-R curve experimentally. This J-R curve can be used directly to
evaluate the fracture behavior and determine the fracture-toughness, Jic, of a ductile
metallic material. The valid J-R curve is drawn following a construction procedure
prescribed by ASTM [ASTM E 1820, 2001], which uses a two parameter power law for

fitting the experimental J- 4a points.

J=C,(aa)" (2.73)

where C; and C; are constants. All the points cannot be used for power law fit. Only those
points below Jimi = (W-ag)ay /15 and falling between the exclusion lines, drawn at crack
extension of Aa = 0.15 and Aa = 1.5 mm with the same slope as that of blunting line, are

taken. It should be ensured that the available data are uniformly distributed. At least one data
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point lies in between the 0.15 and 0.5 mm offset lines and at least one point lies between

0.5 mm and 1.5 mm lines.

The International Organization for Standardization (ISO) and European Society of

Structural Integrity (ESIS) recommends a fitting procedure using three parameter power law as,
J=a+ p(Aa) (2.74)

Where a, B and y are constants. The equation of the blunting line used in the ESIS

procedure is

J= (;1—) (A&.E) | (2.75)

n

where, d,” is a function of material fensile properties, like strain hardenirig coefficient n, proof
stress at strain 0.2 percent and £, the Young’s modulus. For materials with v = 0.3, the value
of d,” may be determined graphically usiﬁg Fig. 2.22 [Heerens et al, 1988). Alternatively, d,”
can be determined using equation [ESIS-92, 1992a]

o
d =¢"'.D, (2.76)
and D, =0.787+1.554n-2.45n" +16.952n —38.206n" +33.13n°

where ¢y is reference strain equivalent to (a9 / E), where oy is the reference stress taken as flow

stress, [(ou + ov)/2].

In this procedure only those points, which fall below the Jax = (W-ay) a7/20 and lies
in between the 0.1 mm and‘exclusion line at Adpa =0.10 (W-ay), are considered for fitting,

where W is the width of the specimen and ay is the initial crack length.
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Since many assessment methods are based on a single-point fracture toughness value, it is
often desirable to arrive at a single-point fracture-toughness value which could be used as a
characteristics of a material and used for design purposes. Although in all the approaches, there is
an effort to choose the point associated with initiation of the ductile crack extension, still there are
variations in the choice of a point on the J-R curve to characterize the fracture toughness. The
initiation point can be determined directly from the microstructure but a point corresponding to
0.2 mm of crack extension is most often used. It can also be an offset point determined by
modeling the extension caused by crack-tip blunting. The point of intersection between the J-R
curve and an offset line constructed at 4a = 0.2 mm, with the same slope as the blunting line
[ASTM E 813, 1982]. As mentioned earlier, a microscopic procedure may also be used. The
stretched zone width is clearly identified by the boundary of fatigue fracture obtained during pre-
fatiguing and the ductile fracture obtained during crack propagation. The stretched zone width
may be used to identify the initiation value of crack extension and used as a value of crack

extension that should correspond to single—poinf fracture-toughness value Jp [ESIS-92, 1992 a, b].

The Jp is the candidate for Jj- value determined by these methods and it qualifies to

become Jy. if the following size requirement is satisfied "

JQ
BW —a,225-¢
GY

2.3 EFFECT OF SPECIMEN GEOMETRY ON INITIATION
FRACTURE TOUGHNESS (Jic)

Ductile fracture in engineering materials is usually characterized by the fracture
initiation toughness Jjc as it has been described earlier but the detailed fracture resistance
behaviour is given by the entire J-R curve. For a cracked component or structure, the Jic
dictates the condition of stress under which crack propagation is initiated and the J-R

curve determines how far the crack can grow in a stable manner under increasing load
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characterized by J. Earlier, the fracture criteria, namely, the Jic and the J-R curve, have been
widely considered as a material property in the analysis of fracture of engineering structures.
It is assumed that J;c and the material J-R curves are independent of geometry and type of
loading. However, it is now well-known that material J-R curve is geometry dependent. This
dependence of fracture toughness is a result of the vafying degree of triaxiality of the stresses
at the crack tip which is referred to as the “constraint”. The original concept of constraint is
related to the thickness of a specimen. It is experimentally observed that thicker specimens
usually give lower fracture-toughness values than similar thinner specimens. Hence, fracture-
toughness testing is conducted on specimens, which has a thickness requirement that would
place the fracture-toughness result in a category of high-constraint, approaching plane strain,
so that the result would be conservative relative to the application. The requirements of high
constraint for fracture testing often create difficulties in practical applications of test results to
real structure components with low crack-tip constraints. The transferability of the laboratory
- data to the component level is, thus, an important issue yet to be tackled satisfactorily in the

field of elastic-plastic fracture mechanics (EPFM).

A number of research worker have used non-standard fracture specimens to study the
effect of crack-tip constraints (thickness) on the fracture behavior of ductile crack growth.
Mao [1991] has tested CT specimens of A533B-1 steel with thickness (B) of 25, 10, 3 and 0.5 mm

having width (W) of 50, 20, 10 and 10 mm respectively. Some specimens tested do not satisfy

the ASTM requirement for the minimum thickness of the specimen, given by B=25J, /0.

J-R curves (Fig. 2.23) for specimens of A533B-1 show that the initiation fracture toughness
decreases with decreasing specimen thickness while maintaining the same width. Initiation
fracture toughness is independent of specimen thickness if specimen width is also reduced
maintaining the same B/W ratio. However, the slope of J-R curve increases with decreasing
thickness of the specimen. Ono ef al [2004] have also studied the effect of specimen size on

J-R curve for CT specimens of reduced activation ferritic steel, JLF-1. Four different sizes of
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compact tension (CT) specimens, 1T-1CT, 1/2T-1CT, 1/2CT and 1/4CT have been tested for
the fracture toughness at room temperature by means of the unloading compliance method
referring to the ASTM E1820-01 [2001]. The Jy values obtained for the 1T-1CT and 1/2T-
ICT (different thickness, same width) specimens are found to be 404 and 623 kJ/m® (Fig.
2.24), respectively, indicating that the Jp value increases with decreasing specimen thickness
because of approaching the plane stress state where the plastic zone size at the crack tip
increases near specimen side surfaces. Since the energy spent on the plastic deformation

increases, the fracture toughness also increases.

On the other hand, Jp decreases with decreasing specimen thickness while maintaining
the same B/W ratio. Ono et al [2004] have explained it with the help of slip-line field analysis
for the static loading given by Rice [1968], the plastic zone size at the crack tip is around
1.6 mm for a standard size specimen which is deséribed by 2(J/oys), where oys is the yield
stress of the material. It is considered that almost half of the ligament length is occupied by
the plastic zone in the 1/4CT specimen, while there is enough ligament length left without
plastic deformation in the 1T-1CT specimen. When the specimen size becomes extremely
small like 1/4CT size, the ligament size becomes too small to suppress gross yielding,
resulting in flow instability and a decrease in the Jp values for the smaller specimens.
However, Jitsukawa et a/ [1999] have not found aﬁy appreciable change in Jp value with
the specimen thickness (with the same width) on three point bend bar specimens of 7075-T6
high strength aluminum alloy. Seok and Kim [2002] have also studied the effect of
specimen thickness on the J-R curve of side grooved specimens of thickness ranging from
12.7 mm to 50.8 mm. J-R curves obtained from their studies show no significant
difference. This may be due to side grooving of the specimens, which produces the plane

strain condition at the crack tip.
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Fig.2.23 (a) J-R curves for 25, 10, 3 and 0.5 mm thick specimens of A533B-1 (b) The
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Also, the constraint of the specimen is influenced by a/W ratio more than thickness.
Lower constraint is found for shorter cracks i.e. when ratio of crack length to planar width,
a/W, is small. For the measurement of fracture toughness according to the ASTM standard,
bending or compact tension specimens with relatively deep notches (the ratio of notch depth
to specimen depth a/W is approximately 0.5) are preferred. However, in engineering practice,
many defects encountered are shallow cracks and investigations on shallow notches indicate
that Ji. values of shallow cracks are significantly higher than those of deep cracks. Li et al [1986]
have performed a series of tests on a high strength and high toughness alloy steel by varying
the a/W ratio from about 0.1 to 0.5, keeping W constant. The results indicate that J; is
insensitive to a/ when a/W > 0.2 and becomes dependent on a/W as a/W < 0.15. Zhang and
Wang [1987] has also studied the effect of a/W on the J. in the structural steel in three point
bend specimens. This study has also reported that in specimen with shallow nofches, the
J-integral at initiation is greater than those in specimens with deep notches as shown in
Fig. 2.25. When a/W = 0.1, the J- integral at initiation is about twice as large as that for
a/W= 0.5. Zhang and Huang [1988] through experimental and finite element analysis, have
shown that different plastic deformation pattern leads to larger plastic work needed for the
onset of crack propagation in specimens with shallow notches and it contributes significantly

to the difference in behavior observed between specimens with shallow and deep cracks.

Zheng et al [2000a] have tested the fracture toughness of St 69 steel by changing the
crack length (a/W) of the TPB specimens and shown that the critical J integral for physical
crack initiation varies from one specimen to another which indicates the dependence of
critical J integral on stress state or geometry strongly. Kikuchi [1997] has also observed that
Jic increases due to the decrease of the crack tip constraint on CT, TPB and CCT specimens
made of A533B steel and aluminium alloy with different crack length. Shen ez al [2001] have
also made the same observation after testing TPB specimens of CSA grade G40.21 350WT
plate materials that shallow cracks have much higher fracture toughness than deep cracks as
shown in Fig. 2.26. However, Jitsukawa ez al [1999] have not noticed any appreciable change
in Jp value with /W ratio (from 0.125 to 0.5) on three point bend bar specimens of 7075-T6

high strength aluminum alloy.
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Using AS533B, HY-100 and HY-80 structural steels, Joyce and Link [1995, 1997]
presented the experimental data of ductile crack growth for TPB, ICT, single edge-notch
tensile (SENT) specimen, and double edge-notched tensile (DENT) specimen with shallow to
deep cracks over a range of crack length ratios from 0.13 to 0.83. Inspite of wide range of
variation of constraint presented over this range of a/W ratio, it is surprising that no
significant effect of constraint on initiation toughﬁess could be found but the slope of
J-R curve after a relatively large crack extension is considerably affected by the change in

constraint through a/W ratio.

The same conclusion has been made through experiments using large-sized specimens,
by Marschall er al [1989] for 3 CT and 10 CT in a stainless steel, Eisele et al [1992] and
Roos et al [1991, 1993] for CT, TPB, CCP, DENT and SENT in KS01 (22NiMoCr37) steel,
and through experiments using small or sub-sized specimens by Elliot er al [1991],
Alexander [1993] and Gilbert et a/ [1997]. Similar results have also been reported by
Kordisch er al [1989], Klemm et al [1991], Henry et al [1996], Decamp et al [1997], Haynes
and Gangloff [1997]. All experimental data reported in literature suggest that the J-R curves
vary with the level of constraint. The J-R curve for high constraint specimen geometry is loWer than
that for low constraint specimen geometry as shown in Fig. 227 [Chao and Zhu, 2000].
Quantitatively, at a fixed crack extension (Aq), the value of the J-integral of a high-constraint
specimen is less than that of a low-constraint specimen. In other words, the low-constraint

specimen exhibits higher load carrying capacity [Lam et al, 2003].

To simulate the experimental results of ductile crack growth, two and three
dimensional finite element analyses [FEA] have been carried out. Most of these studies use
macroscopic plasticity theory [Yuan and Brocks, 198§; Brocks et al, 1994; Henry et al, 1996;
Shan et al, 1996; Kikuchi, 1997; Yan and Mai, 1997]. Void growth models, local damage
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Fig.227  Variation of J-R curves with the level of crack tip constraints [Chao and Zhu, 2000]
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models or micro-mechanics approach have been employed [Sun and Schmitt, 1990;
Xia et al, 1995; Xia and Shih, 1995a, 1995b; Moyer et al, 1997; Sun et al, 1997]. FEA
simulations for different specimens, such as CT, TPB, SENT, DENT and CCP, show that
ductile crack growth is sensitive to the crack-tip constraints and the amount of J -controlled
crack growth is different for different specimens. At the stage of fracture initiation, the
fracture toughness Jjc increases somewhat with the crack-tip constraints, and is weakly and
linearly related to constraint level. During the crack growth, the tearing resistance of

J-R curve increases with decreasing constraint level,

The three most commonly used methods to quantify crack-tip constraints are
(1) J - T approach proposed by Betegon.and Hancock [1991],
(2) J - Q approach by O’Dowd and Shih [1991, 1992, 1994], and
(3) J -4 approach by Yang et al [1993] and Chao et al [19941.

Williams [1957] has proposed an expression for the full-field crack tip stress
distribution ahead of the crack tip in a cracked elastic solid. The proposed stress field in

the vicinity of crack tip can be expressed as an infinite power series, with leading term
exhibiting a 1/ Jr singularity, the second term independent of r and the third term

proportional to Jr and so on as given by the expression

0, (r,0)=Ar’2 £,(9)+ Bg,(6) + Crih, (6) + - — - Q.77

The terms B and C are dependent on the geometry of the cracked body while the first singular
term which dominates the crack tip stress as » —0, depends only on K. The third and higher
terms in Williams solution have positive exponent of », and so becomes zero at the crack tip

but the second term remains finite [Larsﬁon and Carlsson, 1973].

Williams two term solution for a crack in an isotropic elastic material subjected to

plane strain Mode I loading is given by
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T is elastic T-stress and proportional to the applied stress. It is dependent on the geometry and

o,(r,0)=—==f,(0)+T5,6,, asr—0 (2.78)

size of the body. Using different combination of the two loading parameters, K; and 7,
different near crack-tip fields can be generated. Thus, (K, /o,)*or equivalently (J/o,)

provides the only length scale in the two-parameter formulation. Fields of different crack-tip

stress triaxialities can be induced by applying different levels of T /o,. Thus, the near-tip

field depends on distance only through the »/(J /o) '.

This implies that the stress parameter T provides a convenient means to parameterize
specimen geometry effects on crack-tip stress triaxiality (constraint) under condition of well
contained yielding [Betegon and Hancock, 1991]. The Tswess can be used as a constraint
parameter under SSY conditions. The Tstress, compared with others constraint parameters, has
the advantage of simplicity, requiring only a linear-elastic analysis of the cracked body.
Sherry et al [1995] have presented a compendium of Tswess solutions for different cracked
geometries. Figure 2.28 gives Tswess values in TPB and CT specimens as a function of the
crack-depth, indicating a significant difference of Tiswess (positive values) in deeply cracked

TPB and CT. The Tstress values in Fig. 2.28 are normalized by the remote applied stresses.

A simple equation for the Tswess at limit load has been developed for the CT specimen
by Wallin [2001]. He has combined the constraint solutions of Kfouri [1986] with the
standard K7 and limit load solutions for the CT-specimen, resulting in the polynomial equation

(2.79) giving Tswess/oy for a/W < 0.7.

—Swress. =—2.15+15.07.~——27.02.(—) +15.08.(——) (2.79)
o, 4 W W

The corresponding expression for the TPB specimens using the Tstwress solutions of

Sham [1991] is given in equation (2.80), which is valid for a/W < 0.9:

TTPB a a 2 a 3 a ¢ a g
Lovess =..1.13+5.96.——12.68.(—) '+18.31{-—) -15.7.(—) +5.6{——)
oy /4 W) w w 4

(2.80)
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Hancock et al [1993] have used a fracture mechanics approach based on the J-T theory to

characterize the crack-tip conditions in different cracked geometries.

The J-T approach is based on the elasticity theory and it may be extended to situations

where plastic deformation is limited to a small region ahead of the crack tip.

O’Dowd and Shih [1991, 1992, 1994] have proposed the Q factor concept, in
which the J-integral scales the crack tip singular field, and the Q factor is a measure of the
stress triaxiality at the crack tip. O’Dowd and Shih have proposed that some combination
of these two parameters gives a satisfactory fracture criterion under the constraint
condition. Due to simplification, the J-Q theory is applied extensively to the constraint
analysis of stationary cracks [Dodds et al, 1993; Henry et al, 1996; Joyce .and Link, 1997;
Kikuchi, 1997; O’Dowd, 1995; Yan and Mai, 1997 and Yuan and Brocks, 1998].

Through full-field FEA analysié, O’Dowd and Shih [1991, 1992] have observed that
the difference in stress field between the full-field solution o; and the HRR field (oy)arr is
approximately a uniform hydrostatic stress ahead of the crack tip. Accordingly, near-tip stress
fields is given by

o, =(0,),. +0563, for r > Jioy | 0| <m/2 (2.81)

However, Sharma et al [1995] and Nikishkov et al [1995] have pointed out that the
parameter Q in (2.81) is distance-depen&ent under large applied loads. To reduce the distance-
dependence of Q, O’Dowd and Shih [1994] later have suggested choosing a small-scale

yielding solution (6;)ssy as the difference field and (2.81) is modified to become

o, =(0,),,, +00.3, for r>Jlay | 8] <2 (2.82)

O’Dowd [1995] has showed that the difference of two Q values: Qugrr from equation (2.81)

and Qssy from equation (2.82) is a constant a, (), which is a function of the hardening exponent n, or

Oure =Dssy +, (n) (2.83)
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For n= 10, ap = -0.2, as seen in the Fig. 5 (b) of O’Dowd [1995]. Although the parameter
Q is distance-dependent (that is, there is no unique Q near a crack tip), the J~Q solution can be
used as a ‘first-order’ engineering approximation. For example, Joyce and Link [1995, 1997] used
Q as a constraint parameter to rank the constraint effect on different specimens at the fracture
initiation. It should be noted that the parameter Q is also-load-dependent and varies with change of
loading, and thus cannot remain constant during the crack extension. As a result, ¢ cannot be a

reasonable constraint parameter in the analysis of ductile crack growth.

However, this theory has a serious restriction in ductile crack growth because the constraint
parameter O depends on the magnitude of applied loads [Faleskog, 1995]. If there is a modified
constraint parameter Q* instead of Q in the J-Q theory and Q* is load independent, then for a crack
growing through ductile fracture, one can extend the single parameter J-controlled crack growth to
the two-parameter J-Q* controlled crack growth with J being the driving force and O* a constraint
parameter. Moreover, it is anticipated that under a certain amount of crack extension the J-Q*

approach can approximately characterize the effect of crack-tip constraints on ductile crack growth.

The J-4; approach developed by Yang e a/ [1993] and Chao et al [1994] is based on a
rigorous asymptotic solution and also holds promise for a two-parameter fracture testing
[Chao and Zhu, 1998]. Moreover, 4, is nearly independent of its position near the crack tip
[Nikishkov er al, 1995] and has been successfully used to quantify the effect of constraints on
fracture toughness for different geometry and loading configurations [Chao and Zhu, 1998;
Zhu and Chao, 1999]. Accordingly, it is believed that the J-4, approach is a preferable
methodology for the quantitative description of constraint effect. For a crack growing in a
ductile material, similar to the concept of J-controlled crack growth, one can envision that
within certain amount of crack extension the J-A> description can still approximately
characterize the crack-tip fields with J being the driving force and A4, a parameter to quantify
the constraint level. As demonstrated in Fig. 2.29, the amount of J-4, controlled crack growth
should be much larger than that of the J-controlled crack growth since the zone dominated by

J-A at the crack tip is much larger than that controlled by J alone [Chao and Zhu, 1998].
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Zone of elastic unloading and
Non-proportional plastic loading

J-A; controlled zone

J-controlled zone

Fig. 2.29 Jand J - A; dominant zones and its relation to J or J - Az controlled

crack growth [Chao and Zhu, 2000].
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2.4 STRETCHED ZONE WIDTH

The blunting line drawn by the procedure recommended by ASTM for the
determination of J,c aims to simulate the 4a which results due to stretching of the fatigue
crack (introduced by pre-fatiguing) under tensile load, before the initiation of crack.
However, the procedure involves arbitrary elements like an offset of 0.2 mm, which does
not have any apparent justification. Therefore, many investigators have suggested direct
measurement of the stretched zone width which is clearly recognized under microscope
between the ductile fracture region and the fatigue fracture region resulting during pre-
cracking by fatigue [Spitzig, 1968]. The stretched zone possesses a number of unique

properties, the main of which are as follows:

o since SZW remains constant after crack initiation, it provides a convenient marker for
identifying the crack initiation point, even in a material component at any time after

completion of the fracture process;

e width of any stretched zone is available for measurement, as a function of its position
along the crack front (this is especially required for the investigation of heterogeneous

materials, welding seams, etc.);

o estimation of the material fracture toughness in a material is possible on the basis of

direct measurement of stretched zone width

The main purpose of fracture testing in a laboratory is to transfer the test results to
full-scale service structures. If fracture toughness value obtained from J-R curves does not
represent a valid material characteristic but is specimen dependent, then the testing on
laboratory specimen is of no use. Therefore, the transferability of fracture toughness value
from laboratory specimens to component level is an important issue to be dealt satisfactorily

before undertaking design of components on this basis.

68



In both the methods prescribed by ASTM and ESIS, Jic is determined as an
intercept of the blunting line at an offset of 0.2 mm with the J-R curve. Clearly the
accuracy of determining J;c will depend on the accuracy with which the offset line
represents the process of stretching or blunting. The problem of accurate choice of the
slope of blunting line is accentuated in the case of ductile and tough materials for which
the crack growth due to the physical tearing of the material may be virtually
indistinguishable from the extensive crack tip blunting. Kobayashi et al [1977] and
Landes and Begley [1974] have proposed a procedure for the determination of Jjc in terms
of stretched zone width, which is especially suited for the highly ductile materials. They
considered stretched zone width to be the most accurate value close to the onset of crack
initiation for the measurement of initiation fracture toughness. When examined at
relatively high image magnifications, the crack stretch zone exhibits a typical featureless
appearance easily distinguishable from the prior pre-crack surface and the subsequent
main fracture by ductile tearing or eventual brittle cleavage. Being a precise indication of
the extent of the plastic blunting process, the stretch.zone width (SZW) is now recognized
as an alternative method for determining the fracture toughness of the material. Indeed, it
has been very well correlated with the critical values of energetic and geometric criteria,

Jic and CTOD; respectively, involved in fracture mechanics.

Two groups of research workers have used SZW differently in their studies on
fracture mechanics. A number of research workers have correlated stretched zone width
(SZW) to either K¢ in linear elastic fracture mecha;nics or Jic in elastic plastic fracture
mechanics. Another group of research workers use SZW merely to estimate the initiation

point of fracture accurately.
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2.4.1 Stretched Zone width Measurement

The stretched zone detected for the first time by Spitzig [1968], is considered to be an
important parameter resulting from the behavior of the fatigue pre-crack tip of the specimen
subjected to increasing tensile load leading to fracture. A stretched zone is formed at the initial
crack tip due to the stretching of the tip under tension before fracture occurs. In ductile
materials, the initial fine crack resulting from fatigue gradually blunts due to application of load
giving rise to a stretched zone. The stretched zone grows in size with the load increment and at
the same time, voids are nucleated ahead of the crack tip and grow. When voids coalesce giving
rise to a crack on the stretched surface, the stretched zone ceases to develop further, and
extension (generally stable) of the crack takes over. Stretching through fully developed SZW makes
Jto attain the critical value of Jic for crack propagation. The observations have shown that stretched
zone on the fracture surfaces comprises of two distinct parts (Fig. 2.30) [Smith et a, 1995]. The ﬁrét
part is a deformed zone which is nearly parallel to the original fatigue crack surface. T his region
is formed by deformation of the fatigue crack surface behind the crack tip, as reported by the
investigators [Cao and Lu, 1984; Luo and Embury, 1988]. The second part forms inclined at an
average angle 6 to the fatigue crack surface. Studies utilizing scanning electron microscopy
[Kobayashi et al, 1979)], stereo fractography [Broek, 1974] and sectioning techniques
[Kobayashi ef al, 1977] indicate that 6 is typically within 35-45 degrees. Smith er al [1995] has
determined 8 to be 35 degrees by measuring the inclined stretch zone at various tilt angles.
Sivaprasad et al [2002] have considered stretched zone in terms of its overall horizontal
component called the stretched zone width (SZ/) and the overall vertical component called the
stretched zone depth (SZD) as shown in Fig. 2.31 [Sivaprasad et al, 2002]. Both the stretched
zone width and stretched zone depth are claimed to have a good correlation with ductile fracture

toughness of a material.
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Most of the research workers engaged in SZW measurement favor its use for
estimating ductile fracture-toughness. However, some others argue that SZD measurements
are more appropriate [Sreenivasan et al, 1996; Cao and Lu, 1984; Broek, 1974] for obtaining
ductile fracture toughness through a mathematical correlation. But SZD measurements are

difficult due to the problem identification while observing the specimen end-on.
2.4.2 Determination of SZW and its relationship with J;¢

The stretched zone width is determined by post test examination of fractured
specimens under scanning electron microscope (SEM). It appears as a distinct region under
SEM and could be measured easily using a tilting stage. Local inhomogeneity, fractured large
particles ahead of a crack tip and the irregularity of crack front may bring about an irregularly
shaped stretched zone. This implies that the SZW is not uniform across the crack front and
also, it will vary at the side ends due to deviation from plane strain condition. It has also been
reported that large grain size and the presence of second phase particles produce large errors
in the evaluation of the SZW [Bassim et al, 1992]. Therefore, it is not only desirable to have
experience in interpreting scanning electron micrographs but also a suitable statistical

measure for stretched zone width [Schwalbe et aZ, 1993; ESIS 1992a; Halim et al, 1988].

Halim er al [1988] have shown that it is sufficient to measure only one specimen half
to obtain the value of SZW. For elastic-plastic specimens, the width of the stretched zone
varies across the crack front. It is maximum near the centre and minimum near the edges of
the test specimen. On specimens with side grooves, the stretched zone width across the
thickness is constant [Halim et al, 1988]. Also, as the specimen size shrinks and plastic
conditions dominate, the width of the stretched zone becomes more uniform across the crack
front [Bassim er al, 1992]. Similarly, Schwalbe et al [1993] have demonstrated through the
analysis of an experimental round robin results that the difference in the measurements of two

specimen halves is in all cases smaller than the width of the scatter band of all specimens.
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From this it is concluded that the examination of one specimen half is sufficient.
Schwalbe et al [1993] have also recommended that care should be taken during defining
the beginning next to the fatigue frac'ture region and the end of the stretch zone. When
fixing the transition line between the stretch zone and the tearing surface, dimple,
broken second phase particles and similar feature should be carefully identified and left
aside, fo be sure that only stretching or blunting contributes to the measurement of

stretched zone width.

Pandey and Banerjee [1973] have examined the fractographic features in Fe-Mn base
alloys. For the measurement of SZW, the replicas are prepared from the fractured surface,
which include transition region between the fatigue and fast fracture. An area of nearly 2 mm
has been scanned very carefully. About 15-20 readings have been taken from the
representative regions on each fractograph to allow a reasonable estimate of stretched zone

width. A maximum variation of + 40 percent from the average width has been observed.

Landes and Begley [1972] have shown that the apparent crack extension (da)sz
associated with stretched zone can be approximated by assuming that the stretched zone size

is equal to half the crack opening displacement (COD).

This can be expressed as
1
(Ba)g =~ (cob) (2.84)

The crack opening displacement is then related to J by the following relationship
J =mo,(COD) (2.85)

where oy is the yield strength of the material and m is the constraint factor. The flow stress

oy customarily is substituted for the yield strength oy in this equation to take into account
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the strain hardening effect [Knott, 1980]. Combining these equations one gets the blunting

line equation given by

J =2ma,(Aa)g, | (2.86)

Nguyen-Duy and Bayard [1981] have derived an equation relating to stretch zone

width, SZW, to the crack-opening displacement (COD),

If AB in Fig. 2.32 is the stretched zone width, it can be shown that this width is related

to critical COD as

SZW = 4 1 (2.87)
cos(6-8)G
where,
2d 1
CoD), = ———— 2.88
( ) cos8+sind G (23%)

where d is the measured length of the stretched zone on the micrographs, ¢ is the incident
angle of the beam (the tilt angle), 8 = 45° and G is the magnification. Under plane strain

conditions, the critical value of the J integral, Jic, is related to (COD). by

I,

c

= mo ,(COD), (2.89)

where oy is the flow stress (the average of the yield stress and the ultimate tensile stress)
and m a constraint factor due to plane strain loading. If equation (2.88) is substituted into

equation (2.89), with m equal to 2, equation (2.89) becomes

_ 40,d

|
O A 2.90
e cos8+sind G (2.90)
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Fig. 2.32 Stretched zone of a broken specimen half showing relationship with COD.
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Amouzouvi and Bassim [1982] have measured the stretched zone width with the
scanning electron microscope at a tilt angle of 45° and a magnification of about 250-380.
The stretched zone width has been measured at different points along the crack front and

the results are averaged to calculate the value of Jjc using equation (2.90).

Putatunda [1986] has measured the stretch zone width by SEM on fracture surface
of AISI 4340 steels after cleaning it in acetone. The stretched zone has been measured at
20-25 points on each half of the specimens. Statistical analysis of the stretched zone width
measurement has shown that a minimum of 25 readings is necessary for measurement
of SZW with a 95% confidence limit [Putatunda and Rigsbee, 1985]. The SZW in each
specimen is determined by holding the specimen at 45° to the incident beam. The measurements
are carried out in the mid thickness portion of the crack front. The measured SZW value has been
multiplied by a factor of sec 45 to convert to its true value. From the average value of SZW, the

fracture toughness Jjc has been measured by using Landes and Begley’s [1974] approximation.

A method [ESIS 1992a] has been proposed to measure the fracture toughness using
SZW. In this method, local stretched zone width, SZW, is measured at 9 positions using

calibrated photographs taken in SEM (Fig. 2.33).

At each position the SEM magnification has been adjusted so that both the start and
end of the stretch zone are visible at the same time. At least 5 measurements are required at

each position giving the local stretch zone width

k ) .
Aagy, =7IC-ZAaSZWV, forkz5 @2.91)
i=l

The stretched zone width of the specimen is determined by averaging the local measurements

over nine positions as,

1 9
Aag,y, = 6‘2 Aagy, | (2.92)

i=]

a line parallel to the J-axis is constructed through the critical stretch zone width on J-R curve.

The intercept of the J-R curve with the parallel line defines Jjc.
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The JSME [Japanes Society of Mechanical Engineers] method for the
determination Jic, depends mainly on the measurement of SZW. The JSME procedure
_includes loading the specimens to selected different displacement levels as in multi-
specimen procedure prescribed by the ASTM and ESIS. The difference, however, is that
two or more specimens are loaded to displacement levels that are lower than those at the
onset of ductile tearing, where only stretched zone has formed. The other specimens, three
or more, are loaded to crack propagation region similar to those in the ASTM and ESIS.
Fatigue cycling is again applied at the end of tensile loading to fracture the specimen and
mark the extent of stretching or crack extension clearly. The SZWs are measured before it is
fully developed and the corresponding J-integral values are calculated as above. The J-SZW data
of the group of specimens unloaded before the onset of ductile tearing are used to establish
the blunting line, which is the best-fit through the origin. On the other hand, the fully
developed stretched zone width (SZW) is determined as the average of SZW of the other
group of specimens where crack propagation has taken place. The intersection of the
blunting line and the line indicating development of SZW up to its fully developed value,

defines the value of Jic of the material.

Tarafder et al [2003] in their investigation on TPB specimens of 25 mm thickness
of SA333 Gr. 6 steel has shown that the initiation fracture toughness measured by the
SZW method gives a conservative value of initiation fracture toughness compared to that

measured by blunting line without offset, drawn following ASTM procedure (Fig, 2.34).

From the crack resistance curve, J-R curve, initiation fracture toughness can be
derived by different procedures, ASTM E-813, ESIS and SZW method. Roos et al [2000]
have reported the initiation fracture toughness as determined by the various procedures as

shown in Fig. 2.35.
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Fig. 2.35 Comparison of initiation fracture toughness values according to different

test standards [Roos ez al 2000].
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Many experimental studies [Mills, 1981; Yin et al, 1983; Kolednik and Stuwe, 1986]
have shown that the offset line as prescribed by ASTM, overestimates the crack extension due
to the blunting process, especially for materials with low strength and high strain
hardening. Yin e al [1983] have investigated on three point bend specimens of carbon steel
(St52-3) to determine the slope of the blunting line and their results demonstrate that the slope
of the blunting line obtained by the SZIW method is steeper then the blunting line predicted by
the ASTM method. This results in lower values for both Jjc and 4a, when determined by the

SZW method, as compared with those obtained by the ASTM method.

Several experimental relationships between the fracture toughness Jic and stretched
zone width have been published, taking into account the influence of Young’s modulus.
Kobayashi et al [1977] have conceived that stretched zone develops as the loading progresses
and its width r;aaches SZW when fracture initiates. Later, for a widé range of metallic
materials including steels, copper, aluminium and titanium alloys, having high as well as low
strengths, blunting behaviours have been examined in terms of the development of the
stretched zone with increasing J and it is observed that the blunting depends not on o, but on
Young’s modulus (E). The thickness of the stretched zone, SZT, increases with increasing J as

given by the following expression [Kobayashi et al, 1979] before attaining the SZW.

SZT = 89% (2.93)

The coefficient 89 is an average value lying in the interval 54-143. The results show that
the change of E from 70.6 to 206 has little influence on the relation between SZT and J/F and
there is no influence of the test temperature on this relationship. Kobayashi et a/ [1977] have found
that the relation between SZT and J for two geometries, compact tension (1/5 CT, 1/2 CT, 1 CT) and
TPB specimens, at room temperature is identical. A SZT versus J curve is independent of test
temperature at low temperature range as SZW decreases with test temperature hence, Jic values

corresponding of these SZW decrease with decreasing temperature. Cao and Lu [1984] have
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reported that the SZW versus J/E relation can not be represented by unique straight line over all
the range of J/E. The linear regression analysis of the experimental data reviled that SZW versus

J/E has been represented by the following relationships:

J./EY0.Tmm  then SZW(mm)=91JE{C ~0.0043
J (2.94)
J./E0.Tmm  then SZW(mm)=47——E'—C—-O.00056

Several researchers have found it difficult to define the beginning and end of the
stretched zone; therefore they have preferred to measure the height of the stretch zone (Hsy).
Cao and Lu [1984] on broken three point bending samples made of steels, copper, aluminium
and titanium alloys have obtained the following relationship:

Hg, =J,/6c, (2.95)
Krassowsky et al [1981] on two different steels have found:

H,=(02,...., 1.15) J, /(2Es, )

Pluvinage and Lanvin [1993] have studied the stretched zone width and height by using five
different methods (Transmission Electron Microscopy, Retrodiffused Electron Microscopy,
Nickel Plating, Roughness Measurement, Ondulation Method) and found the following
relationships between stretched zone width and height and the initiation fracture toughness

parameter Jic:

SZW =175 Hg,
J =19182W o, and J,=32Hg o,

these relationships are different from earlier relationships found in literature but the

coefficients are of the same order of magnitude.
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2.5 INFLUENCE OF DIFFERENT PARAMETERS ON SZW

2.5.1 Effect of thickness and width of specimens on SZW

The thickness effect on stretched zone size has been studied by the various workers
[Gilmore et al, 1983; Kobayashi et al, 1977, 1979; Ohji et al, 1978]. Gilmore et al [1983]
have reported a larger value of stretched zone width in 12.7 mm specimen prepared from
martensitic stainless steel HT80 than for 2.5 mm specimens of the same material. In
contrast, Ohji ez al [1978] and Kobayashi et al [1977] found the stretched zone width to
be virtually independent of specimen thickness. Kobayashi et al [1977] have done the
fracto-graphic analysis at the mid thickness of the specimens where plain strain conditions
exist and stable crack growth occurs initially, using a two stage plastic carbon replica with
chromium shadowing. The results obtained by Kobayashi et al [1977] have shown i.n
Table-2.1. Putatunda and Rigsbee [1985] has measured stretched zone width in the mid
thickness region at 20-25 points on each half of the sinecimens. The size of the stretched
zone in each specimen is determined by holding the specimen at 45%to the incident beam.
The measurement is carried out in the mid thickness portion of the crack front with
confidence. It is reported in this in‘vestigation that the specimen thickness has little
influence on the stretched zone in AISI-4340 steel, which is in agreement with the resuits
by Ohji et al [1978] and Kobayashi et al [1977]. Putatunda and Rigsbee [1985] have
measured the stretched zone width in specimens with different thicknesses B of about 12,
6 and 4 mm. All these specimens have a constant width of aboutl 100 mm. Figure 2.36
shows plots of stretch zone size versus J and critical stretch zone size versus J
respectively for three specimen thickness and three specimen widths. It is evident from the

Fig. 2.36 that the specimen thickness has no apparent influence on the stretch zone size.
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Fig. 2.36 also shows the effect of the specimen width on the stretch zone size. All these
specimens had a constant thickness B of about 12 mm. The stretch zone sizes as measured on these
specimens are comparable with the measured values on specimens with different thickness. It is
clear from Fig. 2.36 that specimen width also has little or virtually no effect on the stretch zone size
when loaded to comparative J values. However, the scatter in the measured stretch zone values is

somewhat lower than was found for the specimen with varying thicknesses.

A study [Mao, 1991] of higher magnification SEM fractographs indicates that the crack
extension region can be primarily divided into two fracture modes, the facture region is mixed
modes of () anti-plane shear mode (B;) near the specimen surface and (2) the flat fracture
region by simple open mode (By) in the centre region (mid-thickness). Thus fracture in small
specimens was dominated by mixed modes [ and III. Fracture toughness of Jic is based on mode
I. A thin specimen has a thickness effect on Jj- because of fracture mode III. Therefore, the

more fracture mode III occurs, the more the thickness effect on fracture toughness.

2.5.2 Effect of aW ratio on SZW

Zheng et al [2000b] have tested the fracture toughness of St 690 steel by changing the
crack length (a/W) of the TPB specimens with the size of 13X26 mm and the ratio of loading
span (S) to the width (W) of specimen is 4. Their results are shown in Table 2.2 and this study
shows that the stretched zone size measured is indeed an invariable, which is independent on

the relative precrack size.

Similar observations are found in the investigation of Hyatt and Matthews [1994].
Hyatt and Matthews [1994] have measured the stretched zone width by nine point method in
which the averaging scheme used is one half the sum of the stretch zone on each edge of the
specimen plus sum of the other seven positions, all divided by eight. SZW are measured only
at predetermined points, not at nearby points where the stretch zones are well formed and
attractive. In this investigation change in precrack depth do not produce measurable changes

in SZW as shown in Fig. 2.37.
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Table -2.1 Variation of SZW with specimen thickness [Kobayashi et al, 1977].

Specimen B, mm SZW, pm
ICT 25.5 6.06
12CT 12.5 6.31
1/5CT 5.5 5.91
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Fig. 2.36 Effect of Specimen size on SZW [Putatunda and Rigsbee, 1985]
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Table 2.2  Stretched Zone size for StE 690. [Zheng et al, 2000b]

a/W 0.5 0.4 0.3 0.2 0.1 Average
SZW(um) 51 56 57 56 53 54.6
300 L ki T T St L4 E

E 8
pr o
re-aoo -
=
w
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é 100}
W
o
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Fig.237 Variation of Stretch zone width with pre-crack depth [Hyatt and Matthews, 1994].
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2.5.3 Effect of notch root radius on SZW

For six commercial metals, with micrographic analysis, Srinivas ef al [1992, 1994]
also shows that the apparent Jic is a linear function of notch root radius, but it is
interesting to note from his results that that if notch root radius is subtracted from the
measured critical stretch zone width corresponding to that notch root, the resulting value
is independent of the notch root radius for all materials.

~ The stretched zone width is related to the critical crack tip opening displacement
(CTOD) by the following expression [Robinson and Tetelman, 1976]
28ZW, =CTOD, (2.96)

the above statement is valid for the specimens which are fatigue cracked having initial notch
root radius zero. In case of notched specimens, without fatigue precracked, the measured SZW

can be related to the CTOD as [Srinivas ef al, 1994]
2(SZwW, - p) =CTOD, (2.97)

where, p is notch root radius.

The correct index of fracture toughness of material, therefore is the parameter

(SZW, ™esvred _ pY or SZW,°°"*'*? Equation can be written as

SZWrd = p + CTOD /2 (2.98)

Therefore the corrected stretched zone width in specimens with a finite notch root
radius, p, can be converted to the critical stretched zone width in the fatigue precracked

specimen, SZW,“"**@ using the following relation:

SZW gl = (Szwreesed — ) (2.99)

The usefulness of this technique is that it eliminates the requirement of fatigue precracking
and provides a way for measuring ductile initiation fracture toughness Jjc using a single specimen

for high ductility materials exhibiting stretched zone formation during fracture toughness testing.
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2.5.4 Effect of loading rate on SZW

Hyatt and Matthews [1994] have studied effect of l}oading rate on stretched zone width on
TPB specimens of ASTM A710, Grade A steel. At a narrow range of loading velocities
(1.2-4.9 m/s) no significant change in SZW is observed. However with the addition of specimens
deformed at lower rates, a trend can barely be discerned as shown in Fig. 2.38. At low rate specimen
stretch zone width is 224+17 and for high rate specimens the value of stretch zone is 173£25. Thus,
a measurable drop in stretch zone width has been observed with loading rate. Bayoumi ez al [1984]
and Bassim ef al [1987] in their study on the fracture behavior of annealed AIS1 1045 steel, subject
to tensile loading rates ranging from quasi-static to dynamic, using compact tension specimens
having three different al/W ratio, have reported experimental results based on stretch zone
measurements which indicate a significant decrease in fracture toughness for A1SI 1045 steel at

high loading rates as well as a slight dependence of the stretch zone with a/W.
2.5.5 Effect of fatigue precracking stress

Smith er al [1995] studied the effect of the fatigue precracking stress intensity range
(4K) on the formation of stretch zone in AISI4340 steel. In their investigation compact
tension specimens were fatigue precracked at 62%, 100% and 147% of the 4K limit
prescribed by ASTM E813-93, then loaded to levels of J < Jic. It is found that the precracking
reduces the SZW formed at a given value of J in proportion to the maximum applied J during
precracking. The magnitude of this reduction, SZW,, is well-approximated by SZW, = Jy / 2may
adding SZW, to the measured SZW corrects for this effect.

2.5.6 Effect of Temperature on Fracture Toughness -

Marengo and Ipina [1996] has studied the effect of high temperafure on fracture toughness
on 304 L steel specimens. They measured the SZWW, as stated by ESIS P2-92 [1992b]. Their
results are shown in Fig. 2.39. The SZW, values increase with an increase in temperature and
reach a maximum at about 200°C. For higher temperatures, the SZW, decreases continuously.
Pluvinage and Lanvin [1993] have found that the stretch zone width increases linearly with |

the temperature in the case of heat treated XC35 steel.
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2.5.7 Effect of Rolling Direction

Rolling direction is also an important parameter. Pluvinage and Lanvin [1993] have
found during SZW measurement of specimens in two rolling direction that the stretched zone

is a little smaller for the transverse direction as shown in Fig. 2.40.
25.8 Effect of Grain Size

Srinivas et al [1987] have studied the influence of polycrystal grain size on fracture
toughness on Armco iron over a grain size range 40 to 1050 um. They found that the blunting
line suggested in ASTM E-813 standard test procedure for Jic determination is not
applicable for Armco iron, therefore, they established a blunting line experimentally
through stretch zone width measureménts as the SZW across the thickness is found to be
quite uniform. The fracture toughness of Armco iron increases with decreasing grain size and

the variation can be expressed by the relationship similar to that for Hall-Petch for strength as
J, =52+1.2847""* (2.100)

where Ji¢ is in kJ/m? and d in meters. The variation of ductile fracture toughness with grain
size can be understood in terms of its plastic zone size at the crack tip. At finer grain sizes
plastic zone size encompasses more number of grains which implies more energy input in
order to activate slip in grains oriented differently. Pluvinage and Lanvin [1993] have inflicted
different thermal treatment on XC35 which cause different grain sizes from 20 to 125 um. They
have found a linear relationship in stretch zone width versus the square root of the average
grain size. This relationship agrees to the relationship obtained by Srinivas e al [1987]. The
stretch zone width is a linear function of the fracture toughness Jjc and the fracture toughness
decreases wiih increasing yield stress is a well known experimental fact. For this reason any
parameters influencing the yield stress have an influence on stretch zone width. The
relationship between the stretch zone with square root of grain size is similar to the famous

Hall-Petch relationship between the yield stress and square root of the grain diameter.
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2.6 PROBLEM FORMULATION

The design of engineering structures and components made of materials is based on
the behavior of dormant cracks of size which depends on the detection limit of quality
inspection tools. The failure of the structure or the component depends on the dormant crack
becoming active to start propagating even in a ductilev material. The objective of the design is
to keep the stress at the crack tip within such limit that the crack does not start propagating.
The stress field at the crack tip is characterized by a single parameter J and the crack
propagation starts when J takes the value of Jj¢, the initiation fracture toughness. Earlier, it
has been thought that Ji¢c is a material property and the ease of propagation is determined by
the J vs. crack extension curve, called J-R curve, which has also been considered a material
characteristics. With passage of time, it has been observed that both J;c and J-R curve depend
on the geometrical characteristics of the test specimen like its thickness and pre-crack depth.
The stress distribution at the crack-tip is not uniquely determined by the single parameter
J but requires at least another parameter. Thus, for a safe design, it is required to determine
the lower iimit of Jic and J-R curve in respect of the geometrical variables of the test

specimen.

The tests for fracture toughness involves various types of specimen and loading
conditions. The most popular ones involve CT and TPB specimens under tensile and bending
type of loading. The specimens of recommended dimensions as to ensure plane strain
condition under each type of loading, are machined with notch, from where fatigue crack is
generated upto a given pre-crack depth. The specimen with pre-crack is then loaded under
tensile or three point bending load. The first step duﬁng loading involves a shape change of
the fine fatigue crack to a blunted one by a process of stretching and creation of a plastic zone
around the crack-tip to exhaust its ductility. Thereafter, the second step, which involves the
onset of crack propagation, starts. The determination of initiation fracture toughness, Jc,

involves the value of J at the transition between step 1 and step 2. Determination of this
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Fig. 2.40 Influence of Rolling Direction on Stretch zone Width, XC35 steel
[Pluvinage and Lanvin, 1993]
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transition in ASTM recommended procedure depends on the assumed blunting behavior given
by a linear blunting line equation from the origin. The intersection of blunting line with the
J-R curve extrapolated from larger crack extension indicates the onset of crack propagation.
Since the onset of crack propagation does not take place at the same J across the entire
thickness, an offset blunting line is drawn with 0.2 mm offset and its intersection with the
extrapolated J-R curve is taken as initiation fracture toughness, Jic, to ensure the onset of
crack propagation almost everywhere across the crack front. The assumed blunting behavior
in ASTM procedure does not always represent the actual blunting behavior particularly in
highly ductile material. This problem has been realized and ASTM, in its subsequent
recommendation, has asked for determination of the slope of blunting line depending on its
strain hardening characteristics. On the other hand, ESIS has recommended the slope of the
blunting line based on strain hardening coefficient of the material as well as well. But JSME
takes an altogether different approach and recommends determination of initiation fracture

toughness based on the development of stretched zone width with loading.

The present study aims to evolve a unified procedure by introducing a blunting line
equation based on the mean stretched zone width in the context of the fracture behavior of
low carbon steels like SA333 Gr. 6 steel and SAILMA steel. If the blunting line based on
strain hardening coefficient shows adequate consistency then, the behavior of initiation
fracture toughness in respect of the influence of geometrical variables like thickness and pre-
crack depth will be determined in the context of some contrary observations in the literature.
The variation in the slope and position of J-R curves with thickness and pre-crack depth will
also be determined. The study will be carried out in highly ductile low carbon steel where the
elastic-plastic fracture mechanics is at the other extreme from the boundary of linear elastic

fracture mechanics.
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Chapter 3

EXPERIMENTAL WORK

This chapter describes the experimental procedures used in the present investigation
for materials characterization, fracture toughness testing and stretched zone width

measurement of the different materials investigated.
3.1 TEST MATERIALS

The materials investigated are SA333 Gr. 6 steel pipes of 16” diameter and wall
thickness of 32 mm, SAILMA HI-410 micro-alloyed steel plate of thickness 32 mm. The
SA333 Gr. 6 steel pipes have been procured from Bhaba Atomic Research Centre (BARC).
SAILMA HI-410 micro-alloyed steel plate has been procu'red from Govt. Irrigation
Workshop, Roorkee. The chemical analysis of the steels used in the present study has
been carried out under simultaneous spark emission spectrometer (Thermo Jarrell Ash

TJA181) with a spot size of about 3 mm.
3.2 MICROSTRUCTURAL STUDIES

The microstructures of SA333 Gr. 6 and HI-410 steels have been examined under

optical microscope to find the amount and the distribution of phases in the microstructure.

For metallographic examination, samples are manually polished following the standard
metallographic procedures described below. The surface of the specimen that is to be
examined is first made flat by means of a specially designed motor—driven emery belt. The
sharp edges of the specimen are then beveled to avoid the tearing of the emery paper during
subsequent polishing. The specimens were then polished manually using metallographic

emery papers (120, 240, 400 and 600 grit) containing abrading silicon carbide particles.
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During polishing on each emery paper, the direction of polishing was such as to introduce
scratches atbright angles to those introduced by the preceding paper. The final polishing was
carried out on a rotating polishing wheel with sylvet-cloth mounted on it. The polishing
medium was 0.1 um size alumina powder suspension. After polishing, all the samples were
etched with 5 pet nital (5 pct HNO3 + 95 pct Methanol), washed, dried and finally examined
under MeF; Reichert-Jung optical microscope made in Austria. Typical microstructural
features of all the samples are photographed. These optical micrographs are presented and

discussed in Chapter-4.
3.3 TENSILE TESTING

The tensile tests were carried out at ambient temperature, conforming to ASTM
specification. The dimensions of the tensile specimens are shown schematically in Fig. 3.1.
Tests were _carried out using a crosshead speed 'of 1 mm/min on a hydraulic universal
testing machine. The diameter and gauge length of each specimen was measured prior
to and after the test. The yield strength was generally estimated from the yield point
noticed on the load-displacement plot. The ultimate tensile strength of the specimens
was evaluated by dividing the maximum tensile force by the initial cross-sectional area

of the specimens in units of MN/m? or MPa.

The " stress-strain diagrams of all the specimens were further analyzed, in
between the yield strength and ultimate tensile strength, according to the Ramberg-

Osgood expression as given below
(e/6))=(o/0,)+alo /o) 3.1)

Where, ¢ is the observed strain in the material at a given stress of c at any instant. oy is the
reference stress taken as flow stress, [(oy + 6y)/2], and, &y is (op / E). a is a dimensionless

material constant and # is the strain hardening exponent.
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Fig.3.1 Schematic diagram of the round tensile specimens.
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3.4 FRACTURE TOUGHNESS TESTING

Fracture toughness tests were carried out on Servo hydraulic universal tésting machine
of make Instron Model 8800 using Fast track Jj. program. The Jj. fracture toughness Program
runs under an environment set-up by the LabVIEW programming application from National
Instruments. LabVIEW is a programming environment that provides the interface between the

program and the Instron Model 8800.

The method involves loading under three-point bending and pin loading of fatigue

precracked specimens and determination of J as a function of crack growth. Load versus load-
line displacement is recorded digitally. The J-integral is determined and plotted against
physical crack growth, Aa,, using at least four data points within specified limits of crack
growth. These data reflect the materials resistance to the crack growth. Prior to J-R test each
specimen was fatigue pre-cracked. After fatigue pre-cracking but prior to J-R testing each
specimens were side-grooved to the extent of 20 % of the thickness. The siﬁgle specimen
technique was employed for the determination of J-R curve of the pre-cracked specimens. The

detail of the test process and various test parameters are described in the following subsection.
3.4.1 Test Specimens

For fracture toughness testing, specimens required for two types of tests - compact
tension (CT) and three point bend (TPB), have been used. The orientations of the
specimens taken from the pipes and from plates are shown in Fig. 3.2 and Fig. 3.3. The
dimensions of the CT and TPB specimens, conforming to ASTM specification, are shown
schematically in Fig. 3.4 and Fig. 3.5 respectively. CT and TPB specimens were machined
for specimens of varying thickness (B) from 10 to 25 mm. The tests were carried out on both
standard and non-standard samples with respect to ASTM E 813. The objective of this study is

to incorporate a wide range of crack tip tﬁaxiality. The nominal specimen width (%) of 50.0 mm
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for CT and 50 mm for TPB was chosen in order to allow for measurement of valid J at large

crack extensions, in accordance with ASTM E 813, -
3.4.2 Fatigue Pre-cracking

Prior to fracture toughness tests, all specimens were precracked by fatigue, up to
varying crack aspect ratio of about /W ~ 0‘4,. 0.6 and 0.8, for each thickness using a servo
hydraulic machine. The frequency of precracking was kept 10 Hz and the stress ratio R = 0.1.
Precracking was done at constant stress intensity range 4K. The loading criterion was kept in
accordance with the ASTM specifications conforming to a maximum load less than 0.4 Py,
where P is the load limit (V), defined as

For three- point bend specimens:

b 2
Soss|

_| Bboyy

where, B is the thickness of the specimen (mm), W is the width of the Specimen (mm), by
is the initial uncracked ligament (mm), a is the initial crack length (mm) and o,z is the
effective yield strength of the specimen (N/mm?). oy« is estimated as (o, + o) / 2,

where o, is the yield strength (N/mmz) and o, is the ultimate tensile strength (N/mmz).

S is the support span of bend table (mm).

The measurements of crack length were carried out by compliance, using a clip gauge.

The control of load and frequency was executed through a microprocessor controlled Instron

Fast Track Console.
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Fig. 3.2 Schematic diagram of the orientation of the specimens collected from the
pipe for testing.
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Fig. 3.3 Schematic diagram of the orientation of the specimens collected from the

plate for testing
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All Dimensions are in mm.
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Fig. 3.4 Schematic diagram of the Compact Tension (CT) specimen.
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Fig. 3.5 Schematic diagram of the Three Point Bend (TPB) specimen.
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3.4.3 Test Procedure for Jic

Fracture toughness tests were performed at room temperature on an Instron Universal
machine model 8800 under displacement control with a crosshead speed of 0.5 mm/min., as
prescribed by ASTM E 813. Crack length measurements were made by unloading compliance (UC)
method. The load line crack openiﬁg displacement was measured with an inboard clip gage
attached to front notches at the load line. After testing, optical crack length measurements
were made and used to transcribe experimental crack length data as per ASTM E 813. In the
unloading compliance technique, a specimen was partially unloaded and then reloaded at
specified intervals durihg the test. The unloading slopes, which tend to be linear and
independent of prior plastic deformation, were used to estimate the crack length at each

unloading from analytical elastic compliance relationships.
Following steps were carried out on each test specimen individually:

Crack length estimations from initial elastic compliance were carried out with a
peak load in the range of 0.5 to 1.0 times the maximum precracking load.
Estimation of the original crack length, ay, from compliance measurements were
repeated three times. The peék loads for other two sequences were 60-% and 80 %
of this peak. The individual values should be within a limited range from the
mean. After estimating the original crack length, the load was returned to a low

value maintaining the fixture alignment.

The test was preceded in a manner such that the unloading/reloading sequences
produce J versus crack extension data points evenly spaced over the prescribed test
region. The unloading for crack extension measurements were carried out till 40 % of

the current load from where reloading is done.
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After completing the final unloading, the load had to be returned to zero without

additional crosshead displacement beyond the then current maximum displacement.

The specimens were removed and completely broken in liquid nitrogen. The
fracture surfaces were studied for crack length measurements and fractographic
analyses. The fracture surfaces of broken specimens were examined in detail using

a scanning electron microscope.

Along the front of fatigue crack and the front of the marked region of slow-stable
crack extension, measurement of the crack size were carried out at nine equally spaced
points centered about the specimen centerline and extending to 0.005 ¥ from the root
of the side groove or surfaces of plane-sided specimens. Calculation of the original
crack size, ay, and the final physical crack size, a,, was carried out as follows: average
the two near-surface measurements were taken, this average was combined with the

result of remaining seven crack length measurements and determine the average.

3.4.4 Calculation and Interpretation of Results

Calculations of J-integral were made from load, load-line displacement curves

obtained from the procedure outlined in previous section. From the load vs. load line

displacement data J-R curve was plotted in following steps:

(a)

(i)

Calculating crack length

From load vs. load line displacement data of different loading and unloading cycles,
the slopes was determined by linear least sciuare fit of the data points of loading and
unloading cycle taken together data. From the slopes of different loading-unloading

cycles the compliance was calculated:
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(i)  This compliance was used to find the value of 4 according to equation
For CT specimens

1

P — 34
# [B.EC,]" +1 G4
For TPB specimens,

1
U= — (3.5)

B,WE'C,

—S—— 1 +1
B

where

€

B-B
B, = B— (=
S

where, By is the net specimen thickness after excluding the side grooving depth of the
specimen. E is the Young’s Modulus of the specimen and C; is the compliance at
corresponding loading unloading cycle. E’ is the E/1 +?), where v is Poisson’s ratio. S is the
loading span and W is the width of the TPB specimen |

(iii)  From the value of u at each loading-unloading cycle, the ratio of crack length to width
(a/W) has been calculated using inverse relationship between crack size and compliance

as given by

For CT specimen '

a/W =[1.000196-4.06319,+11.24244> ~106.04344° +464.335u* ~650.67711°]
(3.6)

For TPB specimen

alW =[0.999748~3.9504 41 +2.9821 % ~3.214084° +51.515644 ¢ ~113.0314° |
(3.7
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The crack extension after each cycle is calculated by multiplying /W ratio with the width of

the specimen tested.
(b) Calculating J value

J was calculated according to the equation:

J=Jo +Jpi (3.8)
Where, J,) and J,; are the elastic and plastic components of J.

For a given load-displacement point, (i), J; and J,, are calculated following the equations,

For CT specimens:

KZ;‘ 1—02
‘]el(i) = '_QQE_’_‘“)‘ (3.9)
where
P
K= GBI Slag IW) , (3.10)
N
where,

P /W) = (2+a, /W)0.886 +4.64a, /W —13.32(a, /W)’ +14.72(a, /W)’ - 5.6(a, /W)
¢ (1 _ao /W)3/2

(3.11)

and,

_ M

J =
" Byb,

(3.12)

where, K is the stress intensity factor, v is the Poisson’s ratio, E the modulus of elasticity, P

the value of load at the unloading point, i point on the load vs displacement curve, 4, is the
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area under the load-displacement curve, By is the net specimen thickness (By = B if no side

grooves are present), by is the length of uncracked ligament, and i = (2 + 0.522 by/W).

For TPB Specimens:
K2 i 1—1)2
Juty =—”% 3.13)
where,
P S |
K(i)‘:!:(BBN)I/zW:;/z}‘ f(aO/W) . (3.14)
Fla /W) = 3(ay /W) *[1.99~(a, /W) .(1~ay / W).(2.15-3.93(a, /W) +2.7(a, /| W))*]
' 2(1+2a, /W) (1~a, I W)
(3.15)
and, -
24,
J oo =§j)_o. | . (3.16)

where, K is the stress intensity factor, v is the Poisson’s ratio, E the modulus of elasticity,
P the value of load at the unloading point, i point on the load vs displacement curve, 4,
area under the load-displacement curve, By is the net specimen thickness (By = B if no side

grooves are present), by is the length of uncracked ligament, and S is the bend span (47).

The J-integral values obtained were plotted against the corresponding measured crack

growth Aa values to construct the J-R curve.
3.5 PREPARATION AND PRESERVATION OF FRACTURE SPECIMENS

Fracture surfaces are fragile and subject to mechanical and environmental damage that

can destroy microstructural features. Consequently, fracture specimens must be carefully

104



handled during all stages of analysis. This section discusses the care and handling of fracture

surfaces, procedure for sectioning fracture surfaces and surface cleaning techniques.
3.5.1 Care and Handling of Fracture Surface

Because of fracture surface contains a wealth of information, it is important to understand the
type of damage that can obscure or obliterate fracture features and obstruct interpretation. These type
of damages are usually classified as chemical and mechanical damage. Chemical and mechanical

damage of the fracture surface can occur during or after the fracture event.

Chemical damage of the fracture surface occurs due to environmental conditions. If the
environment is corrosive to the base metal, the fracture surface in contact with the
environment will be chemically damaged. Humid air is considered to be aggressive to most of
the iron base alloys and will cause oxidation to occur on steel fractured surfaces in a brief
period of time. Touching the fracture surface with the fingers will introduce moisture and salts

that may chemically attack the fracture surface.

Mechanical damage of the fracture surface that occurs after the fracture event usually
results from handling or transporting of the fracture surfaces. It is easy to damage a fracture
surface while opening, sectioning the fracture surface from the total part and transporting the
fracture surface. Careful handling and transporting of the fracture are necessary to keep the

damage to a minimum.

Once mechanical damage occurs on the fracture surface, nothing can be done to
remove its obliterating effect on the original fracture morphology. However, if chemical
- damage occurs and if it is not too severe, can be impiemented that will remove the oxidized or
corroded surface layer and will restore the fracture surface to a state representative of its

original conditions.
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3.5.2 Sectioning Fracture Surface

It is necessary to remove the portion containing fracture surface .to reduce the
specimen to a convenient size for scanning electron microscopy because of the specimen

chamber that limit specimen size.

Power saw cutting machine was used for cutting the specimens fracture surface. A coolant
is used to avoid heat damage to the fractured region. Fractured surface is cleaned with solvent

(aceton) and dried immediately after cutting.

3 5.3 Fractured Surface Cleaning with ENDOX-214 before Stretched
Zone Width (SZW) Measurement

Fracture surfaces containd unwanted surface debris, corrosion or oxidation products
and accumulated artifacts that must be removed before meaningful fractography can be
performed The fracture surface was cut into a suitable size from the fractured CT or TPB

specimens and degreased in an ultrasonic bath with acetone before electrolytic cleaning.

A working solution of ENDOX-214 was prepared by adding 230 gms of ENDOX-214
powder to 1000 ml of cold water followed by stirring until it was completely dissolved. The

working temperature of the solution was the room temperature.

A glass beaker with 250 ml of ENDOX-214 solution was placed in ihe electrolytic
bath, the specimen was connected as cathode and a stainless strip was used as anode. Current
density of about 250 mA/cm? was applied for one minute. The specimen was removed from
the electrolyte and washed in clean flowing water. The specimen was then dipped in methanol

and dried in hot air.
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The above procedure was carried out for one cycle and the cycle could be repeated if
necessary, to achieve the desired cleaning as observéd under optical microscope. The cleaning
process was regulated only to remove the rust without any damage or disturbance to the
underlying features of the fracture surface. Immediately after cleaning and drying, the
specimens were studied under scanning electron microscope to avoid any further rusting on

the specimen under ambient condition.

3.6 MEASUREMENT OF STRETCHED ZONE WIDTH (SZW)

The stretched zone width (SZW) along the thickness direction of the fractured
specimens was studied under LEO, 435 VP Scanning Electron Microscope (SEM). The studies
were carried out at different magnification, so that the stretched zone prior to initiation of
typical ductile fracture under static loading could be clearly identified by its unique stretched

feature in contrast to dimpled region under ductile fracture.

The total length of the stretched zone along the thickness as it appeared in the
fractograph, was photographed in parts and the width of the SZW was measured on the
digital photographs directly on the screen at intervals of 200 um along the thickness.
From these micrographs, the stretched zone width has also been measured by two other
methods customarily followed. In nine point method, the local stretched zone width is
determined by averaging five measurements takenl at each of nine positions. The stretched
zone width of the specimen is determined by averaging the local measurements over nine
positions. In three point method stretched zone width is determined by averaging the three
values of the local stretched zone widths taken at the center and two sides of the fractured

specimen along the thickness.
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Chapter 4

\ RESULTS AND DISCUSSIONS:

STRETCHED ZONE WIDTH

G

41 MATERIAL CHARACTERISATION
4.1.1 Chemical Composition

The chemical composition of pipe material of SA333 Gr. 6 from 16” diameter
supplied by BARC and SAILMA HI-410 micro-alloyed steel plate of thickness 34 mm,

has been determined by emission spectroscopy (Thermo Jarrel Ash TJA 181).

The chemical composition of SA333 Gr. 6 steel which is a carbon-manganese
steel is given in Table 4.1. If the carbon content is 0.18% the manganese content should
increase to 0.89 wt% as specified in ASTM A 333 standards. It is observed that a carbon
level of pipe material is lower than the specified 0.18 wt% and silicon content is more
than the specified level. A small amount of aluminium is also observed in the pipe
material and it could have originated from de-oxidation practice or added intentionally for
grain size control. Sulphur and phosphorus contents in all the pipe materials are at

acceptable levels.

The chemical composition of SAILMA HI-410 micro-alloyed steel is given in

Table 4.2. The table shows that the plates are having micro alloying of Cr (0.003-0.011 wt%)

and Ni (0.031-0.035 wt%) along with Cu of the order of 0.033-0.042 wt%. The carbon

content of the steel is 0.14 wt%.
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4.1.2 Microstructural Studies

Typical microstructures of as received in SA333 Gr. 6 pipe material of nominal bore
(NB) of 16” as revealed in the low and high magnifications of X100 and X200 have been
shown in Figs. 4.1 (a) and (b). The micrographs show the presence of ferrite (white) and
pearlite (black) in the matrix with banded morphology. 'The banded morphology develops due
to inter-dendritic segregation of manganese leading to segregation of carbon, caused by

lowering of its activity in presence of manganese.

A' Y Typical microstructures of annealed and normalized SA333 Gr. 6 revealed in El:e

low and high magnifications of X100 and X200 have been shown in Figs. 4.2 (a) and (b)
and Figs. 4.3 (a) and (b). The annealed and normalized conditions the microstructure of
the steels consists of homogenize ferrite and pearlite in the matrix. However, the grain
size in normalized steel is small compared to annealed steel. In normalized steel fine

pearlite is observed.

The microstructures of as received SAILMA HI 410 steel plate obtained by
controlled rolling revealed under low and high magnifications of X100 and X200, are
shown in Figs. 4.4 (a) and (b). The figures show that the plates are having ferrite-
pearlite (dark) microstructure of relatively finer grains with the presence of pearlite

primarily along the bands typical of rolled structure.

4.1.3 Mechanical Properties

The typical stress-strain plots of various specimens of as received, annealed and

normalized SA333 Gr. 6 steels from straight pipe material are shown in Figs. 4.5, 4.6 and 4.7.

Tensile properties of 16 inch pipe materials are shown in Table 4.3. The design of high

strength low alloy C-Mn steel has been based initially on tensile strength alone as joining has
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Table 4.1 The chemical composition of SA333 Gr. 6 steel

Chemical composition (Wt. %)

C Mn Si Al
0.1680 0.8804 0.1189 0.0489
0.1697 0.8887 0.1208 0.0499
Table 4.2 The chemical composition of SAILMA HI-410 steel
Chemical composition (Wt. %)
C Mn Si S P \% Ti Cu Al Nb Ce
0.14 | 145 | 030 | 0.012 | 0.021 | 0.01 | 0.03 | 0.02 | 0.027 | 0.05 | 0.39
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(a) (b)

(a) (b)
Fig. 4.2 Typical microstructure of annealed SA333 Gr. 6 (a) X100 and (b) X200.
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(@) (b)

Fig. 4.3 Typical microstructure of normalized SA333 Gr. 6 (a) X100 and (b) X200.
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Fig. 4.4 Typical microstructure of SAILMA HI 410. (a) X100 and (b) X200.
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Table 4.3 Mechanical Properties of SA333 Gr. 6 steel
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. Tensile .
Material - Ylel((:ll\ig:)ngth Strength Elo?éa)tl on n a
(MPa) °
As received 318.47 445.86 38.0 437 10.70
Annealed 306.00 415.00 36.7 4.83 10.63
Normalized 327.00 428.00 34.2 5.23 11.36
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been based on riveting. Carbon, being the cheapest alloying element, has been mainly
used along with manganese to develop tensile strength. The advent of welding rather
than riveting as a method of joining has necessitated lower carbon content. The strength
could then be maintained by increasing manganese content. Failure of welded structures
by brittle fracture has led to recognition of the importance of impact and fracture
toughness in these materials. A need for low impact transition temperature is apparent. It
has been further recognized that high yield strength is more important than high tensile
strength. The approach is to lower carbon content while maintaining manganese. The
advantage of high Mn:C ratio for impact toughness is well recognized. The significance
of grain size has been established in.this context. Grain refining addition of AI-N has
been introduced. Impact strength is adversely affected by coarse as rolled grain size
which could be avoided by using a low finishing temperature for rolling. To improve
through thickness ductility and toughness it is required to avoid planar arrays of
nonmetallic inclusions, which also cause lamellar tearing during welding. Thus, the

objective of lowering caroon content 1n tne pipes under investigation and-compensating.
- it by manganese to keep the strength level similar to SA333 Gr.6 has succeeded since
the yield strength of all the pipes are greater than 280 MPa and the tensile strength is -

around 420 MPa. The percent elongation is more than 36% as specified.

The stress-strain diagram for the base metal has been fitted with the help of
Ramberg-Osgood equation given in Chapter 3 and the material parameters « and n have

been tabulated in Table 4.3.

The typical stress-strain plots of various specimens of SAILMA HI 410 from
plate material are shown in Fig. 4.8. Tensile properties of SAILMA HI 410 material are

shown in Table 4.4.
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Ductile Fracture Stretched Zone Fatigue pre-crack Ductile Fracture Stretched Zone Fatigue pre-crack

(a) (b)

Figs.4.9 Typical appearance of the SZW in SA333 Gr. 6 steel.
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Fig. 4.10 Variation of SZW measured at regular interval of 200 pm along the thickness
of CT specimen of SA333 Gr. 6 steel at a/W ration of 0.6 and specimen

thickness of 25 mm.
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Fig. 4.11 Comparison of SZW, and standard deviation of different steels, SA333 Gr. 6

steels with or without heat treatment and SAILMA steel in 25 mm thick CT

specimens with pre-crack depth of a/W = 0.6
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Fig. 4.12 The comparison of stretched zone widths measured by nine point (SZ/¥y) and
three point methods (SZW;) with those given by average of measurements at
close intervals (SZW,) along the thickness on the fractured surface of CT

specimens of SA333 Gr. 6 material.
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independent of specimen thickness. Putatunda and Rigsbee [1985] has measured stretched zone
width in the mid thickness region at 20-25 points on each half of the specimens and have
reported that the specimen thickness has little influence on the stretched zone in AISI-4340

steel, which is in agreement with the results of present study.

Figures 4.23, 4.24 and 4.29 show that the changes in the pre-crack depth do not
produce distinct variation in stretched zone width as the observed SZW values are within a
close range for variations of a/W for different thickness. The standard deviation in the
measurements are more than the extent of variations observed and so the variation could not
be considered significant. This conclusion is in agreement with that of Zheng et a/ [2000a]
who have tested the fracture toughness in TPB specimens of St 69 steel by changing the crack
length (a/W) and it has been observed that the stretched zone size is independent of the |
relative precrack size. Shen et al [2001] has also reported that there is no effect of pre-crack
depth on SZW. Hyatt and Matthews [1994] have also shown that the changes in the pre-crack

depth do not produce significant change in stretched zone width.

The present investigation indicates that the stretched zone width measured by nine
point method is more representative than the measurement by three point method when the ~
results are compared with more exhaustive but time consuming measurements at close
intervals of 200 um along the thickness of the fractured CT and TPB specimens. However, the
standard deviation of the measurements by nine point method is relatively lower than that
observed in the measurements at close intervals. The present study has also indicated that the
stretched zone width is relatively insensitive to constraints as imposed by specimen thickness
or pre-crack depth. Therefore, it may be possible to arrive at a characteristic stretched zone
width for a material of a given composition and microstructure. Wide difference in the
mechanical properties of the constituent phases in a material results in larger standard

deviation in SZW measurement.
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Chapter 5
RESULTS AND DISCUSSIONS:

FRACTURE TOUGHNESS

This chapter describes the experimental results of the J-R curve, its necessary
corrections and the method of determining the initiation fracture toughness (Jic). The
variations of initiation fracture toughness in two steel - SA333 Gr. 6 steel and SAILMA steel,
with changing thickness and pre-crack depth have been investigated. The effect of constraints
imposed by specimen thickness and pre-crack depth on the J-R curves have been examined.
The effect of heat treatment on both Jic and J-R curve has been investigated in SA333 Gr. 6
steel. At the end, the results have been discussed to evolve a coherent understanding of the
effect of constraints and heat treatment on the fracture toughness of steels investigated in the

present investigation.

5.1 DETERMINATION OF INITIATION FRACTURE TOUGHNESS (Vi)

Figure 5.1 shows a typical J-R curve indicated by circular points, for SA333 Gr. 6

steel specimen having thickness 25 mm and width of 50 mm, pre-fatigued to a/W ratio of 0.4.

The J-R curve has been obtained for a single CT specimen by compliance technique using the
compliance equation for crack extension. In this case, the initiation fracture toughness ()
could not be determined from ASTM blunting line equation with 0.2 mm offset (indicated by

dotted line in Fig. 5.1), since this offset line based on material flow stress does not intersect

the J-R curve within the valid region as prescribed by ASTM standard. It may be noted that

————r

the crack extension at the beginning of J-R curve is not truly a crack extension but represents

stretching and blunting of the fine crack created by pre-fatiguing. Direct measurement of
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stretched zone width shows that the end of blunting as indicated by the onset of stable crack

propagation occurs at an average distance of 0.212 mm for SZW,. Therefore, it is expected that

the ASTM prescribed procedure to identify the end of blunting and beginning of crack
extension by construction of blunting line with the offset should int‘ersect J-R curve at an
apparent crack extension similar to the average stretched zone width SZW, However, for
highly ductile material like SA333 Gr. 6 steel, the intersection of blunting line with J-R curve
has taken place at a considerable large distance than SZW, Faced with this problem, many
investigators have done away with the 0.2 mm offset in the ASTM procedure and drawn a
blunting line from the origin, as shown in Fig. 5.1 by the firm line which also does not
intersect the J-R curve anywhere near the observed SZW. Thus, it is evident that the blunting
line equation based on flow stress does not represent the blunting behaviour of the fatigue pre-

crack and so there is a need to evolve a procedure which may establish an accurate blunting

line equation for the highly ductile materials.

ASTM standard defines the blunting line using the equation

J =2Mo ;Aa NCRY)

where M= 1 ando, =-;—( o, +0, ) [ASTM -813-89] which determine the slope of the blunting

line. Subsequently ASTM [ASTM 1820] has revised its recommendation for the initial slope
_of the J-R curve. It has been recognized that the slope could be steeper than 20y for certain
materials. For these materials, it is recommended that initiation fracture toughness value may
be determined using M evaluated by experiment taking into consideration the effect of strain

hardening as indicated by strain hardening coefficient.

The equation of the m = 0.2 mm offset blunting line which is used to determine

initiation fracture toughness, Jic, may be derived from the blunting line equation (5.1) as

J =2Mo ,(Aa~m) (5.2)
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Fig.5.1 Typical J-R curve of SA333 Gr. 6 having thickness of 25 mm and &/W ratio of
0.4 with the blunting line drawn by ASTM procedure
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J-R curves of the different steels (SA333 Gr. 6, Annealed SA333 Gr. 6, Normalized
SA333 Gr. 6 and SAILMA steel) have been fitted by nonlinear regression in term of crack
extension (4a), upto 4a = SZW, value from the larger 4a side of the curve. From the fitted
J-R curves of different steels, initiation fracture toughness (Jszw) have been determined for | %
different materials by putting the SZW¥, values as the average crack extension corresponding to /
the end of blunting. Table 5.1 gives the values of initiation fracture toughness (Jszw) el
determined on the basis of SZW, for different steels, as received and after different heat
treatments, along with the corresponding strain hardening coefficient (n) for each of these
materials, as evaluated by Ramberg Osgood equation. M has been evaluated by putting in
equation_ (5.2) the value of initiation fracture toughness determined on the basis of SZW for
different materials for different offset distances of m = 0.2, 0.15, 0.1 and 0 mm as indicated by
subscript of M. These ‘values of M are also summarized in Table 5.1. Since the limiting value
of M has been claimed by ASTM to be unity, log (Mo_ 2-1) has been plotted with log of inverse
of strain hardening coefficient, log (1/n), for the purpose of linear least square fit as shown in
Fig. 5.2 (a) where dotted line represents the experimental values and the firm line shows the
fitted curve with coefficient of correlation (R?) of 0.9592. A change in the offset of the blunting
line equation affects the value of M significantly when evaluated using both J-R curve and
stretched zone width. The slope of the blunting line 2May decreases with decreasing offset distance

as shown in Table 5.1. It may be noted that M}, determined on the basis of SZW is resulting in a

o
steep slope as high as 36.29. Thus, it may be recommended to use 0.1 mm offset which will keep v

the slope in a relatively lower range of values. The variation of log (Mo, -1) with log (1/n) is
shown in Fig. 5.2 (b). In the present investigation slope of the blunting line is evaluated using
offset 0.2 mm. The intersection of the stretched zone width and the J-R curve provides an estimation

of the true value of M for a particular material and thereby a corrected Jyc.
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The resulting equations for M corresponding to 0.2 mm and 0.1 mm offset line from

the fit may be written respectively as,

M,, =1+4.53X10"(1/n)°*¥

M, =1+2.93X10°(1/n)"™ (5.3)

Roos et al [1991] has measured the fracture toughness of structural steel KS 17 having
yield strength and ultimate tensile strength of 395 and 519 MPa respectively, on the basis of
SZW. The stretched zone width for this material is 238 um and fracture toughness is 472

N/mm. The value of M calculated on the basis of 0.2 mm offset blunting line is 34.73.

For as received SA333 Gr.6 steel, M has been estimated from equation (5.3) as 32.75.
Figure 5.3 shows the typical J-R curve of SA333 Gr. 6 steel specimen having thickness of 25
mm and width of 50 mm pre-fatigued to a/W ratio of 0.4, has been drawn at an enlarged scale
for crack extension so that the offset blunting line and the SZW with 95 % confidence interval
could be distinctly observed. The offset blunting line intersects J-R curve within the 95 %

t

confidence interval around average stretched zone width.

The initiation fracture toughness determined by the offset blunting line using M given
by equation (5.3) is found 317.04 kJ/m? and that determined on the basis of SZW is found to
be 316.50 ki/m% Within 95 % confidence limit of SZW the fracture toughness value may lie in
the range between 304.26 to 328.52 kJ/m?.

Figure 5.4 gives a typical J-R curve of SA333 Gr. 6 steel specimen having thickness

25 mm and width of 50 mm pre-fatigued to a/W ratio of 0.4, shown by circular points.
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Table: 5.1 Slope of the blunting line with offset distance.

' | Strain ,
Material f:::.:.ie:;::ﬁ Jszw SZW Mo2 |[Moss [ Mo | My
(n)
SA333 Asreceived | 4.37 324.59 [0.21274 | 36.29 | 7.37 4.10 2.17
Gr. 6 Annealed 4.83 25277 |0.2267 15.23 | 4.57 2.77 1.55
Steel Normalised | 5.23 227.32 ] 0.25512 | 5.47 3.56 2.42 1.47
Sailma 5.5 222.78 10.23948 | 5.40 2.38 1.53 0.89

As received
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Fig. 5.2 (a) Relationship of M with strain hardening coefficient (#) when value of offset
is taken as 0.2 mm
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Fig. 5.2 (b) Relationship of M with strain hardening coefficient (#) when value of offset

is taken as 0.1 mm
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Fig. 5.3

Fig. 5.4
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In some of the J-R curve obtained from experiment the initial crack extension (4a) data
points have anomalous negative values, which are often encountered in ductile materials during
partial unloading compliance test. This is an artifact of the method of measurement. ASTM
standard does not discuss this problem of the apparent negative crack growth phenomenon or
specify any procedure f;)r treating J-R curve with such features. In many laboratories dealing with
J-R testing, this problem is treated by eliminating the negative data points or by shifting the
resistance-curve to a new zero in an ad-hoc manner to correspond to the most negative point. Such
treatment has been termed as arbitrary and undesirable, since it depends on the decision of the
analyst [Rosenthal et al, 1990]. Previous investigations [Rosenthal ef a/ 1990, Bowman et al
1988, Voss and Mayville, 1985] have shown that the negative crack growth phenomenon occurs
perhaps due to various ‘effects such as friction, misalignment in the loading train, balancing and
zero adjustment of electronic equipment and physical blunting behavior etc. In the present study,
precautions were taken to minimize extraneous causes and no plastic indentations or bending of
the pir}s at the load points could be observed. Therefore, the possible source of error leading to
negative crack growth could be due to compressive residual stresses during unloading process
caused by the plastic zone around crack tip. Seok [2000] has proposed offset technique that may
be used for correcting the apparent negative crack growth. Figure 5.4 shows the J-R curve in
which all J versus Aa data are shifted along the Aa direction by such an extent that the most
negative Aa point falls on the blunting line from origin as proposed by Seok [2000]. The corrected
data points are represented by triangle shaped points in Fig. 5.4, which gives the corrected J-R
curve. The iﬁitiation fracture toughness (Jic) as determined from the 0.2 mm offset blunting line
method is found to be 293.58 kJ/mm? and from SZW it is 292.05 ki/mm?. Within 95 % confidence

limit of SZW, the fracture toughness value lies in the range between 304.28 and 281.35 kJ/m’.

The initiation fracture toughness for specimens of as received SA333 Gr. 6 material for
CT and TPB specimens determined by the offset blunting line using M given by equation (5.3)
and that determined on the basis of SZW are compared in Table 5.2 and 5.3. Jszw. and Jszw+ are

the values of initiation fracture toughness at the limits of the 95 % confidence limit of SZW.
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Figures 5.5 and 5.6 shows the comparison of fracture toughness measured by the 0.2 mm
offset blunting line method and fracture toughness measured by SZW method in CT and TPB
specimens of SA333 Gr. 6 steel. These figures show that the fracture toughness measured by
the SZW method and fracture toughness measured by the blunting line are comparatively

similar in both CT and TPB specimens of SA333 Gr. 6 steel.

Figure 5.7 shows the circular points which belong to a typical :]-R curve of SAILMA
steel specimen having thickness 25 mm and width of 50 mm pre-fatigued to a/W ratio of 0.4.
This J-R curve shown in Fig. 5.7 has been obtained by testing a single CT specimen by
compliance technique using the compliance equation for crack éxtension. There are no

negative data points in the measured J-R curve.

The blunting line (shown by firm sloping line) is drawn by using the blunting line
équation drawn by equation (5.3) and that with 0.2 mm offset is shown by the dotted line.
The initiation fracture toughness values measured by the 0.2 mm offset blunting line is
200.78 kJ/m* while the fracture toughness value measured by SZW method is found to be
200.75 kJ/m>. Within 95 % confidence limit of SZW, the fracture toughness value lies in the

range between 194.76 and 209.35 kJ/m?.

Figure 5.8 shows the data point represent by filled circles belonging to typical J-R curve
determined by compliance technique by testing a CT specimen of SAILMA steel having
thickness 25 mm and width of 50 mm, pre-fatigued to a/W ratio of 0.4. This curve shows that
some initial data points showing negative crack extension. The curve i_s corrected by shifting
the most negative data point to the blunting line and the corrected curve is represented by
open circles as shown in Fig. 5.8. The ini.tiation fracture toughness (Jic) as determined from
the 0.2 mm offset blunting line is found to be 222.95 kJ/m” and fracture toughness measured
by SZW method ié 219.67 kJ/m®. Within 95 % confidence limit of SZ W, the fracture toughness
value lies in the range between 200.45 and 227.59 k)/m?.
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Table 5.2 Initiation Fracture toughness based on stretched zone width method and

blunting line equation of CT specimens of SA333 Gr. 6 steel

152

Specimen Thickness Eft:ective
Designation | (mm) Thickness | a/W Jo2 Jszw. Jszw Jszw+
(mm)
OMSA 21 25 20 0.41 298.44 310.94 298.44 285.94
OMSA 11 25 20 0.39 293.58 304.28 292.05 281.35
OMSA 23 25 20 0.37 353.40 361.11 348.77 337.96
OMSA 39 25 20 0.40 373.42 381.33 367.09 354.43
OMSA 40 25 20 0.40 310.40 322.63 310.40 301.22
: .| 325.85 336.06 323.35 312.18
OMSA 15 25 20 0.60 302.22 325.95 291.14 253.17
OMSA 16 25 ‘ 20 0.62 385.09 408.39 369.57 318.32
OMSA 44 25 20 0.61 214.98 234.54 208.95 180.33
OMSA 45 25 20 0.60 269.11 290.52 258.41 226.30
OMSA 46 25 20 0.59 240.80 262.27 234.66 202.45
282.44 304.33 272.55 236.11
OMSA 12 25 20 0.81 230.89 249.24 247.71 246.18
OMSA 19 25 20 0.81 220.18 238.53 237.00 235.47
OMSA 41 25 20 0.81 246.18 263.00 264.53 263.00
OMSA 43 25 20 0.80 224.77 241.59 241.59 240.06
230.50 248.09 247.71 246.18
OMSA 32 15 12 0.40 455.66 478.59 478.59 477.06
OMSA 33 15 12 0.39 342.45 371.50 371.50 368.44
399.05 425.05 425.05 422.75
OMSA 30 15 12 0.59 284.40 302.75 293.58 285.93
OMSA 31 15 12 0.59 377.68 391.44 382.26 373.09
331.04 347.09 337.92 329.51
OMSA 28 15 12 0.80 276.08 280.69 266.83 252.96
OMSA 29 15 12 0.80 '1483.18 474.01 461.77 44343
' 379.63 377.35 364.30 348.19
OMSA 48 10 8 0.39 206.42 226.30 212.54 198.78
OMSA 49 10 8 0.41 362.38 377.67 366.97 356.27
OMSA 50 10 8 . 0.40 356.27 370.03 360.86 350.15
OMSA 35 10 8 0.42 362.39 379.21 368.50 353.21
1321.87 | 338.30 327.22 | 314.60
OMSA 51 10 8 0.60 197.25 206.42 201.84 197.25
OMSA 52 10 8 0.60 211.01 221.71 212.54 209.48
OMSA 53 10 8 0.60 1 207.95 217.13 211.01 204.89
OMSA 34 10 8 0.59 290.52 298.17 292.05 287.46
226.68 235.86 229.36 224,77
Cont....



OMSA 54 10 0.80 206.42 233.95 221.71 212.54
OMSA 55 10 0.80 249.24 275.23 263.00 253.82
OMSA 36 10 0.81 211.01 235.47 224.77 217.13

222.22 248.22 236.49 227.83
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Table 5.3 Initiation Fracture toughness based on stretched zone width method and
blunting line equation of TPB specimens of SA333 Gr. 6 steel
. . Effective
]S)i:ic“::;.' Th::;mess Thickness | a/W Jo2 JIszw- Jszw Jszw+
gnation | (m (mm)

OMSAT 1 25 20 0.408 288.82 290.52 | 298.14 302.75
OMSAT 2 25 20 0.401 -} 302.80 310.40 | 315.22 324.16
295.81 300.46 | 306.68 313.46
OMSAT 3 25 20 0.614 318.32 314.99 | 321.43 327.22
OMSAT 4 25 20 0.603 327.64 336.39 344.72 353.21
322.98 325.69 | 333.07 340.21
OMSAT § 25 20 0.810 389.75 370.03 | 378.88 386.85
OMSAT 6 25 20 0.804 368.01 368.50 374.22 380.73
378.88 369.27 | 376.55 383.79
OMSAT 7 15 12 0.402 298.14 287.46 293.48 296.64
OMSAT 8 15 12 0.405 291.93 287.46 | 296.58 299.69
| 295.03 287.46 | 295.03 298.17
OMSAT 9 15 12 0.600 307.45 282.88 | 290.37 296.64
OMSAT 10 |15 12 0.597 301.24 27523 | 282.61 287.46
304.35 279.05 | 286.49 292.05
OMSAT 11 15 12 0.799 302.53 292.05 299.45 308.87
OMSAT 12 15 12 0.805 310.56 301.22 310.56 318.04
306.54 296.64 | 305.01 313.46
OMSAT13 |10 8 0.386 312.11 301.22 | 301.24 308.87
OMSAT 14 |10 8 0.402 307.69 299.69 | 304.20 313.46
309.90 300.46 | 302.72 311.16
OMSAT 15 |10 8 0.601 | 31522 298.17 | 304.35 310.40
OMSAT16 |10 8 0.598 321.43 316.51 324.53 330.28
318.32 307.34 | 314.44 320.34
OMSAT 17 |10 8 0.802 322.98 31499 |318.32 325.69
OMSAT 18 |10 : 8 0.797 325.81 324.16 | 329.03 334.86
324.39 319.57 | 323.68 330.28
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Fig. 5.5 The comparison of the fracture toughness measured by blunﬁng line method and

SZW method in the CT specimens of SA333 Gr. 6 steel material.
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Fig.5.6 The comparison of the fracture toughness measured by blunting line method and SZW
method in the TPB specimens of SA333 Gr. 6 steel material.
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Fig. 5.8 Typical J-R curve of SAILMA steel having thickness of 25 mm and a/W ratio of 0.4
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The initiation fracture toughness based on stretched zone width method and 0.2 mm
blunting line equation -are evaluated from J-R curves of CT specimens of SAILMA steel of
different a/W ratio and thickness. The results are summarized in Table 5.4. Table 5.4 reports the
value of initiation fracture toughness values evaluated on the basis of 0.2 mm blunting line
equation (J2) and initiation fracture toughness values based on SZW; (Jszw) for CT specimens of
SAILMA steel. Fracture toughness values measured by the stretched zone width method are

similar to the fracture toughness values measured by 0.2 mm blunting line equation method.

Figure 5.9 shows the comparison of fracture toughness measured by the 0.2 mm offset
blunting line method and fracture toughness measured by SZW method in CT specimens of
SAILMA steel. This figure shows that the fracture toughness measured by the SZW method

and fracture toughness measured by the blunting line are fairly similar.

5.2 INFLUENCE OF SPECIMEN THICKNESS AND PRE-CRACK
DEPTH ON INITIATION FRACTURE TOUGHNESS (Jic)

5.2.1 Fracture toughness of SA333 Gr. 6 steel

The variation of the initiation fracture toughness (Jjc) with the pre-crack depth
(a/W ratio) for CT specimens of SA333 Gr. 6 steel having thickness of 25 mm, 15 mm and
10 mm are shown in Figs. 5.10, 5.11 and 5.12. Figure 5.10 shows that the initiation fracture
toughness values measured by either 0.2 mm blunting line or SZW method in CT specimens of
thickness 25 mm, decreases continuously from around ~320 kJ/m? to ~240 kJ/m? as the pre-
crack depth increases from 0.4 to 0.8. The drop in vthe value of Jjc is more when a/W ratio

increases from 0.6 to 0.8 compared to that observed between a/W = 0.4 to a/W = 0.6.
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Figure 5.11 shows that the initiation fracture toughness values measured by either 0.2
mm blunting line or SZW method in 15 mm thick CT specimens decreases from ~410 kJ/m* to
~340 kJ/m? as the pre-crack depth increases from 0.4 to 0.6 but in the specimens having pre-

crack depth 0.8, the initiation fracture toughness increases to ~378 ki/m?,

Figure 5.12 shows that the initiation fracture toughness values measured by either 0.2
mm blunting line or SZW method in 10 mm thick CT specimens of SA333 Gr. 6 steel
decreases drastically from ~330 kJ/m* to ~ 230 kJ/m* as the pre-crack depth increases from

0.4 to 0.6 but in the specimens having pre-crack depth 0.8 it increases marginally to ~235
kJ/m’.,

From the results on initiation fracture toughness for CT specimens of SA333 Gr. 6
steel it appears that in a relatively thin specimens there is drastic reduction in Jyc when
pre-crack depth increases from a/W ratio of 0.4 to 0.6 and Jic changes marginally from
a/W ratio of 0.6 to 0.8. But at larger thickness of 25 mm, there is significant reduction in
Jic with increasing‘ a/W ratio in the entire range from 0.4 to 0.8. However, the extent of
reduction of Jjc with increasing a/W ratio from 0.6 to 0.8 is relatively more compared to

that between /W = 0.4 to /W = 0.6.

The variation of the initiation fracture toughness (Jic) with the pre-crack depth
(a/W ratio) for TPB specimens of SA333 Gr. 6 steel having thickness of 25 mm, 15 mm and
10 mm are shown in Figs. 5.13, 5.14 and 5.15. Figure 5.13 shows tha;t the initiation fracture
toughness values measured by either 0.2 mm blunting line or SZW method in TPB specimens,
increases continuously as the pre-crack debth increases from 0.4 to 0.8. The initiation fracture
toughness increases ~300 kJ/m” to ~330 kJ/m* with increasing pre-crack depth of 0.4 to 0.6
from. However, the increase of fracture toughness is relatively larger ~50 kJ/m” when the pre-

crack depth increases from 0.6 to 0.8.
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Table 5.4 Initiation Fracture toughness based on stretched zone width method and
blunting line equation of CT specimens of SAILMA steel
Effective
Specimen | Thickness | Thickness | Width
Designation | (mm) (mm) mm) aW Joa Iszw+ Jszw Jszw.
OMSB 19 |25 20 50 0.397391 | 200.656 | 195.41 194.098 | 194.098
OMSB 20 |25 20 50 0.402227 | 233.443 | 228.197 | 225.574 | 224.262
OMSB 15 |25 20 50 0.395391 | 201.967 | 201.967 |199.344 | 198.033
212.022 | 208.5247 | 206.3387 | 205.4643
OMSB 11 | 2§ 20 50 0.601672 | 217.705 | 213.77 209.836 | 208.525
OMSB 12 | 2§ ' 120 50 0.604711 | 188.852 | 183.607 | 180.984 | 179.672
OMSB 14 | 25 20 50 0.60417 | 188.852 | 184.918 | 183.607 | 182.295
198.4697 | 194.0983 | 191.4757 | 190.164
OMSB 16 |25 20 50 0.806888 | 200.656 | 198.033 | 195.41 194.098
OMSB 17 |25 20 50 0.806716 | 163.934 | 161.311 | 160 158.689
OMSB 18 |25 20 50 0.797602 | 187.541 | 184.918 | 183.607 | 182.295
184.0437 | 181.4207 | 179.6723 | 178.3607
OMSB 21 20 16 50 0.395621 | 247.869 | 240 234.754 | 228.197
OMSB22 |20 16 50 0.39399 |285.902 |270.164 |264.918 {259.672
OMSB28 |20 16 50 0.398949 | 226.885 | 226.885 |222.951 | 219.016
, 253.552 | 245.683 | 240.8743 | 235.6283
OMSB 9 20 16 50 0.604195 | 162.623 | 162.623 | 161.311 | 160
OMSB 10 |20 16 50 0.607114 | 125902 | 131.148 | 128.525 | 127.213
OMSB 27 |20 16 50 0.615701 | 149.508 | 150.82 148.197 | 146.885
146.011 | 148.197 | 146.011 | 144.6993
OMSB23 |20 16 50 0.798423 | 145.574 | 142.951 | 144.262 | 140.328
OMSB 24 |20 16 50 0.79908 | 145.574 | 146.885 | 145.574 | 144.262
OMSB29 |20 16 50 0.784719 | 175.738 | 174.426 | 171.803 }.170.492
155.6287 | 154.754 | 153.8797 | 151.694
OMSB 37 |10 8 50 0.403621 | 139.016 | 133.77 131.148 | 128.525
OMSB38 |10 |8 50 0.39799 | 146.885 | 142.951 | 137.705 | 137.705
OMSB39 |10 8 50 0.402549 | 172.131 | 167.213 | 165.574 | 162.295
, 152.6773 | 147.978 | 144.809 | 142.8417
OMSB 31 |10 8 50 0.798903 | 119.344 | 120.656 | 119.344 | 114.098
OMSB32 |10 8 50 0.79488 | 125.902 | 135.082 | 129.836 | 127.213
OMSB33 |10 8 50 0.794719 | 132.459 | 137.705 | 133.77 128.525
125.9017 | 131.1477 | 127.65 | 123.2787
OMSB 34 |10 8 50 0.603195 | 98.361 98.361 95.738 95.738
OMSB 35 10 8 30 0.602594 | 100.984 | 100.984 | 99.672 98.361
OMSB36 |10 8 50 0.59957 1 106.23 110.164 | 107.541 | 103.607
: 101.8583 | 103.1697 | 100.9837 | 99.23533
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Fig.5.9 The comparison of the fracture toughness measured by blunting line method
and SZW method in the CT specimens of SAILMA steel material.
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Fig.5.10 The variation of the fracture toughness (J;¢) with the pre-crack depth (/W
ratio) for 25 mm thickness of the CT specimens of SA333 Gr. 6 steel.
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Fig.5.11 The variation of the fracture toughness (Jic) with the pre-crack depth (&/W
ratio) for 15 mm thickness of the CT Specimens of SA333 Gr. 6 steel.
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Fig. 5.12 The variation of the fracture toughness (Jic) with the pre-crack depth (/W
ratio) for 10 mm thickness of the CT specimens of SA333 Gr. 6 steel.
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Flg 5.13 The variation of the frapture toughness (J;c) with the pre-crack depth (/W ratio)
for 25 mm thickness of the TPB specimens of SA333 Gr. 6 steel.

500
B=15mm
o Jy,
A gy
400 -
<~ 300 - PY o e
g A
2
o
= 200 -
100
0 L} T T T T
0.3 0.4 .05 0.6 0.7 0.8 0.9
a/w

Fig.5.14  The variation of the fracture toughness (Ji¢) with the pre-crack depth (/W ratio) for
15 mm thickness of the TPB specimens of SA333 Gr. 6 steel.
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Fig.5.15 The variation of the fracture toughness (Ji¢) with the pre-crack depth (/¥ ratio) for 10
mm thickness of the TPB specimens of SA333 Gr. 6 steel.
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Figure 5.14 shows that the initiation fracture toughness values measured by either 0.2
mm blunting line or SZW method in 15 mm thick TPB specimens increases marginally with
the pre-crack depth. The increase in the initiation fracture toughness is about 10 kJ/m? for

increasing pre-crack depth from 0.4 to 0.8.

Figure 5.15 shows that the initiation fracture toughness values measured by
either 0.2 mm blunting line or SZW method in 10 mm thick TPB specimens increases
with the pre-crack dépth. The initiation fracture toughness increases from ~300 kJ/m?
to ~315 kJ/m? for increasing pre-crack depth from 0.4 to 0.6. A further increase in pre-
crack depth to 0.8 increases Jjc to ~330 kJ/m? which shows nearly linear variation in

initiation fracture toughness with pre-crack depth.

From the results described above, it is evident that the initiation fracture toughness
measured on TPB specimens are comparatively less sensitive to variation in pre-crack depth
as compared to these measured on CT specimens of SA333 Gr. 6 steel. It is also interesting to
note that the fracture toughness generally decreases with increasing a/W ratio (particularly

from 0.4 to 0.6) in CT specimens but it increases with increasing a/W ratio in TPB specimens.

The variation of the initiation fracture toughness, Jjc, increasing the specimen thickness
of CT specimens of SA333 Gr. 6 steel at given pre-crack depths (a/W ratio) of 0.4, 0.6 and 0.8
are shown in Figs. 5.16, 5.17 and 5.18 respectively. Figure 5.16 shows that for a pre-crack depth
of 0.4, the initiation fracture toughness measured on CT specimens by 0.2 mm offset blunting
line or SZW method, increases from~320 kJ/m® to ~400 kJ/m* when the specimen thickness
increases from 10 mm to 15 mm but a further increase in thickness to 25 mm results in a

decrease of the initiation fracture toughness to about ~330 kJ/m?.

164



Figure 5.17 shows that for a pre-crack depth of 0.6, the initiation fracture toughness
measured on CT specimen by either of 0.2 mm offset blunting line or SZW method, increases
from ~230 kJ/m? to ~330 kJ/m’ as the specimen thickness increases from 10 mm to 15 mm
but a further increase of thickness to 25 mm results in decreasing the initiation fracture

toughness to about ~290 kJ/m?.

Figure 5.18 shows that for a pre-crack depth of 0.8, the initiation fracture toughness
measured on CT specimens by either methods of 0.2 mm offset blunting line or SZW method
inéreases from ~220 kJ/m? to ~370 kJ/m? when specimens of pre-crack depth 0.8, increases as
the specimen thickness increases from 10 mm to 15 mm a further incréases in thickness to 25

mm results in decreasing initiation fracture toughness.

From the results it appears that the initiation fracture toughness measured on CT
specimens of lower thickness increases significantly with increasing specimen thickness but as
the thickness increases from 15 mm to 25 mm, the initiation fracture toughness decreases for a

given pre-crack depth.

The variation of the initiation fracture toughness, Jic, measured on TPB specimens of
SA333 Gr. 6 steel, with increasing specimen thickness at a given pre-crack depth (a/W ratio)
of 0.4, 0.6 and 0.8 are shown in Figs. 5.19, 5.20 and 5.21 respectively. These figures show
that the initiation fracture toughness measured by either 0.2 mm offset blunting line or SZW
method, increase by about 10 kJ/m? as the specimen thickness increases from 15 mm to 25
mm. However, the trend reverses when the specimen thickness decreases from 15 mm to 10
mm and the initiation fracture toughness increases by about 20 kJ/m®. In general, it appears
that the fracture toughness is TPB specimen is relatively insensitive to the variation of

thickness compared to that measured on CT specimens.

165



500
aW=04 o Uy,
A A Jgzw
400 - ®
) e
& 300 -
E
2
Q
= 200 A
100 A
0 T R T T T
0 5 10 15 20 25 30

Specimen Thickness (mm)

Fig. 5.16 The variation of the fracture toughness (J;c) with the specimen thickness at.;
* @/W ratio of 0.4 in the CT specimens of SA333 Gr. 6 steel.
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Fig. 5.17 The variation of the fracture toughness (J;¢) with the specimen thickness at
a/W ratio of 0.6 in the CT specimens of SA333 Gr. 6 steel.
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Fig. 5.18 The variation of the fracture toughness (J;c) with the specimen thickness at
a/W ratio of 0.8 in the CT specimens of SA333 Gr. 6 steel.
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Fig. 5.19 The variation of the fracture toughness (J;c) with the specimen thickness at
a/W ratio of 0.4 in the TPB specimens of SA333 Gr. 6 steel.
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Fig. 520 The variation of the fracture toughness (J;c) with the specimen thickness at /W
ratio of 0.6 in the TPB specimens of SA333 Gr. 6 steel.
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Fig.5.21 The variation of the fracture toughness (J;c) with the specimen thickness at a/W
ratio of 0.8 in the TPB specimens of SA333 Gr. 6 steel.
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5.2.2 Fracture toughness of SAILMA éteel

The variation of the initiation fracture toughness (Jic) with the pre-crack depth
(a/W ratio) for CT specimens of SAILMA steel having thickness of 25 mm, 20 mm
and 10 mm are shown in Figs. 5.22, 5.23 and 5.24. Figure 5.22 shows that the
initiation fracture toughness values measured by either 0.2 mm blunting line or SZW
method in CT specimens decreases as the pre-crack depth increases similarly as
observed in Fig. 5.10 for CT specimens of SA333 Gr. 6 steel but the extent of

lowering is about 30 kJ/m?, much less than that observed in SA333 Gr. 6 steel.

Figure 5.23 shows that for specimens of 20 mm thickness the initiation fracture
toughness values, Jic, measured by either 0.2 mm blunting line method or SZW method,
decreases drastically from ~253 kJ/m?® to ~146 l;J/m2 when the specimen pre-crack depth
increases from 0.4 to 0.6 but thereafter, Jrc increases only marginally for increasing pre-
crack depth to 0.8. This behavior is similar to that observed for 15 mm thick specimen

of SA333 Gr. 6 steel as shown in Fig. 5.11.

Figure 5.24 shows that for specimens of 10 mm thickness, the initiation fracture
toughness values measyred either by 0.2 mm blunting line method or SZW method, decreases
from ~152 kJ/m?® to ~101 kJ/m* when pre-crack depth increases from 0.4 to 0.6, but thereafter,
Jic increases to 125 kJ/m? for increasing pre-crack depth to 0.8. This behavior is again similar

to that observed in 10 mm thick specimen of SA333 Gr. 6 steel as shown in Fig. 5.12

From the results on Jic described above it appears that at higher thickness, the effect of
changing pre-crack dei)th is relatively small at higher thickness but at lower thickness, there is
a drastic reduction in Jic when pre-crack depth increases from a/W ratio of 0.4 to 0.6. The
variation of initiation fracture toughness with p?e-crack depth in SAILMA steel follows

similar trends for different thickness as observed SA333 Gr. 6 steel.
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The variation of the initiation fracture toughness, Jic, with the specimen thickness of
CT specimens of SAILMA steel at pre-crack depths (a/W ratio) of 0.4, 0.6 and 0.8 are shown
in Figs. 5.25, 5.26 and 5.27 respectively. Figure 5.25 shows that the fracture toughness
increases from ~150 kJ/m?® to ~250 kJ/m? when the specimen thickness increases from 10 mm
to 20 mm but on increasing the thickness further to 25 mm, the fracture toughness decreases
to ~210 kJ/m®. The trend of variation in Fig. 5.25 is similar to that observed for CT specimens

of SA333 Gr. 6 steel as shown in Fig. 5.16.

Figure 5.26 shows that the fracture toughness at pre-crack depth of 0.6, measured
either by 0.2 mm offset blunting line or SZW method, increases significantly with
increasing specimen thickness. The initiation fracture toughness is ~100 kJ/m? in 10 mm
thick specimens and it increases almost linearly to ~200 kJ/m? observed in the
specimens of 25 mm thickness. It may be noted that for a pre-crack depth of 0.6, fracture
toughness of SA333 Gr. 6 steel decreases when thickness increases from 15 to 25 mm as
shown in Fig. 5.17 but here in SAILMA steel the fracture toughness goes on increasing

with increasing thickness even upto 25 mm.

Figure 5.27 shows the variation of initiation fracture toug;hness with increasing
thickness as measured either by the methods of 0.2 mm offset blunting line or SZW
method, in the specimens of pre-crack depth 0.8. This figure shows similar trend as that
observed in the specimens of pre-crack depth of 0.6 where the initiation fracture toughness
increases almost linearly with the specimen thickness. At the same pre-crack of 0.8, the
fracture toughness measured on CT specimens of SA333 Gr.6 steel decreases when the
thickness increases for 15 mm to 25 mm as shown in Fig. 5.18 but there is not much decrease

observed in SAILMA steel when thickness increases from 20 mm to 25 mm.
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Fig.5.22 The variation of the fracture toughness (Jic) with the pre-crack depth (a/W ratio)
for 25 mm thickness of the CT specimens of SAILMA steel.
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Fig. 5.23 The variation of the fracture toughness (Jic) with the pre-crack depth (a/W
. ratio) for 20 mm thickness of the CT specimens of SAILMA steel.
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Fig. 5.24 The variation of the fracture toughness (J;c) with the pre-crack depth (a/W
ratio) for 10 mm thickness of the CT specimens of SAILMA steel.
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Fig.5.25 The variation of the fracture toughness (Jic) with the specimen thickness at
" a/W ratio of 0.4 in the CT specimens of SAILMA steel.
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Fig. 5.26 The variation of the fracture toughness (Jyc) with the specimen thickness at
a/W ratio of 0.6 in the CT specimens of SAILMA steel.
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Fig. 5.27 The variation of the fracture toughness (J;c) with the specimen thickness at
@/W ratio of 0.8 in the CT specimens of SAILMA steel.
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5.3 INFLUENCE OF COMPOSITION AND HEAT TREATMENT ON Jj¢

The ferritic-pearlitic steels investigated in the present study has a spectrum of
mechanical properties obtained either through variation in composition or different heat
treatments as described in the previous chapter. Table 5.5 gives the initiation fracture
toughness as observed in different low carbon steels along with their mechanical
properties. It is observed that with the limited variation of composition and heat treatment in
low carbon steels investigated here, initiation fracture toughness closely follows the observed

ductility, obliterating the variations in strength.

oo A
PR

Table 5.5 The initiation fracture toughness as observed in different low carbon steels

along with their mechanical properties.

Strain Y
Material Je | YS TS % long, | MArdening ‘/W:i L
atern (kJ/m?) | (MPa) | (MPa) | ° "8 | coefficient |  ou o
A . ,(/n)/r ‘_/"' Aw"}i \}{H
- Asreceived | 324.59 | 318.47 | 445.86 38.0 437 e
SA333 |- oS-
Gr. 6 Annealed | 285.68 | 306.00 | 415.00 3671 4.83 \
Steel Normalised | 227.32 | 327.00 | 428.00 342 ) 523)] al«f"“if f
: ,,\c 4
Sailma Asreceived | 222.78 | 440.43 | 574.30 28.8 | 55 1 o vl

! Lu./‘f M /-)' o

Figure 5.28 shows the initiation fracture toughness in SA333 Gr. 6 steel measured
either by 0.2 mm blunting line or SZW method in CT specimens of 25 mm thickness and pre-
crack depth of 0.6 after different heat treatments like annealing and normalizing. The

initiation fracture toughness in as received SA333 Gr. 6 steel is ~325 kJ/m* but it decreases

to ~290 kJ/m? and ~220 kJ/m? after annealing and normalizing respectively. The initiation

fracture toughness in as received SAILMA steel is ~222 kJ/m?,
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5.4 INFLUENCE OF SPECIMEN THICKNESS AND PRE-CRACK
DEPTH ON J-R CURVE

5.4.1 J-R curves for SA333 Gr. 6 Steel

The experimental points of fracture toughness, J, and the corresponding crack

extension, Aag, after making correction for negative crack growth, are fitted using a two
parameter power law J=C,(Aa)”*, where C; and C; are constants. Figure 5.29 shows the

typical experimental points in a CT specimen of SA333 Gr. 6 steel and the fitted J-R curve
shown by the continuous curve. The fitting has been carried out considering the points beyond
stretched zone width. The figure shows that the experimental data fit fairly well. Fig. 5.30
shows the J-R curve plotted after averaging the coefficients of fitted experimental curves of
different CT specimens of as received SA333 Gr. 6 steel having thickness of 25 mm and pre- -

crack depth close to 0.4.

Figures 5.31, 5.32 and 5.33 show J-R curves plotted after averaging the coefficients of
fitted experimental curves obtained from different CT specimens of as received SA333 Gr. 6
steel having pre-crack depths of around 0.4, 0.6 and 0.8 respectively for thicknesses of 10, 15
and 25 mm. Figure 5.31 shows that at a pre-crack depth of 0.4, the crack extension in 15 and
25 mm thick specimens takes place at a higher rate of increase in J but that in 10 mm thick
specimens crack extension takes place more readily at relatively lower rate of increasing J.
For a given value of crack extension, it is interesting to note that 15 mm thick specimen
requires a higher value of J but close to that required in 25 mm thick specimen, which may be

due to uncertainty in averaging but 10 mm thick specimen requires a much lower value of J.

For a pre-crack depth of 0.6, the situation has somewhat altered as shown in Fig.
5.32. For a large crack extension, the J values of the thickest sample is the highest and the
next one is for the thinnest one. The specimen with intermediate thickness shows the lowest

J values. However, it is interesting to note that 15 mm thick specimen requires a higher
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Fig. 5.28 The initiation fracture toughness of SA333 Gr. 6 steel with or without heat
treatment and SAILMA steel as observed in CT specimens of 25 mm thickness
and pre-crack depth of 0.6.
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Fig.529 Power law fit for a Typical J-R curve in CT specimen of SA333 Gr. 6 steel.
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Fig.530 J-R curve plotted after averaging the coefficients of fitted experimental curves of

similar parameter from different CT specimens of as received SA333 Gr. 6 steel.
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Fig. 5.31 The averaged J-R curve at pre-crack depth of 0.4 at different thickness of the
CT specimens of SA333 Gr. 6 steel.
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Fig. 5.32 The averaged J-R curve at pre-crack depth of 0.6 at different thickness of the

CT specimens of SA333 Gr. 6 steel.
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Fig. 5.33 The averaged J-R curve at pre-crack depth of 0.8 at different thickness of the
CT specimens of SA333 Gr. 6 steel.
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value of J;c compared to that in either 25 mm thick or 10 mm thick specimen as shown in Fig.
5.17. The J-R curve for intermediate thickness starts with a higher slope in the beginning of

crack extension and then crosses both the J-R curves for 25 and 10 mm thick specimens.

Figure 5.33 shows that for a pre-crack depth of 0.8, the rate of increase in J with crack
extension in 10 mm thick specimen is relatively Bigher at higher crack extension than those
observed in either 15 or 25 mm specimens. However, it is observed that the onset of crack
propagation takes place at a higher J in 15 mm thick specimen compared to that in either of
25 mm or 10 mm thick specimens as shown in Fig. 5.18. Although the J-R curve of specimens
of intermediate thickness starts initially at higher J, it crosses the J-R curves of specimens of
10 mm and 25 mm thickness. It is interesting to note that J-R curve of 10 mm and 25 mm
thick specimens are vary close initially. At highef crack extension, the J-R curve for 10 mm

specimens is at the top, followed by that in 25 mm and 15 mm specimens.

Figures 5.34, 5.35 and 5.36 show J-R curves plotted after averaging the coefficients of
fitted experimental curves obtained from different CT specimens of as received SA333 Gr. 6
steel, for given pre-crack depths of 0.4, 0.6 and 0.8 at thicknesses of 25 mm, 15 mm and 10
mm respectively. Figure 5.34 shows that in the spécimens of 25 mm thickness, the J-R curves
at pre-crack depths of'0.4 and 0.6 are very similar, with a higher rate of increase in J with
crack extension. But in specimens of pre-crack depth of 0.8, crack extension takes place more
readily at relatively lower rate of increasing J with crack extension. In terms of absolute
value, it is noted that pre-crack depth of 0.4 and 0.6 requires a higher value of J for the onset

of crack propagation compared to that for pre-crack depth of 0.8.

Figure 5.35 shows that in the specimens of 15 mm thickness, there is a higher rate of
increase in J with crack extension for pre-crack depth of 0.8 compared to that for pre-crack
depth of either 0.4 or 0.6. When thickness has decreased from 25 mm to 15 mm, the J-R curve

for pre-crack depth of 0.8 has shifted from the bottom position to the top. But the J-R curve
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for pre-crack depth of 0.4 has taken a distinct and higher position compared to that for pre-
crack depth of 0.6.

Figure 5.36 shows that in the specimens of 10 mm thickness, the rate of increase in J
at higher crack extension increases as pre-crack depth increases from 0.4 to 0.8. Thus, the J-R
curve for pre-crack depth of 0.8 is at the highest similar to that in Fig. 5.35 but only at higher
crack extension, the J-R curve at pre-crack depth 0.6 lies above that at pre-crack depth 0.4
contrary to that observed in Fig. 5.35. However, in the region of relatively lower crack
extension the J-R curve for pre-crack depth of 0.4 is at top and it crosses the J-R curve for
pre-crack depth of 0.8 and 0.6, to reach the bottom position at higher crack extension.
However, it is observed that the specimen at pre-crack depth of 0.4 requires higher value of J

to initiate the crack compared to those in specimens of 0.6 and 0.8 pre-crack depths.

t

Figures 5.34, 5.35 and 5.36 clearly shows that as the thickness decreases from 25
mm to lower values, J-R curve for the higher pre-crack depths comes to the top position and

the J-R curve for a pre-crack depth of 0.4 eventually reaches the bottom position.

Figures 5.37, 5.38 and 5.39 show J-R curves plotted after averaging the coefficients of
fitted experimental curves obtained from different TPB specimens of as received SA333 Gr. 6
steel, for different thicknesses of 10, 15 and 25 mm tested at different~ pre-crack depths of 0.4,
0.6 and 0.8 respectively. These figures shows that as the specimen thickness increases crack
extension takes place at a higher rate of increase in J placing J-R curve of relatively thicker
specimens them above the J-R curve of thinner specimens right from the initial stage. This

scenario remains unaltered for the range of pre-crack depth investigated.

1
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Fig. 5.34 The averaged J-R curve of 25 mm thickness at different a/W ratio of the CT
specimens of SA333 Gr. 6 steel.
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Fig. 5.35 The averaged J-R curve of 15 mm thickness at different a/W ratio of the CT
specimens of SA333 Gr. 6 steel.
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Fig. 5.36 The averaged J-R curve of 10 mm thickness at diffetent a/W ratio of the CT
specimens of SA333 Gr. 6 steel.
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Fig. 537 The averaged J-R curve at pre-crack depth of 0.4 at different thickness of the
TPB specimens of SA333 Gr. 6 steel.
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Fig. 5.38 The averaged J-R curve at pre-crack depth of 0.6 at different thickness of the
TPB specimens of SA333 Gr. 6 steel. |
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Fig. 5.39 The averaged J-R curve at pre-crackA depth of 0.8 at different thickness of the
TPB specimens of SA333 Gr. 6 steel.
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Figures 5.40, 5.41 and 5.42 show J-R curves plotted after averaging the coefficients of
fitted experimental curves obtained from different TPB specimens of as received SA333 Gr. 6
steel, for pre-crack depths of 0.4, 0.6 and 0.8 but at different thicknesses of 25 mm, 15 mm
and 10 mm respectively. These figures show that as the pre-crack depth increases from 0.4 to
0.8 for specimens of thicknesses of 25 mm, 15mm and 10 mm crack extension takes place at a
higher rate of increase in J, placing the J-R curve of a specimen of given thickness but higher
pre-crack depth above those observed in specimens of the same thickness with lower pre-
crack depth. The divergence of the J-R curves decreases as the specimen thickness decreases

from 25 mmto 10 mm.

5.4.2 J-R curves of SAILMA Steel

~ Figures 5.43, 5.44 and 5.45 show J-R curves plotted after averaging the coefficients of
fitted experimental curves obtained from specimens of different CT specimens of SAILMA
steel, with different thicknesses of 25mm, 20 mm and 10mm but for pre-crack depth of 0.4,
0.6 and 0.8 respectively. Figure 5.43 shows that iﬁ the specimens at pre-crack depth of 0.4,
the crack extension takes place at a much higher rate of increase in J in specimens of 20 mm
thickness than that obs‘erved in specimens of either 25 mm or 10 mm thicknesses where crack
extension takes place more readily at relatively lower rate of increasing J, placing the J-R
curve for intermediate thickness of 20 mm at the top followed by that for 25 mm thick and 10

mm thick specimens.

Figures 5.44 aﬁd 5.45 show that at higher pre-crack depths of 0.6 and 0.8 crack
extension takes place at a higher rate of increase in J in relatively thicker specimens compared
to that in thin specimens, placing the J-R curve for 25 mm thick specimens at the top,
followed by that for 20 mm and 10 mm thick specimens. But the divergence between the J-R

curves at higher crack extension decreases as the pre-crack depth increases.
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The J-R curve of SAILMA steel follows the same trend as that of SA333 Gr. 6 steel at
pre-crack depth of 0.4 as shown in Figs. 5.31 and 5.43 but at higher pre-crack depth, the J-R
curves for SA333 Gr. 6 steel has shown crossover between specimens of different thicknesses
as shown in Figs. 5.32 and 5.33 but in SAILMA steel there is no crossover observed at similar
pre-crack depths. Also, for SA333 Gr. 6 steel, the J-R curve for specimens of relatively higher

thickness is not always above that for smaller thickness even at higher crack extension.

Figures 5.46, 5.47 and 5.48 show J-R cutves plotted after averaging the coefficients of
fitted experimental curves obtained for different CT specimens of SAILMA steel, with pre-
crack depths of 0.4, 0.6 and 0.8 but for thickness of 25mm, 15 mm and 10mm respectively.
For 25 mm thick specimens, as shown in Fig. 5.46, the crack extension in 0.6 pre-crack depth
takes place at a higher rate of increase in J placing it at the top, foll(;wed by J-R curves of

specimens of pre-crack depths of 0.4 and 0.8.

Figures 5.47 and 5.48 show that for specimens of thickness 20 mm and 10 mm, the
crack extension at pre-crack depth of 0.4 takes place at a higher rate of increase in J, followed
by that in specimens of pre-crack depth of 0.8 and 0.6. It is interesting to note that the J-R
curve moves from the top position at pre-crack depth 0.4 to the lowest position at higher pre-
crack depths while the J-R curve at higher pre-crack depth of 0.8 moves from the bottom to
intermediate position. In SA333 Gr. 6 steel, although the relative positions of J-R curves are
similar at pre-crack depth of 0.4 but the J-R curve for pre-crack depth of 0.8 is at a higher

position in thinner specimens.

5.5 INFLUENCE OF COMPOSITION AND HEAT TREATMENT
ON J-R CURVE

Figure 5.49 shows the J-R curves of annealed and normalized SA333 Gr. 6 steel
measured on CT specimens and compares these curves with that observed in as received
steels of SA333 Gr. 6 and SAILMA. In the initial part of the J-R curves at low crack
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Fig. 5.40 The averaged J-R curve of 25 mm thickness at different a/W ratio of the TPB -
specimens of SA333 Gr. 6 steel.
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Fig. 541 The averaged J-R curve of 15 mm thickness at different /W ratio of the TPB
specimens of SA333 Gr. 6 steel

187



5000

B=10mm

4000 -

3000 -

2000 -

J-integral (kJ/m?)

1000 -

crack extension (mm)

Fig. 5.42 The averaged J-R curve of 10 mm thickness at different /W ratio of the TPB
specimens of SA333 Gr. 6 steel
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Fig. 5.43 The averaged J-R curve at pre-crack depth of 0.4 at different thickness of the
CT specimens of SAILMA steel.
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Fig. 5.44 The averaged J-R curve at pre-crack depth of 0.6 at different thickness of the
CT specimens of SAILMA steel.
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Fig. 545 The averaged J-R curve at pre-crack depth of 0.8 at different thickness of the
CT specimens of SAILMA steel.
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Fig. 5.46 The averaged J-R curve of 25 mm thickness at different a/W ratio of the CT

Fig. 5.47

specimens of SAILMA steel.
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The averaged J-R curve of 20 mm thickness at different /W ratio of the CT
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Fig. 5.48 The averaged J-R curve of 10 mm thickness at different a/W ratio of the CT
specimens of SAILMA steel.
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Fig.549 The averaged J-R curve of SA333 Gr. 6 steel with or without heat treatment and
SAILMA steel as observed in CT specimens of 25 mm thickness and pre-crack

depth of 0.6.
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extension all the three J-R curves of SA333 Gr. 6 are very close although normalized one 7
[

shows a relatively higher J-R curve followed by that of as received as well as annealed SA333 Gr. 6

steel. But the difference between these curves are too small to have any confidence in their
relative positions. Thereafter, crossover takes place at higher crack extension and the annealed
steel shows higher resistance against crack extension, followed by that in as received and that
in normalized steel. But SAILMA steel shows a considerably lower J-R curve from the very
beginning in crack extension. After cross over, all the three J-R curves of SA333 Gr. 6 steel
diverge with increasing crack extension. But the J-R curve of SAILMA steel retains a

considerably lower slope.

5.6 DISCUSSION

The development of failure arising out of stable or unstable crack propagation leading
to fracture of pre-cracked large scale specimens and components, depends on the stress state
as well as geometry. For a better prediction of failure by fracture mechanics, it is necessary to
have a crack resistance curve corresponding to the component or at least, capable of
representing conservatively the component behavior. In order to delineate the influence of the
stress state on the course of the crack resistance curves, a comparison has been made between
crack resistance curves determined from specimens of various sizes and geometries with the
purpose of arriving at a lower bound crack resistance curve. The results of this segment of

study, described in previous sections, are discussed here.

Elastic plastic fracture mechanics is concerned with safety against fracture of a
cracked structure in the face of slow stable crack growth. The precise determination of value
of J = Jic, characterizing the onset of propagation of crack under monotonic load is
necessary for a given material. For the determination of J;c, ASTM prescribes the blunting
line method in which the intersection of the 0.2 mm offset blunting line and the J-R curve defines

the initiation fracture toughness in a test specimen. ASTM standard defines the blunting line
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using the equationJ =2Mo Aa, where M = 1 and o, =-;—(ay+cru)[ASTM -813-89]

determine the slope of the blunting line. For highly ductile materials like SA333 Gr. 6 steel,

the initiation fracture toughness (J, ) could not be determined by the 0.2 mm offset blunting

line proposed by the ASTM, as this offset line based on material flow stress does not intersect
the J-R curve within the valid region prescribed by ASTM standard, shown in Fig. 5.1. Figure
5.1 shows that the intersection of the blunting line with J-R curve takes place at considerably
larger distance than the stretched zone width, which measures the end of blunting of fatigue
pre-crack directly by experiment. Thus, it is evident that the blunting line equation based on
flow stress does not represent the blunting behavior of the fatigue pre-crack. It is obvious that
any equation to represent blunting behavior should reflect the work hlardening characteristics
of the material as well. For highly ductile materials an accurate blunting line has been
determined experimentally by ascertaining that the offset line intersects the J-R curve at the
observed stretched zone width in test specimens of materials having different strain hardening
coefficient. The value of M calculated from the 0.2 mm offset on the basis of equation (5.3)
for SA333 Gr. 6 steel is found to be 34.73, which shows a steep slope in the blunting line.
Thus, it may be desirable to adopt a smaller offset of 0.1 mm and use the equation of M, as
the equation for determining the slope of the blunting line. It may be desirable to use 0.1 mm
offset line for the purpose of limiting the slope of the blunting line within a range of single

digit values.

The stretched zone width is clearly identified by the boundary of fatigue fracture
obtained during pre-fatiguing and the ductile fracture obtained during crack propagation as
discussed in the previous chapter. The stretched zone width has been used to identify the
initiation of crack extension. This value of ‘apparent’ crack extension equivalent to blunting
before initiation of actual crack extension, has been used to find the single-point fracture-

toughness value Ji¢. Figures 5.5 and 5.6 show the comparison of fracture toughness measured
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by the 0.2 mm offset blunting line method, which is essentially derived on the basis of slope
matching with the SZW observed for low carbon steels of various history, and the fracture
toughness measured directly by SZW observed in CT and TPB specimens of SA333 Gr. 6
steel. These figures show that the values of initiation frécture toughness measured by the SZW
method and those mea‘sured by the 0.2 mm offset blunting line show fairly good consistency
of individual measurements in both CT and TPB Ispecimens of SA333 Gr. 6 steel as shown
respectively in Figs. 5.5 and 5.6. Fairly similar results are obtained also in SAILMA steel as

shown in Fig. 5.9 for CT specimens.

The initiation fracture toughness (Jic) values observed for the 25 mm thick CT
specimens of as received SA333 Gr. 6 steel is ~330 kJ/m? for a pre-crack depth of 0.6 while
that for TPB specimens of the same steel specimen of the same thickness and pre-crack depth
is ~320 kJ/m?. Tarafder et al [2003] has reported the initiation fracture toughness, Jc, of
315 kJ/m?, measured on the basis of stretched zone width in 25 mm TPB specimen of SA333
Gr. 6 steel without mentioning the corresponding pre-crack depth. However, Jic value
reported by Tarafder et al [2003] on the basis of ASTM blunting line without offset is 567.
kJ/m?* which is much h'igher than the Jic measured by SZW method in the same specimen. It is
appareﬁt that following the ASTM prescribed blunting line, the intersection with J-R curv: .is
taking place at a point far beyond the stretched zone width. Singh er al [1998] have reported
initiation fracture toughness of 400 kJ/m? in 25 mm thick CT specimen of SA333 Gr. 6 steel,
with pre-crack depth .of 0.5, evaluated by the blunting line without offset based on the

equation J = m . ay. da where m = 4.82. However, if the initiation fracture toughness is

determined by 0.2 mm offset blunting line, it is 675 kJ/m>.

The initiation fracture toughness (Jic) value observed is ~200 kJ/m? in 25 mm thick
CT specimens of SAILMA steel, with pre-crack depth of 0.6, measured either by the 0.2 mm

offset blunting line method or by SZW method. The observed value of initiation fracture
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toughness is similar to ~190 kJ/m? reported by Sun et al [1989] for equivalent HY 80 steel

measured by 0.2 mm offset blunting line in TPB specimens.

The variation of the initiation fracture toughness (Jic) with the pre-crack depth (a/W
ratio) for CT specimens of SA333 Gr. 6 steel having thickness of 25 mm, 15 mm and 10 mm
are shown in Figs. 5.10, 5.11 and 5.12. These figures show that in a relatively thin specimen
there is drastic reduction in J;c when pre-crack depth increases frqm a/W ratio of 0.4 to
0.6 but beyond 0.6, J;c changes marginally till a/W ratio of 0.8. But at larger thickness of
25 mm, there is continuous reduction in Jjc with increasing a/W ratio in the entire range

from 0.4 to 0.8.

The results on the effect of a/W ratio on Ji¢ in CT specimens of SAILMA steel show
similar trends of variation in Figs. 5.22, 5.23 and 5.24 as it has been obsc;rved in Figs. 5.10, 5.11
and 5.12 for SA333 Gr. 6 steel. At higher thickness, the change in Jic is relatively small but
continuous with increasing /W ratio but at lower thickness, there is a drastic reduction in Ji¢
when pre-crack depth increases from a/W ratio of 0.4 to 0.6. Thus, it is evident that in thicker
specimens conforming to plain strain condition, Jic will become smaller with increasing a/W
ratio. Thus, depending on crack size, the design criteria for initiation fracture toughness may be
fixed for savings in material use. Enhanced detection limit to lower crack size in quality control
may be rewarded with higher value of Jic for design. However, towards plane stress condition

as prevailing in thinner specimens, Jic values may reduce drastically with o/ ratio at lower

depth of pre-crack but eventually becomes less sensitive at higher pre-crack depth.

The fracture toughness of three point bend specimen of SA333 G‘r. 6 steel increases with
increasing a/W ratio as shown in Figs. 5.13, 5.14 and 5.15, but the extent of increase is
relatively small and becomes still smaller at lower thickness. This trend is contrary to that
observed on CT specimens. The trend of variation of Jic with increasing a/W ratio in either CT

and TPB specimen will depend on the method of the determination of Jj¢ from the J-R curve. In
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the literature there are different types of trends reported for this behavior —starting from

decreasing Jjc with increasing a/W to Jic independent of a/W.

Zhang and Wang [1987] while studying the variation of Jic with &/W in TPB
specimens of structural steel in the range of 0.1 to 0.5 have observed that J;c decreases with
increasing a/W ratio. However, the authors have not indicated the method of determination of
Jic. Shen et al [2001] in their study on TPB specimens of CSA grade G40.21 350WT plate
materials at -30 °C have similarly observed that Jic decreases with increasing /W ratio in the
range between 0.2 to 0.7. In this study, Jic has been determined by 0.2 mm offset blunting line
with slop'e which has been taken as function of both strain hardening coefficient and a/W
ratio. The slope increases with increasing a/W ratio and therefore, forcing an intersection
offset blunting with J-R curve at earlier crack extension point for higher a/W, thereby

resulting in lower Jjc.

In the study carried out by Tarafder et al [2003] on the TPB specimens of the
same SA333 Gr. 6 steel used in the current investigation, it has been found that on
increasing a/W ratio, 'J;c decreases initially and thereafter it increases before decreasing
again at higher a/W ratio. This trend has been explained by these investigators in terms
of recovery of fracture toughness around a/W= 0.35 and renewed loss of constraint at
higher a/W ratio. Li et al [1986] in their study on TPB specimens of high strength and
high toughness alloy steel, have observed that Jic is insensitive to a/¥ ratio when a/W is
greater than 0.2, Jitsukawa ef al/ [1999] have not found any appreciable change in Ji¢
value with increasing a/W ratio from 0.125 to 0.5 in TPB specimens of 7075-T6 high
strength aluminum alloy. Joyce and Link [1995, 1997] have carried out an extensive
study on A533B, HY-100 and HY-80 structural steels in different types of CT and TPB
specimens in the range of a/W ratios from 0.13 to 0.83 but could not detect any effect of
a/W ratio on Jic. However, a large effect of a/W ratio on J-R curve have been observed

only at relatively large crack extension.
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In the present study with TPB specimens, Jjc has been detelrmined on the basis of
mean SZW and 0.2 mm offset blunting line based on the slope, determined by matching
with the observed mean SZW as stated eérlier. Stretched zone width has a variation along
the thickness of the specimen which originates from inhomogeniety of mechanical
properties on microscopic scale and the standard error resulting due to this variation may
give rise to an uncertainty in the determination of J;c. 95 % confidence limit for the Jj¢
values are indicated by J.szw and J.szw in Tables 5.2, 5.3 and 5.4. The observed increase
of Jic in TPB specimens with increasing a/W ratio consistently for all the three
thicknesses appears to be a genuine treﬂd if initiation fracture toughness is measured on
the basis of SZW. A strong defence for the measurement of Jjc on the basis of SZW lies in
SZW being a directly measurable quantity and its variation along the thickness is a real
effect originating from the property of the specimen. Thus, a host of contradictory trend
in the variation of Jic could be avoided if Jic is measured on the basis of SZW which is
directly measurable. The variation of Jic in CT specimens with increasing a/W is
distinctly different from that observed ih TPB specimens. This difference in the trend of
Jic with a/W ratio in CT and TPB specimens could only be attributed to difference in

mode of loading and the associated difficulties in experiments.

The influence of specimen thickness on the initiation fracture toughness Jic have been
shown in Figs. 5.16, 5.17 and 5.18 for CT specimens of SA333 Gr. 6 steel. Although it is
expected that initiation fracture toughness .should decrease with increasing thickness because
one is moving towards plane strain conditions but it is observed only in the range of thickness
Between 15 and 25 mm. At relatively lower thickness initiation fracture toughness increases
significantly with increasing specimen thickness between 10 and 15 ‘mm. As the thickness
decreases the plastic deformation in blunting will take place more readily due to lack of
restraint, by absorbing energy before the plasticity is exhausted. In the thick specimens, it is

expected that restraints from surrounding material will decrease the extent of plastic
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deformation and thereby, decreasing the energy absorbed before the onset of crack
propagation. However, it has to be realized that the size of plastic zone and the extent of
energy absorbed for plastic deformation wnder a given state of 'stress are two different
quantities. The size of plastic zone reduces as one move towards plain strain condition. But
the trend of energy absorbed per unit volume of material may change the trend in the energy
absorbed before the onset of crack extension from that observed for the size of plastic zone. It
is, therefore, not inconceivable to find that an optimum Jj is observed at intermediate
thickness. Further, the energy required for shape change during stretching may also vary with
thickness and pre-crack depth. Thus, the effect of pre-crack depth or thickness on J;c may not
involve merely the plastic zone size and it could be more complex as indicated by the results.
The variation of the initiation fracture toughness, J;c, measured on TPB specimens of SA333
Gr. 6 steel, with increasing specimen thickness have been shown in Figs. 5.19, 5.20 and 5.21.
respectively. These figures show that the initiation fracture toughness measured by either 0.2
mm offset blunting line or SZW method, is more or less insensitive to incieasing thickness
particularly at lower a/W ratio of 0.4 and 0.6 but at higher a/W ratio 0.8, there is a slight
increase in initiation fr;lcture toughness as the thickness increases from 15 mm to 25 mm. The:
variation of the initiation fracture toughmess, Jic, with the specimen thickness of CT..
specimens of SAILMA steel are shown in Figs. 5.25, 5.26 and 5.27 respectively. Figure 5.25
shows that at a pre-crack depth of a// = 0.4, the fracture foughness increases from ~150
" kJ/m? to ~250 kJ/m? when the specimen thickness increases from 10 mm to 20 mm but on
increasing the thickness further to 25 mm, the fracture toughness decreases to ~210 kJ/m?.
However, Figs. 5.26 and 5.27 show that at higher pre-crack depth of a/W = 0.6 or 0.8 the
initiation fracture toughness increases steadily with increasing specimen thickness. Mao
[1991] has tested CT specimens of A533B-1 steel with thickness (B) of 25, 10, 3 and 0.5
mm having width (W) of 50, 20, 10 and 10 mm respectively and concluded that the
initiation fracture toughness decreases with decreasing specimen thickness when the width

of the specimen remaihs fixed. Ono e al [2004] have also studied the effect of specimen
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size on initiation fracture toughness in CT specimens of reduced activation ferritic steel,
JLF-1. However, Jp values obtained for the 1T-1CT and 1/2T-1CT (different thickness,
same width) specimens are found to be 404 and 623 kJ/m?, respc;,ctively, indicating that
the Jp value increases with decreasing specimen thickness, which is expected considering
plane strain condition and plastic zone size. Jitsukawa et al [1999], however, have not found
any appreciable change in Jy value with specimen thickness (for the same width) on three
point bend bar specimens of 7075-T6 high strength aluminum alloy. The variation of Jic with
thickness and pre-crack depth as observed in the present study is primarily due to the
influence of these variables of thickness and pre-crack depth on J-R curve. This is evident
from the observation in the previous chapter that stretched zone width does not vary

significantly with either thickness or pre-crack width in either CT or TPB specimens.

The effect of different heat treatments like annealing and normalizing on SA333 Gr. 6
steel has been shown in Fig. 5.28. The initiation fracture toughness in as received SA333 Gr.
6 steel is ~325 kJ/m® but it decreases to ~290 kJ/m? and ~220 kJ/m? after annealing and
normalizing respectively. The micrograph of as received SA333 Gr. 6 steel shows the
presence of ferrite and pearlite with banded morphology as shown in Fig. 4.2. However, under
annealed and normalized conditions, the microstructure of the steels consists of well
distributed ferrite and pearlite in the microstructure. The increase in the cooling rate in
passing from annealing to normalization reduces the grain size. It is observed that normalized
steel has higher yield strength and tensile strength than those in the annealed SA333 Gr. 6
steel due to faster rate of cooling in normalization resulting in a finer scale of distribution of
ferrite and cementite in pearlite. The fine pearlite in normalized steel has relatively higher
strength. However, ductility reduces in normalized steel compared to annealed steel. Due to
higher ductility, annealed steel is able to absorb more energy before the onset of crack
propagation compared to that in both as received and normalized steel. Interestingly, as

received steel with banded pearlite has a higher Jjc, possibly because entirely ferrite band has
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much higher capability to absorb energy before the onset of crack propagation than that

attained in well distribyted ferrite-pearlite structure.

The results on J-R curve show that the TPB specimens show a consistent variation
with either thickness or pre-crack depth in SA333 Gr. 6 steel. For a given pre-crack depth, the
J-R curve for a specimen of higher thickness is higher compared to those of lower
thicknesses. In other words, one may state that for the same crack extension, one will have to
employ higher J in a relatively thicker specimens as shown in Figs. 5.37, 5.38 and 5.39. The
divergence in J requirement in specimens of different thicknesses increases with increasing
pre-crack depth. For a given thickness, the J-R curve observed in a specimen with higher pre-
crack depth is higher compared to those in specimens of relatively lower pre-crack depth as
shown in Figs. 5.40, 5.41 and 5.42. Here, the divergence of the required J for the same crack
extension in specimens of different pre-crack depth is more in relatively thicker specimens.
Thus, it appears that the lowest J-R curve which may be used for design purposes should be
thinner with a shallow pre-crack depth. This conclusion, although contrary to present belief
that J-R curve should be lowest under plane strain condition, is inescapable from consistent
trends obtained in the results on TPB specimens of SA333 Gr. 6 steel. Since the materials
under investigation are highly ductile, one may have approached a situation where the
development of plastic zone is limited by thickness at lower thickness and so, higher thickness
may be resulting in larger plastic zone resulting in a higher J-R curve for higher thickness.
Similarly, with increasing pre-crack depth the ligament length is coming down and thereby,
the plastic zone is increasing due to a lack of restraint in the width direction. The results are

possible but careful FEM investigation is required to settle this issue.

The results on CT specimens of SA333 Gr. 6 steel show a complicated trend. During
initial crack extension the J-R curves for intermediate thickness of 15 mm are at the top for
the given pre-crack depths of 0.4, 0.6 and 0.8 but at higher pre-crack depth of 0.6 and 0.8, the

J-R curve for 15 mm thick specimen crosses the J-R curves of 10 mm and 25 mm thick
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specimens to come to the bottom at higher crack extension as shown in Figs. 5.32 and 5.33. In
SAILMA steel the trend for CT specimens are similar to those observed in TPB specimens of
SA333 Gr. 6 steel at higher pre-crack depths of 0.6 and 0.8 as shown in Figs. 5.44 and 5.45.
But the divergence in required J for the same crack extension in §pecimens of different
thickness is more at relatively lower pre-crack depth of 0.6 than that for pre-crack depth of
0.8. But at lower pre-crack depth of 0.4, the J-R curve for thinner specimen of 10 mm is
higher than the J-R curves for 20 and 25 mm specimens, which are close and parallel as
shown in Fig. 5.41. For CT specimens of SA333 Gr. 6 steel of a given thickness, the relative
positions of J-R curves at higher crack extension for specimens with different pre-crack
depths in the thinner specimen of 10 mm is similar to that observed in TPB specimens as
shown in Fig. 5.36. This has happened because the J-R curve for pre-crack depth 0.4 crossed
the J-R curves for specimens with pre~crack depth of 0.8 and 0.6. As the thickness of CT
specimen increases to 15 mm, the J-R curve for the lowest pre-crack depth of 0.4 occupies an
intermediate position between the J-R curves for pre-crack depth of 0.8, which is at the top,

and for pre-crack depth of 0.6, which is at the bottom, as shown in Fig. 5.35. However, there

is no crossover between the J-R curves of different pre-crack depths.

At still higher thickness of 25 mm, the J-R curve for pre-crack depth of 0.4 reaches the
top at higher crack extension crossing the J-R curve for pre-crack depth of 0.6 as shown in
Fig. 5.34. Both these J-R curves are however, very close. The J-R curve for pre-crack depth of
0.8 is at the bottom but almost parallel to fhe other two J-R curves at higher crack extension.
In CT specimens of SAILMA steels, the J-R curves shown in F igs. 5.46, 5.47 and 5.48, reveal
that the curve for specimens with pre-crack depth of 0.8 is never at the top for specimens of
any thickness studied here nor the J-R curve for specimen with pre-crack depth of 0.4 is at the
bottom, as observed in TPB specimens of SA333 Gr. 6 steel. However, except for specimen
of thickness 25 mm, there is no cross over between J-R curves of different pre-crack depths in

relatively thinner specimens of 20 mm and 10 mm.
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The trends of results obtained for J-R curve in TPB specimens, although consistent are
at variance with the accepted trends in the literature. It is generally observed that J-R curve
has relatively decreasing slope with increasing pre-crack depth for TPB specimens as
observed by Lam et al [2003] and Shen et @/ [2001]. Similar variation has reported by Seok
and Kim [2002] for CT specimens, Roos er al [1993] for DENT specimens. But a study
carried out by Tarafder e al [2003] on the TPB specimens of SA333 Gr. 6 steel, has shown
similar variation as observed in the present study for the TPB specimens of the same steel.
Only in 25 mm thick CT specimens, the accepted trend of higher J-R curve for lower pre-

crack depth has been observed.

The results on the variation of J-R curve with thickness have shown mixed trends.
Seok and Kim [2002] pave not observed any signiﬁcant effect of thickness on J-R curve of
TPB specimens; Jitsukawa et al [1999] have also confirmed it. But Roos ef a/ [1993] have
observed that J-R is lower in thicker SENT specimens and the same trend has been confirmed
- by Mao [1991] and Ono et al [2004] in CT specimens. In the present study, there is
overwhelming indication that J-R curve is higher in thicker specimens in TPB as well CT

specimens of both SA333 Gr. 6 and SAILMA steels.

The discussion on the observed J-R curves leads one to infer that the trends of J-R
curves for CT specimens of different thicknesses and pre-craék depths are not very consistent
in both SA333 Gr.6 and SAILMA steel but TPB specimens of SA333 Gr. 6 steel show
consistent trends in J-R curves which are some times observed in CT specimens under limited
circumstances. The nature of the test in TPB specimen makes it more reliable without any
problem of specimen misorientation due to alignment of grips as encountered in tests of CT
specimens. However, in SA333 Gr. 6 steel, the J-R curve for 10 mm thick specimen with a
pre-crack depth of a/W = 0.4 results in the lowest J-R curve both in CT and TPB specimens.
In SAILMA stgél, the lowest J-R curve results in CT specimen of 10 mm thickness but with
the pre-crack depth of 0.6.
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The effect of different composition and heat treatments like annealing and normalizing
on fracture behavior of different carbon steels under investigation has revealed that the initiation
fracture toughness closely follows the trend in variation of ductility obliterating the effect of
strength. This is because of limited variation of mechanical properties in the steels investigated.
At relatively high crack extension, the annealed SA333 Gr. 6 steel has relatively much higher
slope of J-R curve although as received SA333 Gr. 6 steel has shown a relatively higher
strength and ductility as shown in Fig. 5.49. It could only be attributed to banded microstructure
of as received steel, although it has still a higher initiation fracture toughness. The normalized
steel although has well distributed pearlite in the microstructure but fine pearlite and its
relatively larger volume fraction make it suffer to have a relatively lower J-R curve at high

crack extension as well as relatively lower initiation fracture toughness.
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Chapter 6

N _ CONCLUSIONS

—

The major conclusions of the present investigation are given here in two segments.

The first segment includes conclusions related to materials characterization and stretched

zone width observed on the fractured surface of the tested CT and TPB specimens of the two

steels used in the present investigation. The conclusions pertaining to the initiation fracture

toughness and J-R curves are outlined in the second segment.

A.

(H

@)

€)

il

MATERIAL CHARACTERIZATION AND STRETCHED ZONE

The steels used in the present investigation, has relatively low carbon contents of
0.16 wt. % and 0.14 wt. % respectively in SA333 Gr. 6 steel and SAILMA steel.
SA333 Gr. 6_steel has major alloying elements of manganese and silicon but
SAILMA steel is microalloyed with small amounts (0.01 to 0.05 wt%) of strong

carbide formers like vanadium, titanium and niobium.

As received SAILMA steel has bandad pearlite and extremely fine ferrite grains
compared to as received SA333 Gr. 6 steel which also has banded paerlite and ferrite

but ferrite grains are relatively coarser.

Annealed and, normalized SA333 Gr. 6 steel have relatively coarser ferrite grains
compared to that in as received steel. But the pearlite got well distributed in the
microstructure due to heat treatment and the annealed microstructure is the coarsest
due to slow cooling but the normalized microstructure has more pearlite, relatively
finer than that in the annealed microstructure. In terms of increasing ferrite grain size,
the order is as received SAILMA steel, as received SA333 Gr. 6 steel, normalized

SA333 Gr. 6 steel and annealed SA333 Gr. 6 steel.
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(4)

)

(6)

™)

The yield strength increases in the order annealed SA333 Gr. 6 steel, as received
SA333 Gr. 6 steel, normalized SA333 Gr. 6 steel and SAILMA steel, with observed
yield strengths of 306, 318, 327 and 440 MPa respectively: The tensile strength
increases in the order annealed SA333 Gr. 6 steel, normalized SA333 Gr. 6 steel, as
received SA333 Gr. 6 steel and SAILMA steel, with observed tensile strength of
415, 428, 445 and 574 MPa respectively. The tensile strength maintains almost the
same order as in yield strength eXcepting that as received SA333 Gr. 6 steel has
relatively lower yield strength compared to that in normalizedl steel, which has been

attributed to banded microstructure in as received steel.

The ductility decreases in the order of as received SA333 Gr. 6 steel, annealed
SA333 Gr. 6 steel, normalized SA333 Gr. 6 steel and SAILMA steel with
observed percent elongation of. 38.0, 36.7, 34.2 and 28.8 respectively. It is
interesting to note that SA333 gr. 6 steel has higher ductility in as received banded
microstructure than even in the annealed microstructure, which has a coarser

microstructure than the as received one.

Stretched zone has been identified as the region between the end of the fatigue crack
front resulting during pre-cracking and the onset of the ductile tearing and its width is
measured across the thickness at close interval of 200 pm, using scanning electron
microscope under tilted condition. In as received SA333 Gr. 6 steel, the rhean
stretched zone width in CT specimens vary between 201 um to 240 pum with the
maximum standard error of + 4% which is a manifestation of inhomogeniety in
mechanical properties across the crack front and the end effect from the sides of the

specimen in the thickness direction.

In TPB specimens of SA333 Gr. 6 steel, the mean stretched zone width developed are
of similar magnitude as in CT specimens but has a tendency to be a little lower in

majority of the specimens of the same thickness and pre-crack depth.
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)

(10)

(11)

(12)

In both the as received steels, having different alloying element, the measurements of
the stretched zone width have shown similar mean width of 212 pum and 227 pm
respectively in 25 mm thick CT specimens of SA333 Gr. 6 steel and SAILMA steel
having the same pre-crack depth of 0.6. Thus, for the low carbon steels investigated,
variation in composition of alloying elements does not results in significant variation

of stretched zone width in the limited context of low carbon steels investigated.

In SA333 Gr. 6 steel, annealing and normalization causes distribution of banded
pearlite in as received steel to a more uniform distribution in the microstructure but
shows stretched zone width of 226 um and 255 pm respectively. But annealed steel
shows relatively lower standard deviation than that in normalized steel which has
phase constituents of ferrite and fine pearlite, having wider variation in mechanical

properties compared to ferrite and coarse péarlite in annealed steel.

Mean stretched zone width measured in either CT or TPB specimens by nine point
method following ESIS procedure, is more representative of the mean obtained by
measurements at close intervals of 200 um, than that obtained by three point method
However, the standard deviation of the measurements by nine point methodsis
relatively lower than that observed in the measurements at close intervals. Nine point
method could, therefore, be taken as an adequate procedure but three point method

may result in ldrge deviations from the results of mean at close interval.

Because of relatively larger standard deviation in the measurements of stretched zone
width, arising out of microscope variation in mechanical properties, no significant

trend of variation of stretched zone width with thickness could be inferred.

The trend of variation of stretched zone width with changes in the pre-crack depth

could not be inferred again because of its marking by large standard deviation.
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(14)

(15)

(16)

17

FRACTURE BEHAVIOUR

The initiation fracture toughness (J, ) in SA333 Gr. 6 steel could not be determined

from ASTM blunting line equation with 0.2 mm offset, since the slope of the blunting
line based on material flow stress is fairly low and so, the offse-t blunting line does not
intersect the J-R curve within the valid region as prescribed by ASTM standard.
So ASTM procedure for determining initiation fracture toughness based on a blunting
line, whose slope depends on flow stress, could not be followed in the highly ductile

SA333 Gr. 6 steel having relatively lower strength. | .

The slope of the 0.2 mm offset blunting line, M), has been determined such that the
line intersects the J-R curve at stretched zone width in different low carbon steels of
varying strain hardening parameter, n, of Ramberg-Osgood equation and it is given

by M,, =1+4.53X107(1/n)*>.

The slope M2 is observed to vary over a large magnitude when n is limited to a range
between 4.37 to 5.5. But if, the offset is limited to 0.1 mm the range of variation of

slope, Mp;, becomes rather limited. The variation of M,; with Ramberg-Osgood

strain hardening parameter is given by M,, =1+2.93X10°(1/n)"".

The initiation fracture toughness (Jic) observed for the 25 mm thick CT specimens of
as received SA333 Gr. 6 steel is ~330 kJ/m® for a pre-crack de};th of 0.6 while that for
TPB specimens of the same steel specimen of the same thickness and pre-crack depth
is ~320 kJ/m?, similar to that reported earlier [Tarafder et al 2003] on the basis of

stretched zone width in 25 mm TPB specimen of SA333 Gr. 6 steel.

In 25 mm thick CT specimens of SAILMA steel, with pre-crack depth of 0.6, the
initiation fracture toughness (Ji¢) is ~200 kJ/m?, similar to that observed in HY 80

steel measured by 0.2 mm offset blunting line in TPB specimens [Sun ef al 1989].
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(19)

20)
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22)

The variation .of the initiation fracture toughness (Jic) with the pre-crack depth
(a/W ratio) for CT specimens of SA333 Gr. 6 steel having thickness of 25 mm, 15 mm
and 10 mm show that in a relatively thin specimen there is drastic reduction in Jic
when pre-crack depth increases from a/W ratio of 0.4 to 0.6 but beyond 0.6, Jic
changes marginally till a//¥ ratio of 0.8. But at larger thickness of 25 mm, there is

continuous reduction in Jic with increasing a/W ratio in the entire range from 0.4 to 0.8.

The results on the effect of @/ ratio on Jic in CT specimens of SAILMA steel show
similar trends of variation as observed in SA333 Gr. 6 steel. At higher thickness, the
change in Jc is relatively small but continuous with increasing a/W ratio but at lower
thickness, there is a drastic reduction in J,é when pre-crack depth increases from a/W

ratio of 0.4 to 06

The fracture toughness of three point bend specimen of SA333 Gr. 6 steel increases
with increasing a/W ratio, but the extent of increase is relatively small and becomes still

smaller at lower thickness. This trend is contrary to that observed on CT specimens.

The influence of specimen thickness on the initiation fracture toughness Jic for CT
specimens of SA333 Gr. 6 steel show that fracture toughness decrease with
increasing thickness but it is observed only in the range of thickness between 15 and
25 mm. At relatively lower thickness initiation fracture toughness increases

significantly with increasing specimen thickness between 10 and 15 mm.

The variation of the initiation fracture toughness, Jic, with the specimen thickness of CT
specimens of SAILMA steel show that at a pre-crack depth of &/W = 0.4, the fracture
toughness increéses from ~150 kJ/m” to ~250 kJ/m* when the specimen thickness increases
from 10 mm to 20 mm but on increasing the thickness further to 25 mm, the fracture
toughness decreases to ~210 kJ/m>. However, at higher pre~crack depth of @/W = 0.6 or 0.8

the initiation fracture toughness increases steadily with increasing specimen thickness.
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(24)

25)

(26)

The variation of the initiation fracture toughness, Jjc, measured on TPB specimens of
SA333 Gr. 6 steel, with increasing specimen thickness show that the initiation
fracture toughness measured by either 0.2 mm offset blunting line or SZW method, is
more or less insensitive to increasing thickness particularly at lower a/W ratio of 0.4
and 0.6 but at higher a/W ratio 6.8, there is a slight increase in initiation fracture

toughness as the thickness increases from 15 mm to 25 mm.

The results on J-R curve show that TPB specimens show a consistent variation with
either thickness or pre-crack depth in SA333 Gr. 6 steel. For a given pre-crack depth,
the J-R curve for a specimen of higher thickness is higher compared to those of lower
thicknesses, resulting in higher J in relatively thicker specimc;ns for the same crack
extension. The diyergence in J in specimens of different thicknesses increases with
increasing pre-crack depth. For a given thickness, the J-R curve observed in a
specimen with higher pre-crack depth is higher compared to those in specimens of
relatively lower pre-crack depth. The divergence of J in specimens of different pre-

crack depth is more in relatively thicker specimens.

The results on J-R curve for CT specimens of SA333 Gr. 6 ‘steel show that during
initial crack extension the J-R curves for intermediate thickness of 15 mm are at the
top for the given pre-crack depths of 0.4, 0.6 and 0.8 but at higher pre-crack depth of
0.6 and 0.8, the J-R curve for 15 mm thick specimen crosses the J-R curves of 10 mm

and 25 mm thick specimens to come to the bottom at higher crack extension.

[

In SAILMA steel the trend of J-R curve for CT specimens are similar to those
observed in TPB specimens of SA333 Gr. 6 steel at higher pre-crack depths of 0.6
and 0.8. But the divergence in J in specimens of different thickness is more at
relatively lower pre-crack depth of 0.6 than that for pre-crack depth of 0.8. But at
lower pre-crack depth of 0.4, the J-R curve for thinner specimen of 10 mm is higher

than the J-R curves for 20 and 25 mm thick specimens.
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(28)

(29)

The observed J-R curves leads one to infer that the trends of J-R curves for CT
specimens of different thicknesses and pre-crack depths are not very consistent in
both SA333 Gr.6 and SAILMA steel but TPB specimens of SA333 Gr. 6 steel show
consistent trends of lower J-R curves for thinner specimens of higher pre-crack depth,

which are some times observed in CT specimens as well under limited circumstances.

The effect of different composition and heat treatments like annealing and normalizing
on fracture behavior of different carbon steels reveals that the variation in initiation
fracture toughness in CT specimens of 25 mm thickness and pre-crack depth of 0.6,
closely follows the trend of variation in ductility obliterating the effect of strength,

possibly because of limited variation of mechanical properties in the steels investigated.

At relatively high crack extension, the annealed SA333 Gr. 6 steel having
relatively lower strength, has relatively much higher slope of J-R curve compared
to that in as received SA333 Gr. 6 steel which has shown a relatively higher
strength and ductility, possibly because of the difference in morphology of phases.
The normalized SA333 Gr. 6 steel has a J-R curve lower than that of as received steel
at higher crack extension reflecting the importance of ductility, which is mori:

emphasized in the lowest observed J-R curve in SAILMA steel.
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