STUDY OF FRACTURE BEHAVIOUR OF EXTRA DEEP
DRAWN STEEL SHEETS

THESIS

-

Submitted in partial fulfilment
of the requirements for the degree of

DOCTOR OF PHILOSOPHY
By

Kulkarni Dhananjay Madhukar

Under the Supervision of

Prof. Ravi Prakash

BIRLA INSTITUTE OF TECHNOLOGY AND SCIENCE
PILANI (RAJASTHAN) INDIA

2004






ACKNOWLEDGEMENTS

| wish to express deep sensc of gratitude and sincerc thanks to my thesis supervisor Prof.
Ravi Prakash, Dean, Research and Consultancy Division for his able guidance,
encouragement and suggestions throughout the period of this rescarch work. It has been a

privilege for me to work under his guidance.

| am grateful to Dr S. Ray and Dr. N. Gope (Scientific Services Division, TISCO,
Jamshedpur) for the supply of EDD stecl samples as well as some technical information on

formability behaviour of EDD steel sheets.

Much appreciation is expressed to Prof. A.N. Kumar (I.L.T., Delhi) and Prof. Jim Newman,

Mississippi State University for their valuable suggestions, moral support and assistance.

| sincerely thank to Sri Tarachandji (Workshop, BITS), Sri B.L. Soniji (Centre of Material
Science and Technology, BITS), Mr. Goyal and Mr. Omkar (Metallography lab, L.L.T. Delhi)

who gave unending support right from the work-plan was conceived.

Gratitude is also accorded to BITS, Pilani and BITS-Pilani, Goa Campus for providing all the
necessary facilities to complete the research work. My special thanks go to Prof. S.

Venkateswaran, Vice Chancellor, B.I.T.S. for giving me an opportunity to do research at the

Institute. | also thank Prof. T.C. Goel, Director, BITS-Pilani, Goa Campus and Prof. L. K.
Maheshwari, Director, BITS, Pilani for their encouragement and guidance. 1 take this
opportunity to thank Prof. K. E. Raman Deputy Director (Administration), Prof. V. S. Rao,
Deputy Director (Off-Campus) and Prof. A. K. Sarkar, Dean, Instruction Division, for

providing the necessary infrastructure and other facilities.

Special thanks are due to Prof. Rajiv Gupta, Dean Educational Hardware Division for his
guidance and invaluable assistance throughout my research work. Special thanks are also due

to Mr. Pravin Talan who worked with me to learn more about fracture mechanics.

I also express my gratitude for the kind encouragement and appreciation of my work by my
colleagues Dr. M.S. Dasgupta and Dr. S. Kanagraj and Dr. 1.V. Singh. Thanks are also due to

and Mr. Sanjay D. Pohekar from Research and Consultancy Division.

Finally a very special expression of appreciation is extended to my family members. Without
their encouragement, patience, and understanding, this endeavor would not have been
possible. I would like to record my special affection and thanks to my parents and my wife

Reshma, whose constant persuasion and moral support has been a source of inspiration to me.



ABSTRACT

The present attempt aims to gencrate more information and understanding on fracture
behaviour of EDD steel sheets based on fracture parameters. In the present work, information
on conventional indicators of formability parameters is obtained to study good deep drawing
qualities. The fracture behaviour of EDD steel sheets is studied in two phases namely,
generation (i.e. crack initiation) and application (i.e. crack propagation) phase. Experimental
techniques and finite element (FE) analysis using commercial software ANSYS 7.0 are used
as tools for the analysis in generation phase. J-integral and crack tip opening displacement

(CTOD) are used as fracture parameters.

In generation phase, after successive experimental attempts, ‘load drop technique’ is
used as a fracture criterion. A few specimens are checked before load drop to verify the
fracture criterion using thermal shock treatment as well as with metallographical
observations. The J-integral is measured using area under load — load-line displacement curve
obtained from fracture test. As the plastic load-line displacement is high in case of EDD steel
sheets, crack flank opening angle (CFOA) model is suggested to find out plastic CTOD, in
addition to existing plastic hinge model (PHM), J-CTOD relation and FE analysis. CFOA
model accounts for nonlinearities in the relationship between plastic CTOD and plastic load-
line displacements. An attempt has been made to verify the J-CTOD relation in general

yielding fracture mechanics. The Shih factor d, in J-CTOD relation is found to be in the

range 0.9-1.1 based on CFOA, PHM and FE models.

The 3-D FE analysis is used to predict the fracture parameters. In non-linear material
model, breaking point strain is used as a fracture criterion. The true stress-strain curve is used
up to a breaking point strain with a constant value of ultimate stress after the ultimate limit.
This has allowed sufficient necking before crack initiation. Virtual crack tip opening method
is used to find critical load, J-integral and CTOD values. The FE analysis results on critical
load, J-integral and CTOD are overestimated and within 5-12% of experimental results. This

discrepancy is attributed towards assumed idealised conditions in FE analysis.

The J-integral and CTOD are found to increase with increase in thickness of EDD
steel sheets. Formability study shows that the EDD steel is insensitive to strain rate at room
temperature. However, from the fracture study, it is found that the EDD steel sheet is
sensitive to high strain rate even at room temperature and fracture toughness decreases with
increase in strain rate beyond a limiting strain rate value. Thus, it is concluded that the
forming of the EDD steel sheet should be done at lower strain rates for high formability. The

study on influence of notch radius on fracture parameters has confirmed that fatigue pre-
ii



cracking, which is a costly and time-consuming job. is not essential. An attempt has been
made to study “crack tip contraction” as a fracture criterion. From this study. it is found that
crack tip opening displacement is equal to crack tip contraction for lower thickness, however,
for higher thickness, the difference between them increases: the amount of crack tip
contraction being on lower side. Morcover, this study has shown that, strain rate and notch
radius has no effect on crack tip contraction. Therefore. crack tip contraction as a fracture

criterion becomes questionable.

In application phase, crack growth behaviour is characterised using J-R, critical crack
tip opening angle CTOA-R and CTOD-R curves. The J-integral is calculated using the area
under load - load-line displacement plot and following ASTM E 1820-01. The critical C'TOA
model is suggested to infer the crack growth C7OD. It is found that after crack initiation the
resistance increases with increase in crack extension. The rising nature of R curves implies
continued increase in toughness during stable tearing, and the increase in tearing resistance is
the governing parameter for stability rather than the critical initiation toughness value. From
the critical CTOA model, it is found that the unit propagation energy includes the crack
initiation energy, which is supported by ASTM standard E 1820-01 . Fracture surface study
has shown high degree of shear lips with crack tunneling. High degree of shear lips support

the existence of predominantly plane stress condition and crack tunneling support the stable

tearing of EDD steel sheet.

It is concluded that only conventional indicators of formability are not sufficient to
laracterise the fracture behaviour of EDD steel sheets, however, the fracture mechanics
ays an important role to cover all aspects of fracture behaviour. This study is equally
cortant to manufacturers as well as users in order to understand and analyse the crack

uation and crack propagation in products as well as EDD steel sheet structures. A few

esign aspects are summarised in conclusions.
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Chapter —1

INTRODUCTION

1.1 Introduction to EDD Steel Sheets

Extra deep drawn (EDD) steel is the most widely used material for automotive
applications involving simple to complex products, which require very high
formability. Exterior components such as starter, end-covers, petrol tanks, etc. are
made of EDD grade steel sheets. Apart from Automobile industry, the EDD steel
sheets are extensively used in enameling applications such as baths, sink units,
kitchenware, cooker, washing machine and refrigerator bodies, etc. These EDD steel

sheets account for a sizable proportion of the manufactured goods produced and used

by industries.

1.2 Present Practice of Quality Control of EDD Steel Sheets

The goal of every industry is to reduce the cost by reducing the wastage and increase
the performance of the manufactured products. Quality control of EDD steels at
present is dependent on intrinsic and simulative tests, which are dealt in the discipline
of formability characterisation. Sheet metals used for such applications are subjected
to various types of forming operations depending on the desirable shape. The
performance of such operations is recently assessed by Ravi Kumar (2002), Raulea et
al. (2001) and Takuda et al. ( 1999) in terms of formability indices. The formability
characterisation tests can be broadly.classified into two groups namely, simulative

tests and intrinsic tests. The former ones are empirical in nature whereas the latter



(3]

ones are fundamental or semi empirical in nature. As mentioned by Rao and Mohan
(2000), in the simulative tests, the formability characterisation can be accomplished
by the employment of Erichsen cup test. hole-expansion test and Olsen cup test. In
the intrinsic tests, the formability characterisation can be accomplished by the

determination of either one or the combination of strain hardening exponent, strain

rate sensitivity index, normal anisotropy factor ( r ) and formability limit curve (FLC).

1.3 Need for Alternative Method

This is discussed with reference to drawbacks of formability approach and the present
status of fracture mechanics approach for EDD steel sheets.

1.3.1 Formability approach

While forming a sheet into a specific shape, material variables and process variables
have greatest influence on the overall formability and are usually assessed during die
tryout. However, due to the complex interaction of large number of variables, which
affect formability of sheet metals, there is no single parameter, which can
comprehensively describe the forming characteristics of a material.

The principle of the intrinsic and simulative tests, attempt to search for an
engineering parameter, which indicates the mechanical environment for crack
initiation and/or crack propagation under corresponding experimental conditions. The
assessment of different parameters by these tests primarily seeks to ascertain the safe
limits up to which a sheet metal can be deformed without crack initiation or its
subsequent propagation. However, the phenomena of crack initiation and crack

propagation are dealt within the discipline of fracture mechanics.



1.3.2 Fracture mechanics approach
In fracture mechanics. the criterion for crack initiation is ascertained either for plane
strain or for plane stress-plane strain conditions. The demarcation between these two

states of stress is generally made using the thickness dependence of fracture criterion,
Le.B2 2.5(!\’,‘ /S, )2. At the initial stage, during the application of fracture

mechanics, many investigators like Griffith (1920) and Irwin (1948) have laid
emphasis primarily on determining plane strain fracture toughness using linear elastic
fracture mechanics (LEFM). Thereafter, in the development of fracture mechanics,
several fracture criteria for elastic-plastic fracture mechanics (EPFM) are formulated
using crack tip opening displacement (CTOD) by Wells (1961) and J-integral
technique by Rice (1968). However, these investigations could be utilised on
structural load bearing components having sufficient thickness, which can not be
categorised under the domain of sheet metals. Henceforth, very little attention has
been paid for assessing EDD steel sheet characteristics in the discipline of fracture
mechanics.

The formability study by Ravi Kumar (2002) and technical reports by Ray
(2000-2004) have showed that the problem of crack initiation in EDD steel sheet
metals is intimately connected with significant deformation ahead of crack tip.
Significant deformation ahead of crack tip plays an important role in crack initiation
and crack propagation process. According to Cotterell (2002), extensive deformation
ahead of a crack tip has emerged a new discipline in fracture mechanics called

general yielding fracture mechanics (GYFM).



The objective of the present investigation is to study the application feasibility
of fracture mechanics in characterising the quality of EDD steel sheets through

experimental and finite element analysis.

1.4 Overview of Research Work

In the present work, an attempt has been made to study the deep drawing
qualities and the complete fracture behaviour using formability and fracture
mechanics approach. Information about the conventional indicators of formability is
obtained first to characterise the formability of EDD steel sheets. Two important
phases of fracture behaviour namely, generation (i.e. crack initiation) phase and
application (i.e. crack propagation) phase of EDD steel sheets are studied in the
present work. In the crack initiation phase, after several experimental attempts, a
‘load-drop technique’ is suggested as a fracture criterion in EDD steel sheets using
CT type specimens. Crack tip opening displacement (CTOD) and J-integral are used
as fracture parameters for quantitative fracture analysis.

The results on crack initiation are verified with the help of 3-D FE analysis. In
3-D FE analysis, breaking strain is used as a fracture criterion and virtual crack tip
opening method is used to determine the fracture parameters. The results of 3-D FE
analysis on critical load, J-integral and CTOD are overestimated and within 5-12% of
experimental results. This discrepancy is attributed towards assumed idealised
conditions in FE analysis.

Crack flank opening angle (CFOA) model is suggested to infer the plastic

CTOD. This model accounts for the non-linearity between CTOD and load-line



displacement. In addition to CFOA model, the plastic CTOD is inferred with the help
of plastic hinge model (PHM), J-CTOD relation and finite element method (FEM).
The J-CTOD relation is verified in the predominantly plane stress condition and the
value of Shih factor (d,) is found to be in the range 0.9-1.1 using PHM, CFOA model
and FE analysis. The fracture parameters, like J integral and CTOD are shown to
increase with increase in thickness unlike that of thin plates as reported by Srawley
and Brown (1975) and Pandey er al. (1997). The results on physical significance of
such inverse fracture behaviour are explained with the help of a 3-D finite element
stress analysis. The EDD steel sheet is tested at various strain rates. From the study of
effect of strain rate, it is found that the EDD steel sheet is sensitive to high strain rate
even at room temperature. The EDD steel sheet is also tested for the study of
influence of notch radius on fracture parameters. The study of influence of notch
radius on fracture parameters has shown that the fatigue pre-cracking is not essential
as it is time consuming and costly process.

Iﬁ this study an attempts has been made to study the thickness contraction
ahead of crack tip as a fracture criterion. It is found with experimental and FE
analysis that, thickness contraction can not be an appropriate measure of fracture
criterion as there is no effect of strain rate and notch radius on thickness contraction.
The other observation from this study is, for lower value of sheet thickness, the
thickness contraction is equal to crack tip opening displacement. However, as
thickness increases, the difference between them increases, with thickness contraction
on lower side. The reason behind this is slow increase of stress in thickness direction,

restricts the material flow in thickness direction. With the help of 3-D FE stress



analysis and observations of fracture surface, it is concluded that the fracture
behaviour falls in the regime of predominantly plane stress condition.

In application phase of fracture behaviour, J-R, crack tip opening angle
resistance (CTOA-R) and crack tip opening displacement resistance (CTOD-R) curves
are used to characterise the crack growth behaviour. Slow and stable crack extension
is observed with high degree of shear lips and crack tunneling over entire fracture
surface. This is unlike other engineering materials, wherein either there is a stationary
crack extension after crack initiation or a continuous exponential decay right from
crack initiation or a stationary crack extension followed by a continuous exponential
decay. These three interpretable parameters (J/, CTOA and CTOD) characterise ductile
fracture resistance both quantitatively and physically. From the metallographic study,

it is found that the predominantly plane stress condition exists ahead of crack tip.

1.5 Scope and Objectives of the Present Study
The insufficient attention on studies related to fracture behavior of EDD steel sheet
metals originates from the fact that engineering materials with thinner sections are not
considered as load bearing structural parts. The problem of crack initiation and its
subsequent propagation in thin sheet of EDD steel materials is not well defined.
Engineers are more concerned with the formation of cracks in thin sheets during the
fabrication work i.e. in generation phase and when the product is in use i.e. in
application phase.

Complex products from EDD steel sheets are required for todays automotive

and various other industries. Such EDD steel sheets are now developed with the aid



of data obtained from laboratory experiments that enable the fracture characterisation
of sheet metals to be reliably predicted. Therefore, an understanding of formability
and fracture behaviour of EDD steel sheet is essential to manufacturer as well as to
user for the successful production of quality products.

The objectives of the present study are as follows.
Study of formability behaviour of EDD steel sheets

(a) To study the deep drawing qualities of EDD steel sheets.

Study of fracture behaviour of EDD steel sheets in generation phase

(b) To present a simple experimental technique for obtaining fracture criterion of
EDD steel sheets and produce results on fracture parameters like CTOD and
J-integral.

(c) To examine the effect of thickness of EDD steel sheets on fracture parameters.

(d) To study the physical significance of fracture behaviour of EDD steel sheets.

(e) To examine the effect of strain rate on fracture parameters.

(f) To verify the crack tip contraction as a fracture criterion.

(g) To verify the results on fracture parameters by 3-D FE analysis.

Study of fracture behaviour of EDD steel sheets in application phase

(i) To study the crack growth behaviour with the help of J, CTOA, and CTOD

parameters.

(j) To study the fracture surface for the characterisation of fracture behaviour.



1.6 Organisation of Thesis
In order to present the subject matter in a logical order. the thesis work is discussed in
six chapters.

The text matter in Chapter—1, serves as an introductory part to the past and
present status of the formability and fracture characterisation of EDD steel sheets. It
also serves for the understanding of the present investigation and consequently
defines the scope and objectives of research work. The overview of research work is
briefly presented with major contributions and critical findings. This Chapter also
discusses the logical order of presentation of the thesis work in six chapters.

Chapter-2 is a literature review for the present study. The literature review is
presented in four major sections. First section presents literature review on various
studies on formability characterisation of EDD steel sheets and consequently
emphasises on the need for other alternative. Second section starts with the overview
of fracture mechanics and subsequently presents literature on the past and present
status of fracture behaviour of EDD steel as well as other sheet metals. The manner in
which the present perspective of this thesis is reached is discussed in third section.
Fourth section discusses various experimental methods and standards available on
various issues related to fracture behaviour and their application feasibility to the
present problem.

Chapter—3 discusses the methodology followed to study the formability and
fracture behaviour. In Chapter-3, the experimental techniques required to fulfill the
objectives of the present investigation are given at various stages. Various available

experimental methods as well as mathematical relations are discussed for quantitative



fracture analysis. The suggested fracture criterion i.c. ‘load drop technique’ is
explained. The suggested models namely, CFOA for crack initiation CTOD and
critical crack tip opening angle (CTOA) for crack growth C'TOD are explained in
detail. This Chapter also gives a list of number of specimens and the specimen code
followed for different objectives.

In Chapter—4, 3-D finite element analysis (FEA) of compact tension (CT) type
specimen is discussed in order to verify the experimental results in generation phase.
The commercial software ANSYS-7.0 (2002) is used for 3-D FE analysis. The
idealisation of the problem and generation of crack tip element is discussed in detail.
Non-linear (elastic-plastic) material model, virtual crack tip opening method and
breaking strain as a fracture criterion are discussed. The procedure for the
determination of fracture parameters like J, CTOD and the plastic zone size and shape
is explained.

Chapter—5 presents the results and discussions on formability behaviour,
fracture .behaviour in generation phase, fracture behaviour in application phase and
f EDD steel sheets. The comparative studies on the

metallographic studies o

experimental and computational work are presented in tabular as well as graphical
form. The results are discussed with reference to recently published articles and
technical reports related to every specific objective. Summary, conclusions,

advantages of the present work and suggestions in design are discussed in Chapter—6.

A few suggestions for future scope of work are also mentioned at the end of

Chapter-6.
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The List of Tables. List of Figures, List of Abbreviations and List of
Subscripts are presented after Contents. The References are cited in the text by
author(s) name(s) with year of publication in parenthesis. In Reference section, the
references are listed alphabetically by author’s names, followed by initials, year of
publication, title of the article, name of the journal (abbreviated according to standard
practice), volume number, and numbers of first and last pages. The list of publications
is shown after the Reference section. Appendices are labeled as A, B, C, ... etc., in
the order of appearance. Various results on tensile tests, fracture tests, micrographs,
additional observations and specifications of equipment and machines are included in

Appendices. The brief biography of the supervisor and the student is given in the last

two pages.
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Chapter-2

LITERATURE SURVEY

2.1 Introduction

This chapter reports the major aspects of the background pertaining to the present
problem from recently published literatures. The content of this chapter is grouped
under four major sections. In the first section, basics on formability parameters,
formability tests and their drawbacks are documented. In the second section,
overview of fracture mechanics, background of fracture behaviour in thin steel sheets,
and the present status are covered. In the third section, gap areas are defined and
critical appraisal of the problem is presented. Fourth section selection deals with the
selection of fracture parameters, test methods and their applicability for the present

problem. This section also covers a literature on FE analysis. The referred journals

are specified at the end of this Chapter.

2.2 Formability of Thin Sheets

One of the important characteristics of sheet metals is, high ratio of surface area to
thickness. According to Ray (2000-2004), metal plate, flat or curved, having
thickness between 0.5 mm and 6 mm is called sheet metal. The products made by
sheet-forming processes include a large variety of shapes and sizes, ranging from
simple bends to double curvatures with shallow or deep recesses. Compared to other

manufacturing processes (e.g., casting, forging and machining), forming has several
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technical and economical advantages. Steel, copper, aluminium and their alloys are
most frequently used materials for formed parts. Low carbon steel (up to 1.5 %
Carbon) is generally used for forming operations. However, for precision parts,
according to ASTM standard 8 M (1999) and E 517-92 (1992), EDD steel sheets up
to about 0.06 % Carbon is widely used.

Information about the formability of thin metal sheet is important to both,
sheet manufacturers as well as users. From the manufacturer’s point of view, the most
significant is the knowledge of the characteristics of the sheet metal correlated to its
formability and fracture behaviour. From the user’s point of view, it is important to be
able to select the semi-product that allows him to obtain finished products of definite
size and shape without difficulties.

According to Hosford and Caddell (1993), sheet metal forming is the process
of converting a flat metal sheet into a component of any desired shape without
fracture or excessive localised thinning. The basic modes of forming a sheet metal
are: stretéhing, drawing and bending. The primary difference between these forming
modes originates from the nature of the strains imparted in the different directions in
a sheet due to the forming operation. Stretching implies a forming process in which
the strains along the principal directions in the sheet plane are tensile; while in
drawing, a sheet is subjected to compressive strain in the circumferential direction
together with tensile strain in the radial direction. Bending, the most common
amongst the three is associated with tensile stresses on the outer surface along with

compressive stresses on the inner surface of the deformed sheet.
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The term formability of sheet metal can be defined as the relative ease with
which a sheet can be shaped through plastic deformation. The term workability
(instead of formability) is also used; but it is more popular with bulk deformation
processes like forging, extrusion or rolling. Sheet metal formability is influenced by
several process variables and material variables. The process variables determine the
constraints of the forming process, while the material variables reflect the tendency of
the material to deform easily. The process variables depend on the mode of forming
whereas the material variables are of generalised nature for all the different modes.

Different variables affecting the formability of EDD steels are discussed in the sub-

section 2.2.1.

2.2.1 Variables affecting formability

Process Variables

According to Haung and Leu (1998), the prominent process variables are punch and

die geometry, punch and die configuration, degree of lubrication, type of lubricants

and clearances.

Material variables

The yield strength (Sy), modulus of elasticity (E), strain hardening exponent (), strain

rate sensitivity index (m), and normal anisotropy factor () are the principal material
variables that affect the formability of a sheet metal. The good deep drawing qualities

are specified in ASTM standard 8 M (1999) and E 517-92 (1992). Based on these

standards, following are the discussions on individual variables.
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(a) Yield strength (Sy)

It should be low enough so that it can be exceeded by the applied stresses in all
localised regions during the forming process.

(b) Modulus of elasticity (E)

It should be high enough to keep the elastic spring-back at a minimum. Elastic spring
back is the elastic recovery, which decides the final shape.

(c) Strain hardening exponent (n)

It signifies the intrinsic ability of the material to harden with plastic deformation,
which is of tremendous importance in sheet metal forming. A higher value of n
ensures a region undergoing thinning can resist further deformation, and can spread
the deformation to its neighboring region. This process promotes uniform thinning.
The important requirement for good formability is not only a high value of » but also
maintaining it up to a large strain.

(d) Strain rate sensitivity (SRS) index (i)

It is defined as an increase in flow stress with increase in strain rate. The values of m
for most of the cold forming materials are small (=0.05). However, the presence of

even a small value of m (e.g. 0.015 in low carbon steel) can be responsible for about

50% of the total elongation to failure.

(e) Normal anisotropy factor (r)

Anisotropy is difference in behaviour of material in different loading directions.
Anisotropy is present not only in the plane of sheet, but also in its thickness direction.
The former is called planer anisotropy and the latter is called as normal or plastic

anisotropy. Both should be high enough for good formability.
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Apart from these variables, the necking or localised thinning of sheet material

depends on material as well as process variables.

2.2.2 Formability tests

Different tests have been developed with time for evaluating sheet metal formability.
Formability characterisation of materials is done either by using intrinsic tests or by
carrying out simulative tests. The intrinsic tests attempt to measure some basic
mechanical properties, which can be related to the formability of the material. On the
other hand, by using simulative tests, attempts are made to achieve some engineering
information about a particular forming process mostly on an empirical basis.

Following are the brief discussions on intrinsic and simulative tests.

(a) Intrinsic Tests

The most widely used test is, plotting forming limit curve (FLC), which represents
the acceptable limits of strains (in a plot of the principal major (¢€)) and minor (¢3)
strains in a sheet metal). The combination of principal major and minor strains leads
to failure during forming. Keeler (1963, 1965) and Goodwin (1968) pioneered the
construction of plotting FLC. The FLC is evaluated following Hecker’s (1972)
simplified technique. In this method, the experimental procedure mainly involves
three stages: marking of grids in the sheet specimens, punch-stretching the grid-
marked samples to failure or onset of localised necking and measurement of strains.
In this test, the goal is to measure fracture strain in thin sheets.

Several investigations have been made to encompass large strain ranges in

sheet metal forming using different geometries of punch and die and varying the
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degrees of lubrication. Keeler (1965), Nakazima et al. (1968), and Hecker (1972) are
some of the investigators on FLC, whose contributions are widely cited.

(b) Simulative Tests

According to Wu et al. (2000), the Erichsen and Olsen cup tests are the most popular
simulative tests for formability characterisation. In these tests, a specimen is stretched
using a hardened steel ball and the height of the cup thus produced is measured. In
these tests, the engineering criterion of interest is to determine the maximum load at
which a crack initiates.

According to Haung and Leu (1998), the test results are significantly
influenced by the size of the penetrator, degree of lubrication and rate of drawing, and
hence, careful control of these parameters is a pre-requisite. Another simulative test is
the hole-expansion test. In this test, a flat sheet specimen with a circular hole in the
centre is clamped between two annular die plates and deformed by a punch, which
expands and ultimately cracks the edge of the hole. Flat bottomed, hemispherical and

conical punches have been used. The test is terminated when a visible crack is

observed and the hole-expansion is expressed as the percentage increase in the hole

diameter.

2.2.3 Major drawbacks of formability characterisation

Following are the drawbacks of formability characterisation mentioned in various

literatures.

(a) According to Ravi Kumar (2002), due to the complex interaction of large number

of variables, which affects formability of sheet metals, there is no single parameter,
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which can comprehensively describe the forming characteristics of a material under
various conditions in actual press working.

(b) According to Wu er al. (2000), in formability limit curves, the construction
becomes time consuming and tedious and consequently is limited in engineering
applications. Since the measurements involve some amount of subjective judgment in
defining necking, a band of £ 2% in engineering strain values is drawn instead of a
single line.

(¢) According to Rao and Mohan (2000), measure of cup depth and hole-expansion in
simulative tests is an empirical basis because cup depth or hole-expansion brings out
a relative engineering index for formability. However, these tests lack any

fundamental scientific basis in such quantitative measurement.

The use of Olsen or Erichsen cup tests in association with FLC constructions
is an appropriate solution for characterising the quality of sheet metals. However,
from the engineering applications point of view, it leads one for the search of

alternative criterion for obtaining fracture limits of sheet metals.

2.3 Fracture Behaviour in Thin Sheets

2.3.1 Overview of fracture mechanics

The science of fracture mechanics was born and came to maturity in the 20" century.
Its literature is now vast. For a long time men had some idea about the role of a crack
or a notch. While cutting a tree, he would make a notch with an axe at its trunk and
then pull it down in a particular direction with a rope. As mentioned by Cotterell

(2002), Leonardo da Vinci (1452-1519) was the first person to make a setup to
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measure the strength of a wire. Griffith (1920) developed the right ideas for growth of
a crack in 1920s. The energy release, when a crack advances is measured with a
parameter called, energy release rate, denoted by the symbol G in honor of Griffith.
For all practical purposes, the modern fracture mechanics was born in 1948 when
Irwin (1948) formulated the fracture mechanics and devised a workable parameter
like stress intensity factor K. Since K completely defines the state of stress at the
crack-tip, crack initiation can be assumed to occur when a critical value of stress
intensity factor (K,.) of the material is exceeded. However, K presumes totally linear
elastic conditions as mentioned by Anderson (1994).

According to Anderson (1994), Irwin’s analysis is mainly for brittle or low
ductile materials. The analysis is conservative for most engineering materials which
are generally ductile. Other parameters like CTOD by Wells (1961) and  J-integral
by Rice (1968) are developed to account for elastic-plastic analysis ahead of the crack
tip. In last three decades, more realistic computational methods like finite element

method, finite difference method are extensively used for understanding of fracture

behaviour for elastic-plastic analysis.

As mentioned by Kulkarni ef al. (2004b), in recent years, the field of fracture
mechanics is widely used for failure analysis and prevention. More recent work has
gone a step further, incorporating time-dependent non-linear material behaviour.
Fracture mechanics has also been used in the characterisation of composite materials
e.g. Castrodeza et al. (2004). The crack propagation problems, which are difficult
with simple finite element method, are solved with the help of meshless methods as

described by Rao and Rahman (2003).
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2.3.2 Fracture behaviour in steel sheets and the present status
In recent years, there have been considerable emphasis in the production of Deep
Drawn and Extra Deep Drawn (EDD) steel sheets in industries. The wide applications
of EDD steel sheets are well known not only for domestic appliances like storage
containers, bodies of electric motor, refrigerator and washing machine and household
utensils, but also for automotive applications. As communicated by Ray (2000-2004),
with increasing global competition for quality materials, there is a need to understand
the fundamentals of crack initiation in these bulk products. The event of crack
initiation and crack propagation could be precisely determined using fracture
mechanics principles; but so far, little attention has been paid in this direction in case
of thin sheets.

According to Liu and his co-workers (1976, 1978 and 1981), the basic
principle for obtaining fracture criteria of thin and tough sheets / plates is related to
examinations of a strip necking zone which remains embedded inside the plastic zone
ahead of a crack tip in a deformed specimen. These investigators have contended that
such strip necking phenomenon is governed by the ratio of the plastic zone size and
the plate thickness (B), and they concluded that a physical parameter (X/S, )2/B
controls the occurrence of crack tip necking. The parameter henceforth will be
referred to as the strip necking parameter. In addition, Liu and Kuo (1978) and Liu
(1981), have observed that the crack tip opening displacement in the strip necking

zone is equal to the thickness contraction at the crack tip as given by Eq. (2.1) for

HY-80 steel.

CTOD=6,=¢,.B 2.1)
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where, &, is thickness contraction at the crack tip and ¢, is strain in thickness

direction. The CTOD in turn is related to the stress intensity factor. The estimation of
the stress intensity factor for tough and thin plates by Liu (1981) has been carried out

following the Dugdale model (1960), using the relationship (Eq 2.2):

%2 _5,CTOD =S, 6, 22)

The salient conclusions of Liu’s reports (1981) indicate that the near tip strain
or crack tip contraction can be used as a fracture criterion. The replica technique is
used for the detection of crack tip necking and Moire fringe technique is used for the
detection of crack tip opening displacement. However, these techniques could not
become popular, as they are too elaborate in nature to employ them for quality control
of sheet metals in terms of fracture mechanics based criteria. In addition, these
investigations have not indicated any rationale for detecting the physical event of
crack initiation.

Atkins and Mai (1987) have proposed a relationship between the specific
work on fracture obtained from test pieces incorporating starter cracks and the work
required locally to nucleate a crack in flawless thin sheet metals. According to him,
the failure of thin sheets during forming occurs first by localised necking, which is
then followed by fracture inside the neck. Problems of the effect of necking preceding
fracture are also studied by Atkins (1993, 1995 and 1997). However, these
investigations address how damage should be added in a ‘plane strain neck’. Also

these investigations do not consider effect of thickness, effect of strain rate and effect
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of notch radius on necking, which in turn leads to fracture. Majerus and Santhanam
(1997) have studied an anisotropy effect in thin plates of aluminium alloy 7075-
T651. They have shown a significant effect of anisotropy in plane stress condition
characterised by stress intensity factor. However, as mentioned by Kumar (1996), the
hot rolled and cold rolled sheets are subjected to annealing treatment to relieve the
internal stresses and eliminate any anisotropy in the alloy. The anisotropic effects in
strips or sheets are reported to be highly detrimental to sheet forming and deep
drawing operations. Recently, Cotterell et al. (2002) have studied the dependence of
micro-hardness on deformation of deep-drawing steel sheets with a formability
approach. More recently, Seshadri and his team (1998) have presented a report on

stable tearing and residual strength behaviour of a flat 7475-T7351 aluminium alloy

panel using finite element analysis.

2.4 Critical Appraisal of the Present Problem

After goi‘ng thr'ough this literature, three important issues are pointed out. Firstly,
various literatures are available on formability characterisation of EDD steel sheets.
However, investigation on fracture behaviour of EDD steel sheets is not reported.
Secondly, investigations on other sheet materials are to search for an appropriate
fracture criterion. Thirdly, every investigation shows a study on specific issue (e.g.
anisotropy effect, necking effect, micro-hardness effect, etc.) related to fracture
behaviour in thin sheets. However, for complete characterisation of sheet material,
study of forming qualities, fracture behaviour in generation phase and fracture

behaviour in application phase is perceived to be essential.
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The motivation for this work stems directly from the needs of a sheet
(i.e. semi-product) manufacturers and users who finishes a semi-product into a
finished product. A study of complete fracture behaviour is important to both of them.
Complete Fracture behaviour of thin sheets requires a promising line of attack for the
prediction of the onset of fracture. Further, to establish a criterion for crack initiation
in ductile fracture needs huge experimental trials before coming to specific
conclusion. The complete characterisation of fracture behaviour of EDD steel sheet
requires an extensive work on various influencing parameters. These are like deep
drawing qualities, thickness effect, strain rate effect, influence of notch radius, and
effect of necking on crack initiation. The crack growth study is also essential in order

to tolerate some amount of crack extension during application phase.

2.5 Review on Test Methods

For a complete fracture study, fracture criterion, selection of proper test methods and
suitable fracture parameters are essential in generation as well as in application phase.
According to Anderson (1994), the J-integral and CTOD are the suitable parameters
to describe crack tip conditions in elastic-plastic materials. However, the existing
fracture criterion, test methods need to be reviewed and modified in order to
understand the significant deformation ahead of crack tip. Following sub-sections
2.5.1 - 2.5.6 discuss on available fracture criteria, ASTM standards, test methods and

their applicability or limitations to the present problem.
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2.5.1 Fracture criterion
According to Pardoen and Delannay (2000), in very tough metals, the main issue is
not crack initiation but rather crack propagation. However, in case of EDD steel sheet
applications, it is very essential to predict accurate value of crack initiation toughness.
Thus, these data could be used to design any critical components. The analyses of the
load ~ load-line displacement curve are generally used to determine the load at crack
initiation.

As mentioned in annual book of ASTM standards (1987), the general practice
to find out point of crack initiation is by drawing a 5% secant line having its slope 5%
less than the initial slope of load — load-line displacement curve. This method is
similar to 0.2% offset used in determining yield stress of a material, mentioned by
Callister (2003). As mentioned by McClintock (1971), Bray et al. (1992) and Sun et
al. (1994), the ‘blunting line’ method is questionable when blunting is very large as in
thin ductile plates. Several indirect methods like acoustic emissions, resonance
frequenkcy, given by Eng and Gang (2001), can be used in order to detect cracking
initiation. The success of these methods varies from material to material and from
geometry to geometry. In addition, these methods rely on a preliminary assessment of
their sensibility by comparison to an independent and accurate detection of cracking
initiation. Theoretically, measurement of a stretch zone width can be correlated to the
value of the CTOD at cracking initiation. Measurement of stretch zone width requires
only one broken specimen and does not necessitate the detection of crack initiation.
However, according to Pluvinage and Lanvin (1993), this method gives large

experimental scatter, which depends on the way the measurement is performed. It
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outlines a test method for estimating the critical J near initiation of ductile crack
growth in elastic-plastic materials. This standard is described in detail in Chapter-3

and used for the present analyses.

2.5.3 CTOD estimation methods

High toughness is obviously desirable to designers and fabricators. The degree of
crack blunting increases in proportion to the toughness of the material. There are a
number of alternative definitions of CTOD. The displacement at the original crack tip

is given by Wells (1961) and 90° intercept is given by Rice (1968). These two

methods are shown in Fig. 2.1 (a) and (b).

Fig.2.1 Measurement of CTOD (a) using the displacement at the original crack tip.
(b) 90° intercept method.

Using these methods, Kulkarni ef al. (2002, 2003a) have published the results
on fracture behaviour of EDD steel sheets. The former method requires a profile
projector to superimpose the crack geometry before and after fracture test and find
out the CTOD at original crack-tip. This could also be measured with the help of an

optical microscope with reference to non-deformed dimension. In 90° intercept
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method, two mutually perpendicular lines are drawn at blunt notch tip using an image
of notch profile after the test. These lines intersect the crack flanks. The distance
between two intersecting points at crack flanks is inferred as a plastic CTOD.
Standard methods for CTOD testing described in BS 5762: 1979 and ASTM E
1290-89 adopt a plastic hinge model (PHM) in which displacements are separated
into elastic and plastic components. The PHM is based on determination of plastic
rotational factor (PRF) r,, which allows the CTOD value to be extrapolated from

load-line displacement data. According to ASTM E 1290-89, the PRF value for

compact tension (CT) specimen is given by Eq. (2.3).
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2
ry=0441+2 (‘;—0} +Z—°+0.5 -2[%+0.5} 2.3)

The PRF value depends on initial crack length and unbroken ligament length as seen
from Eq. (2.3).

A large bank of PRF data is already published by Kumar and Bhattacharya
(1995) and Bhattacharya and Kumar (1995a, 1995b). Various standards like BS 5762
(1979), GB 2358-80 (1980) accept different values of PRF for the estimation of
CTOD values. Results on plastic CTOD, based on PHM with PRF given by Merkle
and Corten (1990) are published by Kulkarni ef al. (2002, 2003a and 2004a). This is
explained in sub-section 3.5.2 (a). However, these reports lead to measure a 'PRF

value, which does not account the thickness of specimen.
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2.5.4 J-CTOD relation

The Shih analysis (1981) showed that there is a unique relationship (Eq. 2.4) between
Jand CTOD for a given material.

0.5
J =— (2.4)

d,
where, J is CTOD, S, is yield strength and d, is a Shih factor. J and CTOD are two
equally valid crack-tip characterising parameters for elastic-plastic materials. As

mentioned above, the J-integral and CTOD are connected. Thus, if J is a feasible

measure of the crack tip conditions, so are CTOD.

2.5.5 Finite element analysis

Finite element analysis (FEA) is one of the numerical methods widely used in
fracture mechanics applications. The important aspects of FE analysis are selection of
element to model the crack region and modeling of the material behaviour. As
mentioned in the report of Degiorgi and Matic (1990), the singular element, derived
by Blackburn (1976) is capable of sustaining the anticipated large strain. According to
Newman (1984), the nonlinear material behaviour can be modeled using incremental
theory of plasticity.

Newman et al. (1984, 1991 and 2003) has used a small strain code, wherein
true stress-strain curve up to ultimate strain value is used for plane strain analysis.
However, a large strain code with multi-linear isotropic hardening is used by
Kulkarni et al. (2004a) to account for the necking (i.e. crack tip contraction). In large
strain code, true stress-strain curve is used up to a breaking-strain point with constant

value of ultimate stress beyond the ultimate point on the curve. Virtual crack tip
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opening method described by Kulkarni er al. (2004a) can be used to find J-integral
and CTOD. In virtual crack tip opening method, the coincident nodes in the wedge
shaped elements along the crack front are left unconstrained to allow appropriate

development of crack tip blunting.

2.5.6 R curve characterisation

According to Kumar (1989), the prediction of failure by crack extension is one of the
main issues in the assessment of safety and reliability of components for industrial
applications. Crack growth resistance in high toughness ductile materials is
characterised using J-R, CTOA-R and CTOD-R curve.

The ASTM standards E 813-87 (1987) and E 1152-87 (1987) produce R
curve, a plot of J versus crack extension. The ASTM standard E 1152-87 applies to
the entire R curve, while E 813-87 is concerned only with J value at crack initiation, a
single point on the R curve. As per ASTM standard E 1152-87, only single specimen
test with unloading compliance is allowed. According to this standard, test specimens
should be side grooved in order to avoid tunneling and maintain a straight crack front.
In addition, the standard has limits on size of the specimen and crack growth. Many
users would like to extend the crack growth limits, because ductile stability analysis
of structures typically requires an R curve data with large amounts of crack growth.
The recent standard, ASTM E 1820-01 (2001) poses no limitations on type of
specimen, crack tunneling, size of the specimen and amount of crack growth. The

standard is explained in Chapter-3 for the crack growth behaviour study.
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In several investigations of Heerens and Schodel (2002), Dawicke and Sutton
(1994) and Dawicke et al. (1999) light microscopy and optical methods have been
used to determine critical crack tip opening angle (CTOA) on laboratory specimens.
In general these techniques are not easy to apply. In the present work, as mentioned
by Kulkarni and Ravi Prakash (2004c), a simple geometric model on critical crack tip

opening angle (CTOA) is suggested.

2.6 Referred Journals

The important referred journals on formability characterisation are: Journal of
Material Processing Technology (1986-2003), Material Science and Engineering
(1999 — 2000), Material Science and Technology (1985), Material Transaction, JIM
(1998). For the fracture behaviour study, the important referred journals are:
Engineering Fracture Mechanics (1976-2004), International Journal of Fracture
(1987 — 2003), Fatigue and Fracture of Engineering Materials (1992-2003),
Theoretical and Applied Fracture Mechanics (1995-2003), International Journal of

Mechanical Sciences (1995-2003) and International Journal of Pressure Vessel and

Piping (1990-1998).
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Chapter -3

EXPERIMENTAL PROCEDURE

3.1 Introduction

Various tests are conducted to investigate the complete characterisation and fracture
behaviour of EDD steel sheets. For the determination of fracture parameters,
available and suggested experimental methods are discussed in detail. The number of
specimens along with their specimen codes and geometry are tabulated for various
objectives. The preparation for the metallographic study is also discussed to

understand the phenomenon of ductile tearing process.

3.2 Me_thodology

The methods of accomplishing the experimental programme involve testing EDD
steel sheets using compact tension (CT) type specimen. Three EDD materials are
selected for the present study. They are designated as EDD335, EDD277 and
EDD258, wherein the three-digit number stands for the yield strength value in MPa.
The complete characterisation of fracture behaviour is done in three parts, namely:
‘formability behaviour’, ‘fracture behaviour in generation phase’ and ‘fracture
behaviour in application phase’. In formability part, some data is obtained from the

manufacturer, Ray (2000-2004). For complete fracture behaviour study, mechanical
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tests, chemical analysis, grain size measurement, fracture test for crack initiation and
fracture test for crack propagation are conducted. The post fracture tests and
metallographic study is done to verify critical observations. Various experimental
techniques and ASTM standards are used to achieve the results. For comparative
study, numerical analysis is done by finite element method using standard
commercial software ANSYS 7.0 (2002). The details of experimental procedure,

various tests, referred ASTM standards, experimental programme, preparation for

metallographic study is studied in subsequent sections.

3.3 Experimental Procedure

Various tests and ASTM standards, followed in the present investigations are

discussed in this section.

3.3.1 Specimen preparation

The geometry of CT specimen used in the current work is as per the recommended
design in ASTM standard E 399-91 (1991). Specimens are fabricated by using wire
electric discharge machine (WEDM) to maintain the exact relationship in between all
the dimensions. During wire cutting operation, a bunch of ten to twelve specimens,
placed on a stack is cut, which reduces the cost as well as time. Instead of fatigue pre-
cracking, a notch is cut with a 0.2 mm wire diameter. This operation creates a notch

of 0.1 mm radius. Because of unavoidable heating during the notch cutting process,
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notch radii are not exactly 0.1 mm. The radii have gone up to about 0.13 mm. The
configuration of the test specimen is shown in Fig. 3.1 (a). Fig. 3.1 (b) shows the
photograph of prepared CT specimen using WEDM process. The photograph of
notch-profile is taken using a digital camera attached to optical microscope at a
magnification of 100X. The notch radius is measured on the photograph, as shown in

Appendix D. All specimens in the current study are fabricated with crack/notch

perpendicular to rolling direction.

The specimens are ground with emery papers following 1/0 (coarse), 2/0, 3/0
and 4/0 (fine). In order to have surface finish sufficient to distinguish between the
elastic and plastic zone, these specimens are then polished first using alundum and
finally using 0.25 pm diamond paste in polishing machine. A set of anti-buckling
guide plates are designed and fabricated to avoid out-of-plane buckling during testing.

The critical dimensions along with their codes are given in Table 3.1 to Table 3.4 for

various studies.
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Fig. 3.1. (a) Geometry of the test specimens used in fracture test as per ASTM E 399-91.
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Fig. 3.1 (b) Prepared CT specimen using WEDM process.
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3.3.2 Chemical analysis

The chemical composition of the materials (in wt. %) is analysed by using a chemical
analyser, made by Worldwide Analytical System (WAS), model Foundry Master. The
nitrogen content (in ppm) is estimated in the EDD steel samples using a LECO gas

analyser. The information of model for these two equipments is given in Appendix F.

3.3.3 Grain size measurement

The two-dimensional grain size is measured using the average linear intercept method
as described by Callister (2003). The average grain size is determined from individual
grain intercept by viewing the two-phase microstructure at a magnification of 1000X.
In this method, a graduated line grid is superimposed on the microstructure and the
number of the smallest divisions of the grid intercepted by individual ferrite grain is

counted. A total number of 300 random intercepts are considered for obtaining the

average value of the grain size.

3.3.4 Mechanical tests

Tensile test data is obtained from Ray (2000-2004), Scientific Services Division,
TISCO Jamshedpur. As per the literature and technical reports sent by Ray (2000—
2004), tensile tests are carried out following ASTM standard E 8§ M (1999)
specification. The specimens are tested along the three directions, with the tensile axis
being parallel (0°), diagonal (45°), and perpendicular (90°) to the rolling direction of

the sheet. The standard tensile properties namely, yield strength (YS), ultimate tensile
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strength (UTS), uniform elongation (e,), total elongation (e) and strain hardening
exponent (n) are determined from the load—elongation data obtained from these tests.
A constant cross head speed of 0.5 mm/min is employed in all cases. Three samples
are tested in each of the three directions and average values are taken to account for
the scatter.

Strain rate sensitivity index, m, is calculated from the results of strain rate
jump tests carried out on tensile specimens. The strain rate is suddenly increased

during the uniform plastic deformation and in such a strain rate change test, m is
defined according to Dieter (1988) as Eq. (3.1).

_In(o,/0,) _In(P,/R)

3.1
In(e,/¢,) In(V,/V,)

where, o) and o3 are flow stress values at strain rates & ande, respectively. P, and P,
are loads corresponding to cross head speeds of V| and V5, respectively. The Vicker’s
hardness (HV) of the three EDD steels is measured using SHIMADZU-HMV

hardness testing machine. The specifications are given in Appendix F.

3.3.5 Formability parameters

The strain hardening exponent (r), normal anisotropy (r), strain rate sensitivity
index, yield strength and modulus of elasticity are the conventional indicators of
formability of sheet metals. According to Caddell (1980), the stain hardening

exponent is taken as value of ultimate true strain (&,) from the true stress — true strain



data. The normal anisotropy is calculated using the standard formula (Eq. 3.2)

obtained from Hosford and Caddell (1993).

r= %(r,, + 25y + o) (3.2)
where, the rg, rys5, and rgp are the strain ratios along 0, 45 and 90 degree to rolling

direction, respectively given by Eq. (3.3).

) i true — widthstrain
strainratio = . - (3.3)
true — thicknessstrain

The values of strain ratio are obtained from the supplier of EDD steel material.

ASTM E 8 M (1999) and E 517-92 (1992) standards are used to access the deep

drawing qualities.

3.3.6 Fracture test

The fracture tests are carried out using a 100 kN Universal Testing Machine (FIE

make). The specifications of this machine are given in Appendix F. The experimental

set up is shown in Fig. 3.2 (a). The lower load cell (0 — 5 kN) is used for more

accuracy.



Fig. 3.2 (b) Test set-up for CT type specimen along with the CMOD gauge.



Load drop point (P,)

Fig. 3.3 Load drop in load — load-line displacement plot as a fracture criterion along
with a micrograph (200X) showing the event of crack initiation in CT specimen.

Itis observed from Fig. 3.3 that, load is continuously increasing till a P, value.
however. the rate of increment of load just before the critical load is very low as
compared with prior portion of the plot. The rate of increment of load continues to
decrease and as soon as surface crack initiates, load drops. This observation is unlike
other engineering materials, in which, crack initiates before the maximum load
reaches. This is due to excessive plasticity possessed by the material before it
fractures. Therefore in case of EDD materials, the critical event of cracking initiation
is defined as the load drop point, at which the process of plastic deformation at the

original crack tip (i.e. the blunting process) is stopped.



40

3.3.8 Post fracture tests

The specimens are taken out at the event of crack initiation (in generation phase) or
crack propagation (in application phase) for subsequent measurement of J-integral
and CTOD. Specimens are scanned using a flat bed scanner (HP make) and a skeleton
figure is obtained using AutoCAD2000 software to measure the plastic CTOD by
various techniques. The scale factor is taken with reference to the undeformed
boundary of the specimen. The crack tip contraction is measured with the help of
pointer micrometer. In order to check, whether the crack initiates at the mid-thickness
section, a few specimens are chosen before and at the load drop point. These are
mounted in Bakelite and then ground successively layer by layer. The photographs
are taken with a digital camera attached to optical microscope to study the damage
and microstructure ahead of a crack tip. This is to check the validity of fracture
criterion with the help of a damage study ahead of crack tip. The thermal shock
treatment is done using liquid nitrogen to break the specimens along the crack. The

fracture surfaces of broken open up specimens are studied to check the validity of

fracture criterion.
3.4 Estimation of J-Integral

Rice et al. (1973) proposed to determine J-integral directly from the load - load-line
displacement curve. The ASTM standard E 813-87 (1987) outlines a test method for

estimating the value of J near crack initiation of ductile materials. For estimation
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purpose by ASTM E 813-87, J. is divided into elastic and plastic components as
given by Eq. (3.4).
J o =J,+J, (3.4)
The elastic J is computed from the elastic stress intensity for plane stress condition
using Eq. (3.5).
KZ

Ju = a (3.5)

Referring to Murakami (1987), K, the linear stress intensity factor for CT specimens

can be obtained by using Eq. (3.6).

P
K =‘E;V',—,;f(a) (3.6)

The value of P is equal to P, load at crack initiation, B is the thickness of specimen,

W is the width of the specimen and

2 +a)(0.886 + 4.64c —13.32a* +14.72a° - 5.6a*)
_(2+a)
f(a) - (1 _a)3/2

a
where, a = —.
/4

The ASTM standard enables the plastic J to be estimated from the plastic area
(Ap1) under the load - load-line displacement curve (Fig. 3.3). J is defined in terms of
the energy absorbed divided by the net cross sectional area (Thickness (B) x unbroken

ligament length (b)) as shown in Eq. 3.7).

”Apl
Tu =3 (3.7)
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where, 4, is the area under load - load-line displacement curve, the geometry factor

n=2.0+0.522(1 —a, /W)and b is unbroken ligament length.

3.5 Estimation of Critical CTOD

According to the ASTM standard E 1290-89, the critical crack tip opening

displacement during the loading consists of elastic and plastic part, given by Eq. (3.8)

Critical CTOD = Elastic CTOD + Plastic CTOD

5, =6,+6, (3.8)

3.5.1 Calculation for the elastic part (J,)

The elastic part is calculated by using a standard Eq. (3.9) for plane stress condition,

2
5, =X (3.9)
ES,

where, the elastic modulus (E), and yield strength (S,) are the mechanical properties.

The linear stress intensity factor K is calculated from Eq. (3.6).

3.5.2 Calculation for the plastic part (&)

It seems reasonable to assume that the crack initiation of a ductile material is based
solely on the plastic deformation behaviour near the crack tip. In the present
investigation, the plastic CTOD is estimated by using four methods. The plastic
CTOD is measured with the help of existing plastic hinge model (PHM) specified in

ASTM E 1290-89 (1989), crack flank opening angle (CFOA) model and from J-
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CTOD relation specified by Shih (1981). These methods are discussed in next sub-

sections. The fourth method based on FE analysis is discussed in Chapter-4.

(a) Plastic hinge model (PHM)

The plastic CTOD (8,) is determined by assuming that the unbroken ligament works
like a plastic hinge with its center (i.e. apparent axis of rotation) at a distance rpib
from the crack tip (G) as shown in Fig. 3.4 (a). Referring to the Fig. 3.4 (a) and (b): O
is the apparent axis of rotation, G is crack tip, AB is plastic part of the CTOD, CD is
plastic load-line displacement (¥,), and GH is initial crack length (aj). The OG is

taken equal to r,b, where rp is a plastic rotational factor and b is the unbroken

ligament length.

O ket

—’ﬁ"”'c

«— »lq— T (9p1)PHM

(a) (b)
Fig. 3.4 Plastic hinge model to determine plastic CTOD.
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From properties of the similarity of triangles given in Fig. 3.4 (b),

AB oG (8, pians ryb
or =

CD  0G+GH v,  r.b+a,
r,,,b
(5,;/ )I’HAI = pl (3 10)
r,,,b +a,

Eq. (3.10) gives a plastic CTOD based on a plastic hinge model. According to

Merkle and Corten (1990), the value of PRF is given by Eq. (3.11).

PRF =ry, = (145)/2 (3.11)

3 172
2
where, [ = [(%‘:—"-) +f§°—+ 2} —{—Z—OHJ. The value for V), is taken from Fig.

3.3. With the help of equations (3.8), (3.9) and (3.10), the value of critical CTOD (&)
is calculated. This model assumes a linear relation between plastic load-line
displacement (¥,;) and plastic CTOD (dpr). According to Wilson and Landes (1994),
this model can be used for smaller plastic load line displacement. In case of EDD
steel sheet, it is observed that there is a significant deformation ahead of crack tip
resulting in higher value of plastic load line displacement. Moreover, in PHM, the

determination of PRF is independent of thickness of the specimen.

(b) Crack flank opening angle (CFOA) model

This is a modified plastic hinge model to account for the non-linearity between plastic
CTOD and plastic load-line displacement. The photograph of a specimen is taken

using flat bed scanner. The scanned image of specimen is imported in drafting
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software AutoCAD-2000 and a skeleton figure is obtained as shown in Fig. 3.5.
Similar to PHM, the plastic portion (&) is determined by assuming that the unbroken
ligament works like a plastic hinge with its center at a distance O'G from the crack tip

G as shown in Fig. 3.5.

Fig. 3.5 CFOA model to determine plastic CTOD.

Referring to the Fig. 3.5, A'B' is the plastic part of CTOD i.e. (&u)croa, CD is
plastic load line displacement, and GH is initial crack length. In this model, the
common point of tensile plastic and compressive plastic zone along the unbroken
ligament length is taken as an apparent axis of rotation, as shown in F ig. 3.5. This is
due to the reason that the apparent axis of rotation acts as a neutral axis similar to

neutral axis in theory of bending. This is also supported by hardness measurement
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along the unbroken ligament length as discussed in section 5.14. It is observed that
the location of point O’ depends on crack flank opening angle (CFOA) which in turn
depends on thickness of specimen. This location can be obtained as an intersection of
lines coinciding with the crack flanks. The angle made by two crack flanks is
measured at point O’ as CFOA. The width of compressive zone and tensile zone is

shown as W, and W, respectively in Fig. 3.5.

(Opr)pum = AB
(Op1)cFoa = A'B’

/ A <CO'D = CFOA
0’ 0 G H
\ B GH = aop
CDh= Vp[

Fig. 3.6 Comparison of PHM and CFOA model.
Fig. 3.6 shows a comparison of geometry of triangles used in PHM and
CFOA. From properties of the similarity of triangle with reference to Fig. 3.5 and Fig.
3.6,

AB _ 0G
CD OG+GH

(O pt )croa _ 0'G
14 0'G+a,

pl
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oG

(5,71 Yeroa = m Vpl
Now O'G can be simply expressed as
0'G=0'H -a,

However, the location of point O' depends on crack flank opening angle CFOA. This

dependency is expressed with the help of Eq. (3.12).

0G =O'Ccos(C1;0A)—ao (3.12)

The (Jpr)croa depends on O'G and V,, whereas (Jp)pum depends only on OG, and is
independent of thickness of specimen. In this model, the value of PRF depends upon

the crack flank opening angle, which in turn depends upon the thickness of specimen.

(¢) J - CTOD relation

The plaétic CTOD, (9,), is derived from the value of Jp, using the well known
relationship given by Shih (1981). In plastic zone, Eq. (2.4) is rewritten as Eq. (3.13).

J o
(CTOD) pl = dn _E— (3. 1 3)

y
where, d, is a factor tabulated by Shih (1981). With the help of results on plastic

CTOD, using CFOA, PHM and FE analysis and using Eq. (3.13) the value of d, is

obtained. The value of Shih factor, obtained with the help of CFOA, PHM and FE

analysis is found within the range 0.9-1.1. Thus, plastic CTOD can be found with the

average value of Shih factor as 1 in Eq. (3.13).
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3.6 Crack Tip Necking Measurement

It is observed that the failure of EDD steel sheets during forming process occurs
itially by localised necking. which is then followed by fracture inside the neck. In
the present work. the crack tip necking is measured with the help of a pointer
micrometer as shown in Fig. 3.7. The points of the pointer micrometer are placed in
the deep region ahead of the crack tip to measure crack tip contraction. Average of

three readings is taken to find out amount of crack tip contraction (d,,).

Fig. 3.7 Measurement of thickness contraction in the deep region ahead of the
crack tip using pointer micrometer.

3.7 Thickness Effect Study

This study is carried out on EDD335 and EDD277 material to understand the effect of
thickness on fracture parameters. In EDD335, specimens of seven categories of
thickness are studied. Six specimens are tested till crack initiation (CI) point and
seventh one is studied before crack initiation or before load drop (BLD) point. The

critical dimensions along with the specimen codes are given as given in Table 3.1.
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Table 3.1 Geometry of CT specimens to study the effect of thickness in EDD335

Sp- | Thickness (B) | Crack length (ap) | Width (W) | Notch radius | Fracture

code mm mm mm (p) mm status
S1 1.18 10.5 24 0.124 CI
S2 1.28 10.5 24 0.117 Cl
S3 1.38 10.5 24 0.122 Cl
S4 1.48 10.5 24 0.115 Cl
S5 1.58 10.5 24 0.117 ClI
S6 1.64 10.5 24 0.121 ClI
S7 1.75 10.5 24 0.116 BLD

Table 3.2 shows the critical dimensions along with the specimen codes in case

of EDD277 for the thickness effect study.

Table 3.2 Geometry of CT specimens to study effect of the thickness in EDD277

Sp- Thickness (B) | Crack length (ap) | Width (W) | Notch radius Fracture
code mm mm mm (p) mm status
1.4a 1.4 10.5 24 0.125 CI
1.4b 1.4 10.5 24 0.123 CI
1.4c 1.4 10.5 24 0.117 CI
1.4d 1.4 10.5 24 0.118 BLD
1.9a ' 1.9 10.5 24 0.116 Cl
1.9b 1.9 10.5 24 0.122 Cl
1.9¢ 1.9 10.5 24 0.125 BLD
1.9d 1.9 10.5 24 0.126 CI
2.4a 2.4 10.5 24 0.119 CI
2.4b 2.4 10.5 24 0.114 CIl
2.4c¢ 2.4 10.5 24 0.121 CIl
2.4d 2.4 10.5 24 0.115 BLD
2.9a 2.9 10.5 24 0.119 BLD
2.9b 29 10.5 24 0.123 Cl
2.9¢c 2.9 10.5 24 0.118 CI
2.9d 2.9 10.5 24 0.120 CI
3.2a 3.2 10.5 24 0.118 CI
3.2b 3.2 10.5 24 0.112 Cl
3.2¢ 3.2 10.5 24 0.115 CI
3.2d 3.2 10.5 24 0.121 BLD
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In case of EDD277, five categories of thickness are chosen with specific
thickness interval. In each category, four specimens are prepared. Three specimens
are tested till crack initiation point to get an average value of fracture toughness and
fourth is tested before crack initiation point or before load drop point to verify the

fracture criterion. Specimens are coded with a, b, ¢ and d followed by thickness value

in mm (e.g. 1.4a).

3.8 Strain Rate Effect Study
This study is carried out on EDD277. For the strain rate study, six specimens of same

configuration and same thickness (1.4 mm) are prepared. All are tested at crack

initiation point and tested at various strain rates. Following various literatures
mentioned in Reference Section, the word ‘strain rate’ is used in place of
displacement rate with a unit mm/min. The specimens are coded with A, B, ..., F

followed by thickness value in mm. The critical dimensions along with their codes are

given in Table 3.3.

Table 3.3 Geometry of CT specimens to study the effect of strain rate in EDD277

Sp- | Thickness (B) | Crack length (ap) | Width (W) | Notch radius | Fracture
code mm mm mm (p) mm status
1.4A 1.4 10.5 24 0.125 CI
1.4B 14 10.5 24 0.116 ol
1.4C 1.4 10.5 24 0.119 Cl
1.4D 14 10.5 24 0.124 I
1.4E 1.4 10.5 24 0.118 CIl
1.4F 1.4 10.5 24 0.122 Cl
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3.9 Study of the Influence of Notch Radius

The study of the influence of notch radius is carried out on EDD258. For this study,
sixteen specimens of same configuration and same thickness (3.2 mm) are prepared
with various notch radii. The specimens are coded as SP1, SP2, ..., SP16. The
critical dimensions along with their codes are given in Table 3.4. The notch operation
is mentioned as FC for fatigue pre-cracked specimens, WEDM for notched specimens

using wire electric discharge machining process and saw blade for notched specimens

using saw cut operation.

Table 3.4 Geometry of CT specimens to study the effect of notch radius in EDD258

Sp- | Thickness | Crack length Width Notch Fracture Notch
code (B) (an) w) radius (p) status operation
mm mm mm mm

SP1 3.2 10.5 24 0.07 CI FC
SP2 3.2 10.5 24 0.085 CI FC
SP3 3.2 10.5 24 0.10 CI FC
SP4 3.2 10.5 24 0.11 Cl WEDM
SP5 3.2 10.5 24 0.12 CI WEDM
SP6 3.2 10.5 24 0.13 CI WEDM
SP7 3.2 10.5 24 0.14 CI WEDM
SP8 3.2 10.5 24 0.15 CI WEDM
SP9 3.2 10.5 24 0.16 CI WEDM
SP10 3.2 10.5 24 0.17 CI WEDM
SP11 3.2 10.5 24 0.18 CI WEDM
SP12 3.2 10.5 24 0.25 CI Saw-blade
SP13 32 10.5 24 0.40 CI Saw-blade
SP14 3.2 10.5 24 0.60 CI Saw-blade
SP15 3.2 10.5 24 0.75 CI Saw-blade
SP16 3.2 10.5 24 0.077 BLD FC

It is observed that fatigue pre-cracking operation takes about six to eight hours

with low cycle fatigue. A few specimens are damaged when pre-cracking is done
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using high cvcle fatigue. Fifteen specimens are tested at crack initiation point and one
before load drop point. The specimen SP2. which is a fatigue pre-cracked specimen.

is reported as a faulty specimen.

3.10 R - Curve Test

Resistance (R) curve test is performed on eight specimens to study the crack growth
behaviour while the sheet metal product is in application phase. J, (704 and CTOD
arc used as crack growth toughness parameters to describe the resistance behaviour
during crack growth. The configuration and thickness of all eight specimens is same.
In this study, the specimens are coded as R1, R2. ..., R8.

3.10.1 Experimental procedure

Fig. 3.8 shows a complete rupture test on R1 specimen. The unloading points for

individual specimens (e.g. R2. R3, ..., R8) are shown in the same figure.

ion point

Fig. 3.8 Complete rupture test on R1 specimen showing the unloading points for other
identical specimens.
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Point R8 onwards, the load is increased as the crack is passing through the
compressive plastic zone. In the present work, the crack growth study is carried out

only in tensile plastic zone. Table 3.5 shows the geometry and status of each

specimen used in this test.

Table 3.5 Geometry of CT specimens to study the crack growth behaviour in EDD258

Sp-code | Thickness | Crack length | Width Notch Fracture status

(B) (ao) ") radius (p)
mm mm mm mm

R1 3.2 10.5 24 0.115 Complete Rupture

R3 3.2 10.5 24 0.121 BLD

R2 3.2 10.5 24 0.117 ClI

R4 3.2 10.5 24 0.116 CG

R5 3.2 10.5 24 0.122 CG

R6 3.2 10.5 24 0.118 CG

R7 3.2 10.5 24 0.116 CG

R8 3.2 10.5 24 0.113 CG

CG: Crack growth

3.10.2 Determination of crack growth parameters

Determination of the crack growth fracture parameters like Jand CTOD are described

in following paragraphs (a) and (b), respectively.

(a) Determination of crack growth J-integral

The crack growth toughness (/) is determined by using Eq. (3.14) mentioned in

ASTM E 1820-01 (2001).
g, =Jay * ey (3.14)
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The value of J,, at a point corresponding to a; on the specimen is split into elastic and
a plastic contribution. The elastic part of J, results from Jp = K 2(,)/ E. The plastic
part of J, is determined from the area under the load versus plastic load-line

displacement curve and using Eq. (3.15). Since the crack length changes continuously

during R curve test, the J-integral must be calculated incrementally.

-1y Ay = Apioen A — 9
o2l R (2 3.15
pl(r) { pl(i-1) (W _ a(,_” ] B" y( b} W _ a('—l) ( )

where, the geometry factors 77=2.0+0.522(1-qa,/W)and y =1.0+0.76(1-a, /W)

for CT specimens. The B, is the net section thickness of ductile fracture surface.

(b) Determination of crack growth CTOD
Critical CTOA model is suggested to determine CTOA and CTOD as crack growth

fracture parameters. This model is explained by Kulkarni er al. (2004c) and

demonstrated in Fig. 3.9.
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CTOA (Ocr°)

Fig. 3.9 Critical CTOA model.

As shown in Fig. 3.9, the dashed line represents a crack profile before crack
initiatioﬂ with point O as original crack tip. The continuous dark line represents a
crack profile after some crack extension Aa. The current crack tip is shown at point
O', which is a meeting point of current crack flanks. The crack growth CTOD (6¢g) is
measured at original crack tip position (point O). The height of broken profile of

blunt crack equals &.; —S¢ for Aa. This is because when Aa is zero and at the

moment of crack initiation, dcg is equal to 6. The & is fixed for a given
configuration. The angle made by the current crack flanks at point O' is called crack

tip opening angle (C TOA). This is shown in the Fig. 3.9 as an angle 6c7. From the

geometry of Fig. 3.9, equation can be written as
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tan[ 9('7' ] — (5(‘(; - 5('/ ) (3.16)
2Aa

The crack growth CTOD is evaluated using a CTOA model and using Eq. (3.16) as

described by Eq. (3.17).

8. =06, +2(Aa) tan[%) (3.17)

3.11 Measurement of Plastic Zone Size and Shape

According to Anderson (1994), plastic zone plays a vital role in fracture behaviour. If
the yield criterion is continuously applied along a radial line from a far field region
(elastic stress field) towards the crack tip and when the material is found to yield, the

point can be marked as the boundary point between elastic and plastic fields.

3.11.1 Von Mises criterion

To ensure yielding of material, Von Mises criterion states that
(O—l_0'2)2+(0-2_0-3)2+(0-3_O-l)222Sy2 \(3.]8)
where, gy, o, and o3 are the principal stresses in Eq. (3.16). Referring to Anderson

(1994), the radius of the plastic zone () is derived as Eq. (3.19).

1 K2 (, 3., )
=——L_|1+—=sin” 8 +cosf

where, @ is angle measured in anticlockwise direction with reference to crack plane.

The plastic zone size is estimated using Eq. (3.19).
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3.11.2 Experimental determination

In this method, after fracture test, specimen photograph is taken using a flat bed
scanner. The elastic plastic zone, which is clearly visible to naked eyes, also reflects
clearly in the scanned image. This scanned image is imported in drawing software
AutoCAD2000. The unchanged dimension during fracture test (i.e. top or bottom side
of specimen) is taken as reference scale in AutoCAD unit. A poly-line is drawn with
number of key points following the elastic-plastic boundary. This poly-line is then
fitted as a curve. The x and y dimension of key points on this curve afe measured with

reference to a crack tip and plotted as a conventional graph.

3.11.3 Measurement of hardness across plastic zone

The plastic zone size and shape can also be predicted by measuring hardness across

plastic zone. The hardness is measured by using a micro-hardness tester

(SHIMADZU HMV).

3.12 Maetallographic Study

3.12.1 Microstructure study

The objectives of micro-structural investigation are to obtain a representative
microstructure and determine the grain size of the material. The specimen surface is
ground with successively finer abrasive papers and powders. It is then polished first

using alundum and finally using 0.25 um diamond paste in polishing machine. The
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polished specimens are etched with 2% nital solution for approximately 4-5 seconds

to reveal the microstructure.

The micrographs are taken before and after the fracture test, for all three EDD
steel sheets using a digital image camera attached to scanning electron microscope at

a magnification of 400X. The specific region chosen is ahead of crack tip as it is

highly deformed after the fracture test. In order to understand the successive damage,

the macrographs of crack profile are taken at the surface level, one fourth of sample

thickness and half of sample thickness.

3.12.2 Fracture surface study

Fracture surface study is carried out to understand the phenomenon of ductile tearing

process and type of fracture. A few specimens from all three materials are selected to

study the fracture surface. They are kept in an oven at 300° C for 30 minutes. By

annealing process, the temperature of sample is brought to room temperature keeping

them in furnace only. The heating process makes the specimen to be oxidised. The

oxidisation process helps to distinguish between the ductile tearing and brittle

fracture. The specimens ar€ put one by one into the thermo flask wherein liquid

Nitrogen (at -190°C) is kept. After 10 minutes, they are taken out. Liquid nitrogen

makes the specimens brittle. A chisel is positioned at the tip of crack and with a

proper support the hammer is blown to break the specimen. The broken ligaments are

studied for the damage ahead of crack tip and the fracture process.
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Chapter 4

3-D FINITE ELEMENT ANALYSIS

4.1 Introduction

The computational approach involves detailed finite element analysis to verify the
experimental results. In addition to this, it is possible to determine the stress and
strain fields in the vicinity of the crack front and obtain the type of fracture behaviour

using 3-D FE analysis. The important topics like element selection, creation of crack

tip element, material modeling, boundary conditions and non-linear solution are

discussed in detail. This analysis determines the critical load, J-integral and CTOD,
independently.

4.2 3-D Finite Element Analysis of CT Specimen

The 3-D geometry (solid model) of a CT specimen is modeled similar to ASTM

standard E 399-91, as shown in Fig. 3.1 (a). Standard primitives such as block,

cylinder with Boolean operations are used to create a solid model.

4.2.1 Element selection

In the present analysis, 3.D, twenty-nodded structural solid i.e. SOLID95 element is

used. This element is a higher order version of 3-D, eight-nodded structural solid. It

has capability to tolerate irregular shapes without much loss in accuracy. The regions

undergoing plastic deformation require a high integration point density. Higher-order

elements have been preferred for plasticity analysis. This element has compatible

shapes and also suitable to model the curved boundaries.
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Fig. 4.1 3D, twenty-nodded brick element.

This element is having three degrees of freedom per node, i.e. translations in
x-, y- and z-direction as shown in Fig. 4.1. Fig. 4.1 also shows the geometry, node

location and the coordinate system. This element possesses plasticity, stress

stiffening, large deflection and large strain capabilities.

4.2.2 Creation of crack tip element
A triangular wedge shaped element is formed by collapsing the top plane of a brick
element along the surface diagonal, as shown in Fig. 4.2. The mid side nodes of the

clement are placed at the quarter positions towards crack front to produce the

appropriate 1/r singularity as the limit of the plasticity is approached. The use of this

element, in conjunction with surrounding isoparametric elements, gives a powerful

method for analysing fracture parameters.

Crack front

Fig. 4.2 Creation of crack tip element.
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The most important region in a fracture model is the region around the crack
front. Meshing has to be graded from fine at the crack tip to coarse at the solid
boundary. The element size, which varies from 0.0035% to 0.06% of the absolute
crack length (i.e. ap), is considered around the crack front. Fig. 4.3 shows the
arrangement of elements with multiple nodes along different radial rows around the
crack front. Approximately 12,648 elements and 8,184 nodes are generated.

However, these numbers depend upon the thickness of the specimen model.

p=0.Imm

\

Fig. 4.3 Arrangement of crack tip elements in radial rows.

4.2.3 Non-linear material model

Elastic-plastic finite element analysis can be considered as an exteqsion of elastic
analysis by incorporating extra conditions pertaining to nonlinear plasticity conditions
as suggested by Newman (1984). According to Newman (1984), nonlinear material
behaviour is modeled by using the incremental theory of plasticity. Von Mises yield
criterion is considered to be valid for these materials. A true stress-strain curve up to
breaking-strain point is used with multi-linear isotropic hardening to incorporate
non-linear material properties. This is referred as a large strain code by Kulkarni et al.
(2004a). In a large strain code, true stress-strain curve is used up to breaking-strain

point with constant value of ultimate stress beyond the ultimate point. The true stress-
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strain curves for three EDD materials are shown in Fig. 4.4, 4.5 and 4.6 for EDD335,
EDD277 and EDD258, respectively. The values of true stress-strain curve for these

materials are tabulated in Appendix Table Al.3, A2.3 and A3.3, respectively for

EDD335, EDD277 and EDD258.
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Fig. 4.4 True stress-strain curve for EDD335 steel sheet.
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4.2.4 Loading and boundary conditions

Fig. 4.7 shows the loading and boundary conditions for the FE analysis. The nodal
displacement is applied at pinhole, as a crack driving force. For mode-1 type
modeling, by using the geometry, loading, material and support symmetry conditions,
two planes of symmetry are considered: one at mid-height (30/2 = 15 mm) and other
at mid-thickness (B/2) of the specimen model as shown in Fig. 4.7. The tip of the
notch is released (i.e. opened) from constraint as shown in Fig. 4.7. This is referred as
virtual crack tip opening method, described by Kulkarni er al. (2004a). Fig. 4.8 (a)
shows a FE model of a full CT specimen with mid-thickness symmetry, whereas Fig.

4.8 (b) shows a FE model of a half CT specimen with mid-height symmetry.

B/2 ' w._ mid-thickness symmetry

|~ 30 -
] | 9]
| P
@
Displacement application 8
&
o
15 g
mid-height symmetry plane 5
O
Tw.

Coo0 —
g v\Release of crack tip node 1 L

B/2

Fig. 4.7 Boundary conditions for CT specimen.
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Fig. 4.8 (a) FE model of a CT specimen with a mid-thickness symmetry.
(b) FE model of a CT specimen with a mid-height symmetry.

4.3 Non-Linear Solution and Analysis

The non-linear material model predicts elastic as well as plastic fracture
parameters. Following ANSYS 7.0 (2002), the load (i.e. displacement) is applied
with load steps. sub-steps and equilibrium iterations. Sub-steps are time points
within a load step at which intermediate solutions can be obtained. A single load
(i.e. displacement) step is used for the analysis. The time at the end of load step is
assigned as 1.0. Appropriate numbers of sub-steps are assigned for one load step
to establish the experimental displacement (i.e. strain) rate. The difference in
time between two successive sub-steps is called ‘time step size’ or ‘time
Equilibrium iterations are additional solutions, calculated at a given

increment’.

sub-step for converging process. Newton-Raphson equilibrium iterations drive
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tolerance limit) at the end of each load increment. Before each solution, this method
evaluates the out of balance load vector, which is the difference between restoring

forces and the applied loads and checks for the convergence. If the convergence

criterion is not satisfied, the out of balance load is reevaluated, the stiffness matrix is

updated and a new solution is obtained. This iterative procedure continues till the

result is converged.

Load-line displacement is applied gradually to ensure that analysis closely

follows the structure’s load-response curve. The elastic-plastic process requires a

continuous assessment of stress and plastic strain at all points of the structure, as the

load-line displacement increases. Within each time step, check on stress and

equilibrium is made. As load-line displacement starts, the program starts to iterate the

stress above the yield stress to consider the plastic effects. The whole nonlinear curve

is considered to consist of number of straight lines with a multi-linear isotropic

hardening.

4.4 Calculation of Fracture Parameters

As given by Eq. (3.5) and (3.9), the calculation of elastic part of J-integral and CTOD

involves the determination of stress intensity factor (K). In FE analysis, following

lue of stress intensity factor is found using Eq. (4.1),

V2w 4.1)

K=o 0

Anderson (1994), the va

where, o; is the elastic stress value of the node with maximum displacement at
» O

radius r. and an angle 8 with the crack plane. The subscripts i and j stand for the
on of 8. The radius (r) and angle () are taken for the

directions x and y. gy is a functl
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node in first radial row simulating the crack tip at mid-thickness section. Now using

Eq. (3.5) and Eq. (3.9), the elastic J-integral and CTOD are calculated.

4.4.1 Evaluation of plastic CTOD and crack tip contraction

Similar to elastic CTOD, the total CTOD is found at the node in first radial row with

maximum displacement in y-direction using the last set of results. The plastic part of

CTOD is found by deducting the elastic CTOD from total CTOD. The crack tip

contraction has been found at the same node where, these elastic and total CTODs

have been found. This is to verify the ‘crack tip contraction’ as a fracture criterion.

4.42 Evaluation of plastic J-integral

Anderson (1994) explains the evaluation of plastic J-integral. Fig. 4.9 shows the path

I" around the crack tip, which starts from any point of a crack face and ends on any

point on the other crack face. The path can be chosen arbitrarily within the material,

however, closer to crack tip-

Fig. 4.9 Evaluation of plastic J-integral using path I'.
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Numerical definition of J-integral is given by Rice (1968) as Eq. (4.2)

ou ou
J, = ({Udy - |[T, ~+T, —L |ds
’ ! AT ax &J (4.2)

where, U is strain energy density, T, and 7, are traction forces, respectively along

x- and y-direction, over a defined path, u and u, are the displacement vector at a point

on the path along x- and y-direction. For evaluation of J-integral values, large strain

code is run and the last set of results is used. Following ANSYS 7.0 (2002), the J-

integral is separated into two parts, which can be written as Eq. (4.3):

Ju=Jda=Js (4.3)

ou ou,
where J. = (Ut -7 Z=+T7 —=ds.
ere J, deandj,, J{’&x _yast

To evaluate J,, element table is defined, which contains strain energy and

volume for the elements under consideration. The strain energy density is mapped

onto a path from element table. Using path integration, J, value is estimated and

stored as scalar data.

Using similar procedure, J, is also estimated. Stress components (oy, 0, and
Ty) are mapped onto the same path to evaluate a traction force over a path. For a unit
area, traction forces are estimated by defining unit normal vector i.e. Eq. (4.4) and Eq.

(4.5).

T =0n,, T = oMy (4.4)

4.5)

Tl,v =0,y TZ}' =Tyl
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Path operation (addition) is used to evaluate 7, and 7, (ie. T,=Ti+Txand T, =Ty,

o U,
+ T,). Virtual crack tip opening method is used to find ;x‘ and 3 x’ . All values are

stored in element table. Finally path integration is used to evaluate Jp value and stored
as scalar data. Further, J value is estimated as J,, =J, =J,.

The J-CTOD relation is also verified by FE analysis using Eq. (3.13), which is

reproduced here.

J
(CTOD) ,; = (8 ,) s =4, S—”’ (3.13)

y

Stress analysis has been performed across the thickness i.e. from surface to mid-

thickness section (i.e. zero to B/2) to study the crack tip loading condition. The stress

analysis is also performed along the unbroken ligament length () to study the stress

variation ahead of crack tip.

4.43 Measurement of plastic zone size and shape

Using FE analysis, the nodes on elastic-plastic boundary showing the yield or above

yield stress value are noted. The x and y dimensions of these nodes are found with

origin at current crack tip and a conventional graph is plotted. This is shown in

section 5.14.
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Chapter 5

RESULTS & DISCUSSION

5.1 Introduction

This Chapter discusses results obtained from the experiment and 3-D FE analysis.
The results are given in tabular and graphical form. The discussion follows the results
for various objectives. The results are discussed on formability indices, fracture

behaviour in generation phase, fracture behaviour in application phase, and

metallographic studies. These results are discussed with reference to previously

published journal papers, technical reports and conference proceedings.

5.2 Formability Parameters

Information about formability of thin sheets is important to sheet manufacturers as

well as users. In the present investigation, the conventional indicators of formability

of EDD steel sheets are discussed in the light of good deep drawing qualities

mentioned by ASTM E 8 M (1999) and E 517-92 (1992) standards.

5.2.1 Chemical composition

The chemical compositions of three EDD steel sheets are given in weight % in Table

5.1. The amount of carbon in EDD335 is 0.06%. According to ASTM E 517-92, this

is an upper limit for EDD steel sheets, below which, the desired carbon level is good

for formability. Higher carbon content leads to a decrease in the normal anisotropy
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(7). This is attributed to an increase in the amount of cementite. High r values (>1.6)
have been observed by Mizui and Okamoto (1990) in case of EDD steel sheets

containing carbon less than 0.06%. According to Ravi Kumar (2002), a sheet with a

high r value generally possesses a high planar anisotropy value also. In the present
study, since the difference in the carbon content among the three EDD steel sheets is
significant, any variation in their formability can arise from carbon levels. Mizui and

Okamoto (1991) studied the effect of Mn content (in the range 0.02-0.44%) on deep

drawability of continuous annealed Al-killed steel sheets. They concluded that the r
value in the rolling direction exhibited a maximum value at a medium Mn content.
They attributed this to the changes in the distribution of MnS inclusions and the

precipitations of AI/N. Dasarathy and Hudd (1974) indicated that the presence of

aluminum up to 0.08% have no adverse effect on the mechanical properties.

Table 5.1 Composition of the investigated EDD steel sheet in wt. %

. N
: M S P Si Al ’ F G-S.
No. | Material C n ppm e S

T [EDD335 | 0.06 | 0.38 | 0.03 [ 0.017 | 0.05 | 0.040 [ 47 | Balance | 72 M
TEDD277 [ 0.025 | 0.18 | 0.010] 0.013[0.005 [ 0.040 | 40 | Balance | !>

T TEDD258 | 0.015 | 0.16 | 0010 0010 [0.005 [ 0.041 | "33 | Balance | /SM

5.2.2 Grain size
The microstructure of the three EDD steel sheets in the as-received condition is

studied using scanning electron microscopy. The values of average grain size

determined by the linear intercept method are 7.2, 13, and 15 pm, respectively for
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EDD335, EDD277 and EDD258 steel. These values are accurate to within 2 um. The
investigations of Wilson and Acselrad (1984) on the effect of grain size showed that

the favourable grain size for good formability is in the range of 7-18 pum. It has been

concluded that, strain hardening exponent, _rlgrlc_l”normal anisotropy, r increase with

——

P

increase in grain size.
—_—

————— e

5.2.3 Strain hardening exponent

The formability of sheet metals is strongly influenced by the strain hardening

exponent (1). The n values of three EDD steel sheets, determined by two methods are

listed in Table 5.2.

Table 5.2 Strain hardening exponent (1) of EDD steel sheets

EDD-STEEL Method-I Method-II
n=g Eq. (5.1)
EDD335 0.145 0.148
EDD277 0.24 - 0.224
EDD258 0.26 0.231

By method-], the value of 7 is taken equal to value of ultimate strain &, in true

stress-strain curve, following Caddell (1980). In the method-II, the value of # is

calculated by using an empirical relationship given by Schedin and Melander (1987).

This empirical relation i.e. Eq. (5.1) is given below.

g =028- 0.2[C] - 0.25[Mn] - 0.44[Si] — 0.39[S] - 1.2 [N] (5.1)

However. factors like grain size, heat treatment, on which » greatly depends, are not

taken into account in this relation. Clearly this empirical equation (i.e. Eq. 5.1) has

very limited applicability. In the present work, only the value obtained from the true
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stress-strain curve is used. The material EDD335 possesses a lower n value (0.145)

indicating its inferior formability. Other two materials have » values in the range of
0.224 — 0.231 and hence greater formability.

5.2.4 Mechanical properties

The mechanical properties of the EDD steel sheets for three different rolling
directions (RD), obtained from Ray (2000-2004) are summarised below, in Table 5.3.

Table 5.3 Mechanical properties of EDD steel obtained from TISCO, Jamshedpur

From Table 5.3, it is observed that, except EDD335, in all cases the YS and

UTS values are higher at 45° to the rolling direction than in the direction parallel or

perpendicular to the rolling direction. The elongation to fracture is greater along the

rolling direction than along directions perpendicular or diagonal to the same. EDD335

possesses higher YS and UTS values and lower ductility when compared with the

other two. The results obtained from the tension tests in all three directions are

EDD Orientation | YS UTS Uniform Total SRS
steel wrtRD | (MPa) | (MPa) elongation | elongation | index, m
) (%) (%)
0 335.08 | 387.12 | 15.60 29.69
EDD335 45 332.87 | 391.88 | 15.31 25.23
90 331.74 | 386.65 | 14.46 23.87
Average 333.14 | 389.38 | 15.12 26.26 0.017 o
0 276.97 | 342.04 | 2640 49.60 e e
EDD277 45 279.22 | 34845 [ 24.89 41.53 o
90 274.32 | 339.04 | 22.29 37.15 WA
Average | 27743 34449 |  24.52 42.76 0.012 ,,U"k NVJJV)‘
0 558.88 | 327.14 [ 30.00 55.19 mw AL
EDD258 45 260.02 | 331.24 28.14 45.72 T K9 i"?’
90 255.17 | 326.49 | 24.67 39.52 V S
Average 758.52 | 329.02 [ 27.60 46.81 0.01 | Go Tl >
Average,X=(Xo+2X45+X90)/4 " PN
X
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qualitatively same. The average values of strength are closest to the values of strength
in rolling direction. Therefore, the results are described by means of values obtained
from the tests in the rolling direction only. The tensile test data along rolling direction

is tabulated in Appendix Table Al, A2 and A3 for EDD335, EDD277 and EDD258,

respectively.

The strain rate sensitivity index (m), determined by strain rate jump tests, is
found to be very similar for all the three directions, i.e. 0° 45°, and 90° to the rolling
direction (RD). The m values are also reported in Table 5.3, which are seen to be

moderate. This is consistent with the fact that most of the common metals like low

carbon steel have low sensitivity to the strain rate at room temperature. This is also

observed by Swaminathan and Padmanabhan (1991).

5.2.5 Normal anisotropy (r)

As given in Table 5.4, the product nr, which is indicative of overall press

performance factor, is high for EDD277 and EDD258. As expected, EDD335 has

relatively low value. However, according to Mellor (1981), this factor has little

physical significance, as it is only a numerical index used for a rough assessment of

formability.
Table 5.4 Press performance factor of three EDD steel materials

EDD- n ro ry4s Fop r nr
STEEL

EDD335 | 0.14 0.97 | 0.82 1.21 0.95 0.14

EDD277 | 024 1.37 1.04 1.58 1.26 0.30

EDD258 | 0.26 1.47 1.21 1.83 1.43 0.37

Fo=(ry + 20 + 1)l 4
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Following ASTM E 8 M (1999) and E 517-92 (1992) standards, EDD277 and
EDD258 steel sheet has relatively high formability than EDD335 steel sheet.
However, from the above study, it is very clear that the formability test is influenced
by number of material variables. Apart from these material variables, the process
variables also affect the forming test. These include punch and die
configuration/assembly, clearances, and lubrications. According to Ravi Kumar
(2002), any minor discrepancy in the relative overall formability could be due to the
complex interaction of large number of (process and/or material) variables. Hence it
is difficult to single out any parameter to completely explain the formability limits.

Fracture mechanics may not be able to remove all variables of the
conventional forming tests. However, the fracture test data could be utilised to find
out critical load at which crack initiates, amount of necking and fracture stress/strain

with least number of variables. The test facilities also need not to be changed as it is

done in case of forming tests discussed by Ravi Kumar (2002).

5.3 Fracture Criterion

As discussed by Pardoen and Delannay (2000), the detection of cracking initiation is
a remnant problem in fracture tests performed on ductile materials. From the
application point of view, the present study investigates precise load and fracture
parameter calculations at crack initiation. The criterion should ascertain that either the

crack has already moved by a small amount or it is definite to move if load is

increased by a small amount.
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The “load drop technique’, mentioned by Kulkarni e al. (2002, 2003a) is used
as a fracture criterion to measure the fracture parameters. As soon as the load drops
the crack is initiated on the surface in the necking zone. However. to check the
possibility of crack initiation inside the neck. a few specimens are chosen before and
at the load drop point. Fig. 5.1 shows a crack profile at mid-thickness section for a
specimen unloaded just before load drop point. The blunt profile does not show any

crack. From this observation. it is concluded that the crack is not initiated at mid-

thickness section before it reach the load drop point.

Fig. 5.1 Crack profile at mid-thickness section of a specimen unloaded before

load drop point.

Fig. 5.2 (a) and (b) shows a small crack initiated, respectively on the surface
and at mid-thickness section of a specimen unloaded at the load drop point. Both the
cracks show same length, only the damage in front of crack tip at surface level is not
clearly visible. This observation supports that the crack is initiated only at load drop

point. Therefore, it is concluded that, the crack initiates at the center of necking zone

and reaches the surface without any significant travel.
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(a) (b)

Fig. 5.2 (a) Crack on surface of a specimen unloaded at the load drop point.

(b) Crack at the mid-thickness section of specimen at the load drop point.

From this observation, it is found that cracking initiation corresponds to the
nucleation of a micro-crack in front of a blunt notch. This is the result of linking of
the blunted crack tip with the closet damage site (a void or a micro-crack). Therefore.
more accurate definition of cracking initiation is proposed that ‘the critical event of
cracking initiation is the point at which the process of plastic deformation at the
original crack tip (i.e. the blunting process) is stopped’. Thereafter, the load is carried
mainly by the new crack tip.

Fig. 5.3 (a) and (b) shows fracture surface of broken open up specimen at load
drop point and before load drop point, respectively. The fracture surface before load
drop point in Fig. 5.3 (b) is complete shiny, right from the notch tip with an indication
of complete brittle fracture and no crack initiation or ductile tearing. Whereas, the
fracture surface at the load drop point in Fig. 5.3 (a) consists of two parts. The smaller
part is with minute ductile tearing in the necking zone with an indication of crack

initiation and a large shiny zone with an indication of brittle fracture. The brittle

fracture is due to the thermal shock treatment.
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(a) (b)
Fig. 5.3 Fracture surface of broken open up specimens.

(a) at the load drop point (b) before the load drop point

From these observations i.e. Fig. 5.1. 5.2 and 5.3, it is clear that in case of EDD

steel sheets. the crack initiation occurs when load drops. Another important thing.
which is observed in this study. is that, like other ductile materials. EDD steel

samples are not becoming brittle, immediately when they are put in liquid Nitrogen.

This is unlike other ductile materials mentioned by According to Kumar (1988a). The
reason may be excessive ductility possessed by EDD material. The fracture surface

observations present the advantage of giving insight into the macro-mechanisms of

damage ahead of crack tip.

The fracture tests are also conducted on Copper, Aluminium, Brass and Mild
Steel materials to observe the event of crack initiation using the CT specimen. The

load — load-line displacement plots for these tests are shown in Appendix B6. While

conducting the tests, it is clearly observed that the surface crack is initiated well

before the peak load is reached and before the maximum blunting occurs. This is also
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reported by Bhattacharya and Kumar (1991) in case of 7004 grade Aluminium alloy
and free cutting steel. They have separated plastic part of load-line displacement into
the displacements due to slow crack growth and true plastic yielding. They found that

the crack growth displacement in Aluminium to be three times that of free cutting

steel.

5.4 3-D FE Analysis

The 3-D finite element analysis is performed to predict the fracture parameters
independently. Important aspects of this analysis are: creation of crack tip element,
non-linear material model and prediction of fracture parameters. The 2-D FE analysis

does not account for the out of plane (z-direction) displacement field. Though the

fracture behaviour in the present work is found to be a predominantly plane stress, a

3-D FE analysis is preferred because the necking (crack tip contraction) and blunting

(crack tip opening displacement) proceeds simultaneously preceding the event of

crack initiation. The 1/4" symmetry (about mid-thickness and mid-height) allowed a

study of critical sections to predict fracture behaviour accurately. Load-line

displacement is controlled using a time step analysis. Fig. 5.4 (a) and (b) shows the

crack tip opening displacement and the crack tip necking, respectively at a node in

first radial row around the crack tip. The fine meshes at and around the crack tip

along with the virtual crack tip opening method discussed by Kulkarni et al. (2004a),

allowed proper blunting of crack. In non-linear material model, the breaking strain is

used as a fracture criterion. This criterion as discussed by Kulkarni et al. (2004a)

allowed the necking to continue till a breaking strain value.
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(b)

Fig. 5.4. FE analysis results on (a) crack tip opening displacement.
(b) crack tip necking.

The total plastic zone across the unbroken ligament length b, consists of

tensile plastic zone around crack tip and compressive plastic zone towards the

ligament boundary as shown in Fig. 5.5 (a) and (b).
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This point is a neutral point or an apparent axis of rotation. Hardness measurement

also supports this observation as discussed in section 5.14, However, this location

depends on thickness of specimen.

5.4.1 FE stress analysis

In order to understand the fracture behaviour and to determine fracture parameters, a
stress analysis is performed at and around crack front as well as along the unbroken
ligament length. Figures 5.6, 5.8 and 5.10 show the plots of the normalised stresses
along unbroken ligament length. The normal stresses (o, 0y, 0:) are normalised with
respect to the yield stress for EDD335, EDD277 and EDD258. The coordinate system
is shown at blunt crack tip in every plot. The normalised stress o, is also plotted
across the thickness direction, starting from the mid-thickness section (z/B = 0) to a

surface (z/B = 0.5). This is shown in Fig. 5.7, 5.9 and 5.11, respectively for EDD335,

EDD277 and EDD258.
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Fig. 5.8 Normalised stresses 0x, gy, 0z along the unbroken ligament of specimen
at mid-section thickness in EDD277 (B=3.2 mm).
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Fig. 5.10 Normalised stresses 0y, 0y, 0: along the unbroken ligament of specimen

at mid-section thickness in EDD258 (B = 3.2 mm).
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Fig. 5.11 Normalised stress o; through the thickness and ahead of crack front in
EDD258 (B = 3.2 mm).
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Fig. 5.6, 5.8 and 5.10 show that the normalised stress ox is high in the vicinity
of crack tip and decreases to an almost zero value at the ligament boundary of
specimen. The most dominant normalised stress oy is also high in the vicinity of crack
tip. The o, decreases as we move away from the crack tip towards the ligament

boundary of specimen. On the way towards ligament boundary, o, passes through a
zero value and enters in a compressive zone with high negative value on the ligament

boundary. In the vicinity of crack tip, stresses ox and o, drop down because of

blunting of crack tip and release of crack tip node. The normalised stress o; is

negligibly small compared with oy and o,, which shows the predominantly plane

stress fracture behaviour.

As observed from Figures 5.7, 5.9 and 5.11, the stress magnitude as well as

the difference in stress magnitude across the thickness is very small. In the present

analysis, it is concluded that the crack front is almost uniformly loaded in plane stress

condition. This is unlike various reported observations for plane stress — plane strain

case by Kumar (1988b, 1991), Zhang (1996), Heerens and Schodel (2002) and for

plane strain case by Panontin ef al. (2000). These reports show a zero value on the

surface (z/B = 0.5) indicating a plane stress condition on the surface and a relative

high value at mid-thickness section indicating plane strain condition at mid-thickness.

The FE analysis results on critical load, J-integral and CTOD are overestimated and

are within 5-12% of experimental results. This discrepancy is attributed towards

assumed idealised conditions in FE analysis. In FE analysis, the defect free material,

exact size of the specimen (i.e. without any machining allowance) and error free

loading are the idealised conditions.
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5.5 Discussion on CFOA Model

In the present work, CFOA model is proposed to account for nonlinearities in the
relationship between CTOD and plastic load-line displacement. The plastic CTOD is
measured using PHM, J-CTOD relation, CFOA model and the results are verified

with FEM. The results reveal small difference between the (&)rem and (&c)croa.

In comparison, the PHM results on plastic CTOD are on lower side due to

the assumption of linear relation between CTOD and plastic load-line displacement
(V1) given by Eq. (3.10). This is also discussed by Wilson and Landes (1994). In
PHM, the PRF is shown to have a constant value by ASTM E 1290-89 (1989) and
BS: 5762 (1979). This factor is shown to depend on initial crack length and unbroken

ligament length by Merkle and Corten (1990) as given by Eq. (3.11). For present

specimen dimensions using Eq. (3.11), the value of PRF is found to be 0.59. The

results on plastic CTOD based on PHM and using PRF as 0.59, are reported by

Kulkarni ef al. (2002, 2003a and 2004a).

However, by using CFOA model it is found that the PRF is not constant,

however, it depends on crack flank opening angle, which in turn depends on thickness

of specimen. The percentage difference in between CFOA and PHM is found to be 9 -

12%. Whereas, the percent difference in between CFOA and FEM is found to be

within 5§ %. The reason behind this is the nonlinear relation between the plastic

CTOD and plastic load-line displacement, which is taken into account by CFOA

model. Thus, the CF OA is suitable for large load-line displacement.
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5.6 Verification of J — CTOD Relation

The unique relationship between J and CTOD i.e. Eq. (3.13) is given by Shih (1981)
and is verified with the help of PHM, CFOA and FE methods. The Shih factor d, is

obtained using equations (5.4), (5.5) and (5.6), respectively from PHM, CFOA and

FE methods.

S (0.,),
(d,) =%)—”— (5.4)

pl

_ S y (6 pl )croa

(dn )('I-'()A - J (55)

pl

Sv(a /)I"/:'M
d,) i = e NS AL (5.6)
(@ ( 1) ina

The values of (dn)ptm, (dn)croa and (dy)rem are tabulated in Table 5.5, 5.6, 5.7
and 5.8, respectively for thickness effect in EDD335, thickness effect in EDD277,

strain rate effect in EDD277 and influence of notch radius in EDD258. The

corresponding graphical representations are shown in Fig. 5.12 - 5.15,



Table 5.5 Shih factor, d, for various thickness in EDD335 steel sheet

Sp- | (B) (dpum | (di)croa | (dn)rem

code | mm
S1 1.18] 0.9258 0.9930 1.0559
S2 | 1.28 0.9701 1.0411 1.0032

S3 | 1.38] 0.8867 0.9868 0.9735
S4 | 148 0.9588 1.0927 1.0592
S5 | 1.58] 0.9451 1.0755 1.0220
S6 |1.64[ 0.9476 1.0965 1.0803

1.15
1 m CFOA
11F]l ao FEM " ]
F| ¢ PHM .
T A
5 (] 4
é C 4 ¢
< 095 F ¢ o
: P
09 :- .
0.85 F
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Fig. 5.12 Shih factor for various thicknesses in EDD335.



Table 5.6 Shih factor, d, for various thickness in EDD277 steel sheet

1.1

19 21
Thickness, B (mm)

13 15 17

Sp- | (B) FEM
code [ mm | (d,)pum (d.)croa | thickness | (dn)rem
(mm)
l.4a | 14 1.0888 1.1351
1.4b | 1.4 1.0817 1.1358 1.4 1.042785
l4c | 1.4 1.0789 1.1195
19a | 1.9 1.0681 1.1185
196 | 1.9 1.0888 1.1437 1.9 1.026728
19d | 1.9 1.0445 1.1472
24a | 2.4 1.0205 1.1285
24b | 2.4 0.9544 1.0366 24 1.002404
24c | 2.4 0.9485 1.0533
29b | 2.9 1.0147 1.0899
29¢c | 2.9 1.0268 1.0887 2.9 0.979556
20d | 2.9 1.0175 1.0724
3.2a | 3.2 1.0105 1.0661
3.2b | 3.2 1.0168 1.0616 3.2 0.993058
3.2¢ | 3.2 1.0245 1.0671
112 ¢ -
11
c 1.08 f - - s
= 1.06 [ | - i
S 1.04 |
8102 f *
£ f ¢ Lo : i
5 't . . s 4
0.98 f . Al
0.96 f .
O%W """"" bttt EE— ——

23 25 27 29 31 33 35

Fig. 5.1

3 Shih factor for various thicknesses in EDD277.
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Table 5.7 Shih factor, d, for various strain rates in EDD277 steel sheet

90

Strai t
(n:?ri?n:?n; (d,,)pHM (dn)CFOA (dn)FEM
0.2 1.1312 1.1650 1.0995
04 1.1357 1.1618 1.0965
0.6 1.1268 1.1545 1.1046
1.0 1.1121 1.1817 1.1081
1.5 1.1830 1.2493 1.1467
2.5 1.2476 1.3473 1.2366
1.4
P | | CFOA
1.35 | 4 FEM [ ]
1.3 4 PHM
T 125 . %
] ;
8 12 . . " .
L .
z 1.15 o o : A
11faa 4 %
1.0
1 Bttt PEPEP ST I A AP AT ATy Adod d s
0 0.5 1 1.5 2 25 3
Strain rate (mm/min)

Fig. 5.14 Shih factor for various strain rates in EDD277.



Table 5.8 Shih factor, d, for various notch radii in EDD258 steel sheet

Notch radius (mm)

Notch radius
() (dnpum | (dndcroa (@n)rem
mm
0.07 0.91369 | 0.985813 1.00102
0.085 0.96521 1.007327 1.000965
0.10 0.9356 1.02897 1.001319
0.11 0.8845 0.975001 1.00108
0.12 0.96631 1.074677 1.001132
0.13 0.99588 | 1.084972 | 1.000479
0.14 0.92775 | 1.028032 1.000633
0.15 1.01226 | 1.098809 | 1.001041
0.16 0.84407 | 0.960977 | 1.001111
0.17 0.8785 0.967472 | 1.016727
0.18 0.86967 0.95452 1.000769
0.25 0.93115 | 0.998764 | 1.001081
0.40 0.92318 [ 1.001429 | 1.010686
0.60 0.92681 1.004465 0.99489
0.75 0.05649 | 1.012362 | 1.005366
“f E— . m CFOA
11 F Ao FEM
c 108 3 o ¢ PHM
; 1F wals o 4 z
I F N A
0% e ¢ . .
% 09 F ¢ o o
085 F .
0.8 Eammimstisiit ' == !
0 04 02 03 04 05 06 07 08

Fig. 5.15 Shih factor for various notch radii in EDD258.
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5.7 Effect of Thickness on Fracture Behaviour

The results on fracture parameters are generated to study thickness effect in EDD335

and EDD277. These results are summarised and discussed in the following two sub-

sections for EDD335 and EDD277.

5.7.1 Thickness effect on EDD335

Table 5.9 shows the fracture test results and Table 5.10 shows the results of 3-D FE

analysis on critical load and load-line displacement in case of EDD335, for six

specimens. The load — load-line displacement plots are shown in Appendix B1.

Table 5.9 Fracture test results to study the effect of thickness in EDD335 steel sheet

Sp-code | (B) | Critical load (Pc) LLD (V) Fracture

mm kN mm Status
S1 1.18 1.194 1.235 CI
~S2 1.28 1311 1322 i
33 1.38 1431 1334 Cl
Sa | 1.48 1572 1,401 o
S5 1.58 1.704 1.466 CI
S6 | 1.64 1.773 1.499 Cl

Table 5.10 3-D FEA results on EDD335 steel sheet

(B) Critical load (Pc) LLD (V)
mm kN mm
1.18 1.2997 1.22
1.28 1.3941 1.29
1.38 1.5416 1.35
1.48 1.6997 1.42
1.58 1.8332 1.48
— 1.64 1.9136 1.52
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Results on critical load and load-line displacements are plotted in Fig. 5.16
and 5.17 with respect to thickness. Both of these figures show increase in critical load

as well as load-line displacement with increase in thickness.
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Fig. 5.16 Variation of critical load with thickness in EDD335.
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Fig. 5.17 Variation of plastic load-line displacement with thickness in EDD335,
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Table 5.11 and Table 5.12 show the results on J-integral using ASTM E 813-

87 and 3-D FE analysis, respectively. Fig. 5.18 shows an increase in J-integral with

Increase in thickness.

Table 5.11 Experimental results on J-Integral for EDD335 steel sheet

Sp-code (B) Jet Jpi J.
mm N/mm N/mm N/mm
S1 1.18 13.175 193.48 206.66
S2 1.28 13.498 197.76 211.26
S3 1.38 13.834 218.26 232.09
S4 1.48 14.515 211.97 226.49
S5 1.58 14.965 226.60 241.56
S6 1.64 15.035 229.48 244.51
Table 5.12 3-D FEA results on J-Integral for EDD335 steel sheet
Sp-code (B) Jet Jpi Je
mm N/mm N/mm N/mm
S1 1.18 16.42 196.32 212.74
S2 1.28 17.32 209.64 226.96
S3 1.38 18.02 224.42 242.44
S4 1.48 18.89 221.76 240.65
S5 1.58 19.76 234.89 254.65
" S6 1.64 20.12 237.07 257.19
270
2eo;: — FEM
250 }
g 240
€ 250 }
S 3
220
210 f
200 b
1
Thickness, B (mm)

Fig. 5.18 Variation of critical J-integral with thickness in EDD335.
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Experimental results on elastic and plastic CTOD, measured using various

techniques, are tabulated in Table 5.13. This table also shows the CFOA values.

Table 5.14 shows the results on elastic and plastic C TOD using 3-D FE analysis.

Table 5.13 Experimental results on various CTOD for EDD335 steel sheet

Sp- | (B) 81 | (So)pm | (pi)cFoa (& | (&)prm | (&)croa | (&) | CFOA
code | mm [ mm mm mm mm mm mm mm ©)
ST (118100393 | 0.5347 | 0.5735 |0.5776 | 0.5740 0.6128 | 0.6169 | 3.6085
ST 128 [00403 | 0.5727 | 0.6146 | 0.5903 [ 06129 [ 06549 [0.6306 |3.7343
S3 [1380.0413 | 0.5777 | 0.6429 | 0.6515 0.6190 | 0.6842 [ 0.6928 | 3.7680
S T35 [0.0435 | 0.6067 | 0.6914 | 06327 | 0.6500 | 0.7347 1 0.6761 | 3.8717
S5 [1.38 (00447 ] 0.6393 | 0.7285]0.6764 | 0.6840 0.7722 | 0.7211 | 4.0319
7S6 {164 [0.0249 | 0.6491 | 0.7511]0.6850 0.6949 | 0.7960 [0.7299 [ 4.0777

Table 5.14 3-D FEA results on C

TOD for EDD335 steel sheet

Sp-code (B) Ol (Sp1)rEM (8c)FEM
mm mm mm mm

S1 1.18 0.0420 0.6188 0.6608
S2 1.28 0.0429 0.6278 - 0.6707

——— 1 1.38 0443 0.6522 0.6965
S3 1.38 0

— | 1.4 —0.0468 0.7012 0.7480
S4 1.48

| t—7sg | 0.0473 0.7166 0.7639

S EE a5 | 08127
S6 1.64 0.0482 0.7 .
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Fig. 5.19 shows an increase in elastic CTOD with increase in thickness and Fig.

5.20 shows an increase in critical CTOD with increase in thickness.
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Fig. 5.19 Variation of elastic CTOD with thickness in EDD335.
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5.7.2 Thickness effect on EDD277

In case of EDD277, four specimens are tested for every category of thickness. Out of

four, one of the specimens is used to verify the fracture criterion before load drop

(BLD) point. Other three specimens arc tested at crack initiation (CI) point and an

average of three readings on crack initiation results is reported. Table 5.15 shows the

fracture test results and Table 5.16 shows the results of 3-D FE analysis on critical

load and load.line displacements in case of EDD277 The load — load-line

displacement plots are shown in Appendix B2.

Table 5.15 Fracture test results to study the effect of thickness in EDD277 steel sheet

Sp-code (B) Criticalk lNoad (Pc) LLg ng Voi) Fracture status
mm
1.4a 1.4 __—-——0—__9_7_2'_’______3.08 Cl
1.4b 1.4 —’——9_9—6_9‘_____ 3.12 Cl
1.4c 14 /_9_9_6_8_/ 3.21 BCI
1.4d 1.4 0.965 2.8 é:)
1.9a 1.9 _______ﬁl_&,.-—— 353 -
195 5] /__Lg_gg________raso CL
12 1'6‘-/'1‘291/”;;2 CI
1.9d 19 | 1.349 Ex o
s | 24 | MT— T 3'70 CI
sab | 24 | M 340 Cl
2.4c 7 L3 3 =5
Saa 24 | L2 5 )
o T 20 | 2120 ——7%5 | o
T 20 | 20 —1700 &
2.9¢c T’ZT____,},I&S’—-"‘ 4'04 Cl
T 29 | 25 —T2330 o
57 | 24— 3 o
o3 | 24— T3 o
S 32 | 24— -
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Table 5.16 3-D FEA results on EDD?277 steel sheet

(B) Critical load (Pc) LLD (V)
mm kN mm
1.4 1.0482 3.18
1.9 1.4108 3.50
2.4 1.8814 3.80
2.9 2.3400 4.10
3.2 2.7189 4.30

Results on critical load and load-line displacement are plotted with respect to

thickness in Fig. 5.21 and 5.22. Similar to EDD335 material, both of these figures
show increase in critical load as well as load-line displacement with increase in

thickness.

-
(S,

Critical load, Pc (kN)

-

©
3}

Thickness, B (mm)

jon of critical load with thickness in ED,D277'

Fig. 5.21 Variat



100

44 r

t | — FEM
2t s EXP

Vp! (mm)
w w
o o

32 F

3
25 3 35

Thickness, B (mm)

Fig. 5.22 Variation of plastic Joad-line displacement with thickness in EDD277.

18 shows the results on J-integral using experimental and

Table 5.17 and 5.
3 shows an increase in J-integral with increase

3-D FE analysis, respectively- Fig. 5.2

in thickness.
Table 5.17 Experimental results on J-Integral for EDD?277 steel sheet
Sp'COdC (B) Jel Jpl J.

mm N/mm N/mm N/mm

1.4a 1.4 5202 | 33937 345.57
1.4b 1.4 6.165 346.02 352.18
1.4c 1.4 6.1577 356.94 363.10
1.9 5 | 6189 396.49 202.67
1.9b 1.9 6.268 385.66 391.92
1.9d 1.9 _’9.487 388.21 394.69
2.4a 2.4 6.934 423.21 230.14
2.4b 2.4 7.077 465.09 372.16
2.4c 2.4 6.707 480.65 487.35
2.9b 2.9 7.206 ______4_1_7_8_§§_ 486.03
2.9¢ i | 467.36 474.40
2.9d 2.9 7.106 476.34 483.44

' =5 |__1.66° 510.49 518.15

32a_ [ 3217506 509.72 517.31
3% | 32776 512.92 520,68
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Table 5.18 3-D FEA results on J-Integral for EDD277 steel sheet

(B) Je[ Jp[ JC
mm N/mm N/mm N/mm
1.4 6.70 373.11 392.14
1.6 6.76 392.35 405.66
1.9 6.92 421.32 432.03
2.2 7.14 447.88 454.10
2.4 7.31 470.79 467.98
2.6 7.42 491.45 483.29
2.9 7.67 515.11 508.36
3.0 7.83 524.07 518.16
3.2 8.28 549.92 542.67
600 //
500 -
E
5 4s0 |
o {
= b
400
350 »
300 La——t ‘1t5 ....... 25 3.5
Thickness, B (mm)
F‘ig. 523 Variatioﬂ of critical J—integral with thickness 1n EDD277.

Experimental results

techniques, are tabulated in Table 5.1

Table 5.20 shows the results o7 clastic and plastic C

of elastic and plasti
9. CFOA values are also sh
TOD using 3-D FE model.

¢ CTOD, measured using various

own in this table.



Table 5. ;
19 Experimental results on various CTOD for EDD277 steel sheet
ee
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Sp- [B) | 4
co v | (Sodpam | (6
1 :: ':1:1 o bRt (;;lr)lcr‘:l’OA (r?l;r,:?lj (fscnzlr’:M (é}rl)lcr:IOA (mé}n)lj CI;OC))A
(142 | 14 [ 00224 | 13339 | 1.3908 | 1
Tt 5251 | 13563 | 1413
48 ]: 8832 3512 | 1.4189 | 1.2491 | 1.3735 1.441.3. :.3_‘71345; 3'5934
e M 100223 3505 | 14426 | 1.2886 | 14126 | 1.4649 | 13109 95_361]7
o2 0022 = 5es | 16010 | 14313 | 15512 | 1.6234 | 14537 10'501
e L9 Jo0nss 212 T 15024 | 13922 | 1.5384 | 16150 [ 14148 10'37é5
1o 00 2551 | 17042 | 15278 | 1.5841 | 1.7492 | 15528 9'6433
T 24 0.0226 T 17406 | 16790 | 16280 | 1.7662 | 1.7046 10.206
S0 ST 16457 | 1.8278 | 1.7351 | 1.6699 18520 11.7593 | 10.6605
T 7570 | 18841 | 17286 | L7800 | 19101 [1.7546 10.7287
o2 0.0277 3T o648 | 18429 | 18900 | 19925 18706 11,7728
a2 374 [ 18709 | 19536 | 1.8401 | 1.898] 79810 | 1.8675 | 117615
22 oose | 17497 | 18442 | L7196 | L7753 18698 | 1.7452 | 11.9429
232 0o 18623 | 19648 | 1.8429 | 18900 10925 | 1.8706 | 12.6905
232 50574 | 18709 | 1.9536 | 1.8401 75983 | 1.9810 | 1.8675 | 12.8602
060 | 1o7e0 | 18516 | 19249 | 2004 | LE7R 13.0639

(B)
mm
— sunl
1.4
et

1.

]

N
&1

|

(3]
O

W
[N

Table 5.20 3-D FEA resul

(Spn)FEM

mimn

(dc)FEM

mm

1.4046

| LA
1.5617

1.7037
1.8216
1.9715

1.4288

| 17400
1.5867
1.7301
1.8493
2.0014

ts on CTOD for EDD277 steel sheet
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Fig. 5.24 shows an increase in elastic CTOD with increase in thickness and

Fig. 5.25 shows an increase in critical C TOD with increase in thickness.
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Fig. 5.24 Variation of elastic C TOD with thickne
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2
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£ 1.8 :
S
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: . boicaet 3.5
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i i 277.
| CTOD with thickness 11 EDD
ca

Fig. 5.25 Variation of critl
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lgur655.16 51 521 and52
, g 2 . 2f0rb0ththem i
aterlals.

This fi e
racture b 1 i i
ehaviour 1s unlike that for thick plates, whe in th
’ rein the fractu
re

IOUghnes
s decreases as thi i
thickness increases as re
ported by Srawel
y and Brown (197
5)

and Pande
y et al. (1997). This s '
. pecific fracture behaviour is al
so observed by Li
y Liu and

Ke (1
976) usi
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’ ng critical stress intensity factor as @ fracture toughne
- ss parameter
, according to And .
erson (1994), use of stress intensi
, ensity factor as a fr
acture

s in materials possessing high ductility. They al
. SO
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r becomes invalid concept
echnique, which is too elaborate to

measure the CTOD by using Moire fringe t
ke PHM and proposed method like CFOA

y in practice. The existing method li

s high enough in case of EDD steel sheets. The

Can be

used, as degree of blunting i
neither show a phys
sing fracture toughness behaviour. The

ical event of crack initiation nor

inVe s
stigation by Liu (1976) did

dis
Cuss a
bout the reason behind the increa

ure toughness with increase in thickness is

on behi
ehind the increase in fract

eXplained :
Plained in section 5.7-3-
ture behaviour

87), Castrodeza et al. (2004) have
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Physical significance of frac
ins and Mai (19

rial deforms in pl

ases, degree of plane strain is
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0
and Roberti (1983) Atk
ane stress condition and
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exist. In some €
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| as size In the present work for
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ing on material as wel
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range of sheet thickness, both the free surfaces
é are as good
as
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nto
cach other and aré absolutely traction
unt of plasticity ahead of crack tip, because of
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istance in spite of high amo
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s sectional area. As thickness increases, the load carryin
g capacity
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a
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& . ,
, beyond which, the Apt decreases because of increase in B. The reason i
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al. (2003), the
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t stress analysis perfor
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thick_n
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variation - : _
of principal stresses In three directions is shown with the help of Mohr’s

circle diagram. The same study can be extended to crack in a sheet. In their study, the

maximum shear stress is considered to be the indirect measure of fracture toughness.
As mentioned by Pandey e/ al. (1997), for the range of thickness 0.76 to 7.1

hickness Increases in particle reinforced Al

mm -

, the fracture toughness decreascs as t

a|lo " . e . o
y composites. This is due 10 the low strain and reduced plasticity ahead of crack

he material as well as thickness is

hich is a material behaviour. Hence t

respons;
Ponsible for the increase of fracture toughness.

S .
8 Effect of Strain Rate on Fracture Behaviour

d to investigate the effect of strain rate

Th

er N ‘
esults on fracture parameters are generate
e test results in case O

Joad and load-line displacements

f EDD277 and Table

in
EDD277. Table 5.21 shows the fractur

8. _ .
22 shows the results of 3-D FE analysis On critical

ad - Joad-Iin acement plots are shown in

A var; ispl
arious strain rates. 1he lo e disp

Appendix B3.
. ; 5
Table 5.21 Fracture test results t0 study the effect of strail rate in EDD277
;_____——-//7’ LLD (Vp1) Fracture
Critical Joad (Po) - s

(B) | Strainrate ol
mm | (mm/min) | 320 CI
0.972 __,,__._.—-—-—-‘___-—————————CI

j
.2 /
: O T 3% —a—

=18 «»
S

g=}
>[&
B

1.4 | =
Tt —06__|—pas |2 Cl
b N 0858 578 | ¢
: Cl
Ty L 0.78 ’_,,2;5—5-{../4

— ] —

/%.
-
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Table 5.22 3-D FEA results on EDD277 steel sheet

Strain rate Critical load (P¢) LLD (V)

(mm/min) kN mm
0.2 0.996 A B—
0.4 0.990 [ 3249
0.6 0.985 [ 3227
1.0 0.896 1 - —
15 0.869 [ 285
25 o075 | 250

' in Fig. 5.26
Results on critical load and Joad-line d1splacements are plotted 1n g

gures, the experimental as well

and < . .
4527 with respect to strain rate. In both of these i
d as well as

load-line displacement

as | L
2/ - al loa
EA results shows sharp decrease 1n critica

be :
Yond a strain rate level of 0.6 mm/min:

1.05

0.95

o
@

0.85

o
@

0.75

Critical load, Pc (kN)

o
%

0.65
0.6




Strain rate (mm/min)

Fig. 5.27 Variat

Table 5.23 and

and 3-D FE ana

p .
nalysis result shows @ slow a

strain rate. The
experimental res

strain rate.

lysis, respectively at v

slope of decr

ults on J-integ

on of plastic load-line displ

5.24 shows the resu

nd continuous decrease 1

ement is stee

ral

al results on J-Integra

et
Je.’

N/mm
61989
61509 |
60486
48003
a3t

Its on J-

show a sharp decrease O

acement with strain rate in EDD277

arious strain rates. In Fig. 5.28, the

] for EDD277 steel sheet

0048

Table 5.23 Experiment

Sp-code Strain raté

(mm/min)
T4An | 02
4B |04
ac_| 06
ap_| L0
4E_| L9
T4F |22

4.

Jp! -]c
N/mm N/mm
— 33937 345.57
_____3__3__8_._(_)_2______ 344.17
336.42 342.47
314.97 319.77
28192 | 286.36
245.19 249.19

108

integral using ASTM E 813-87
3-D FE
n J-integral with increase in

p beyond 0.6 mm/min. However, the

nly beyond 0.6 mm/min
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Table 5.24 3-D FEA results on J-Integral for EDD277 steel sheet

Fig. 5.28 Variatio

Experimenta] results on

m )
ethods are tabulated 11

Table 5,26 shows the results 01 elastic a

n of critical J-

Table 5.25-

integral wit

Tab

nd pl

elastic and plastic C

Strain rate Jat
(mm/min) N/mm N/Jrfljlim N}{;m
0.2 7.1024 361.56 368.67
0.4 6.7107 358.91 365.62
0.6 6.4803 354.41 360.89
1.0 5.5404 339.11 344.65
1.5 53312 312.19 317.52
2.5 4.6562 272.77 277.42
380
360
340
320
E_ 300
=
< 280
L
260
240
220
200
0 05 1 1.5 2 25 3
Strain rate (mm/min)
L e

h strain rate in EDD277.

TOD, measured using various

le 5.25 also shows the va

lues of CFOA.

astic CTOD using 3-D FE analysis.



Tabl '
e 5.25 Experimental results on various C

TOD for EDD277 steel sheet
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Sp- Strair
Stramn ~
code ) Oet (On)pHiM (8,1)cFor
rate m i hikcFos G | (@ | (Bcron | (20D CroA
W mm/min mi mm mm mm *
— 0.2 0.0224 2
15 =5 | 19850 | 14273 | 122! 3
e ~o925 | 13859 | Lai71 | 1.2202 L4083 | LT L Lo o
acT o6 00 L . 12202 | 14081 | 14399 12424
T e T 686 | 14021 | 12145 1 3 = 7 i
| 1D 1.0 L ___-___._-___-__293 1.4239 1.236
Wi o770 12646 | 13437 | 1137 128 2363 | 9.57
TE TS [ 1.2646 . 5816 | 13607 | 1.1540
= ~ors0 [T20a0 | t27is | LOITT 122 £
—— 2.5 0.0145 | 1.1044 ~—T7 8851 | 2200 | 12875 | 10337 | 8.2
. . 975 [ osssl | 118y [ 1207 | 08996 739
Table 5.26 3-D FEA results on CTOD for EDD277 steel sheet
r—/’/
Strain rate Oul (Op1)FEM [ (6c)rem
(mm/min) mm mm mm
____-——-__—_‘_____——'—'——_
0.2 07565 | 1:4352 | 1.4608
0.4 502543 | 14208 1.4462
0.6 002522 | 14133 1.4385
10 002240 | 13567 13791
1.5 #9’(_)19_3}’_ 1.2924 1.3117
25 ootesl | L2178 1.2346

Fig. 5.29 shows @ constant elastic CTOD up 0 0.

whi .
hich, there is a decreas¢ in elastic CTOD
5.

30 shows a constant critical € TOD 1

ical C TOD Wit

there i . .
r e
e is a decrease in crit ) increase in st

with increase in str

p to 0.6 mm/mi

6 mm/min stral

in rate.

n rate, beyond
ain rate. Similarly Fig.

n strain rate, beyond which
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pic behaviour involving strain

In the present study;

rate ; . rameters shows Ver small
¢ is considered. The effe - S

{ 0.6 mm/min. However, beyond this strain rate level,

dif ;
ference in results up to a0°Y
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lemperature.

The re
€aso o e eame as | :
n may be same as In case of strain rate effects on strength and
an

ductili
ility. Accordi
. C i - . 5
ording to Callister (2003), as strain rate increases, the tensile strength of
0

stee] ap
d o | .
ther alloys increases, however, the ductility values tend to diminish. Witl
. With

hig] :
]Slraln a2t actl a7 1 1

rate, plastic deformation becomes & difficult process, as dislocation motio
| n
IS restri

ricte i ; ice 1
d. Dislocation movements through crystal lattice involve atomic diffusion

ess. When the strain rate increases, the atomic

and d;
displacements under the applied str

on becomes difficult because of short

diffu 1
si o . . .
on vis-a-vis the dislocations moti
dura 1

{1 , ..
on. In other words, process of deformation becomes limited resulting in reduced
owards J Or CTOD values is negligible

Plastic
city and toughness. Elastic contribution t
ghness. Therefore, it is concluded that

the source of tou

indicatin.
icating that the plasticity i
g of the EDD steel sheet should be done at lower

fOr h
igher formability, the formin
rate in case of

min 18 found to be critical strain

Straj
n rates. The strain rate 0.6 m/
d for forming

rate, the results found are not goo

EDD
277. Beyond the critical strain

OperatiOnS

us on Fracture Behaviour

3.9 ;
Influence of Notch Rad!
ated t0 investigate the influence of notch

ers are gener
e 5.27

Th
e
results on fracture paramet
ed specimens. Tabl

fadivs in EpP258 using fatigue

*hows the fracture test resul® in cas€ © EDD258 and Table 5.28 shows the results of
3-D FE analysis on critical load and Joad-liné displacements for various notch radil.
Jots aré shown in Appendix B4.

Th
¢ load — Jpad-line displacemeﬂt p
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Table 5.27 Fracture test results to study the effect of notch radii in EDD258 steel
Cir;L Notch radius (p) Critical’load (P.) LLD (V) Fracture status

L mm kN mm

| SP1 0.07 2.488 4.68 CI
SP2 0.085 2420 3.10 CI (faulty)
SP3 0.10 2,500 4.62 Cl
SP4 0.11 2611 422 Cl
ST oz 2o L Ci

| SP6_ 013 | 248 | 4.61 Cl

| SP7 0.14 — 290 | 480 Cl

| SP8 015 2587 | 4.55 CI
SP9 0.16 ’_———_____2_29_1________ 4.34 CI
SP10 0.17 ____’_2_@2__._———- 4.58 CI
SP1] s 2618 4.61 CI
SP12 s | 20 5.21 ClI
SP13 0.40"'——'—/2_;@’”_ 5.26 CI
SP14 0.60 _,_,%ﬁél—f___,ii%__——f Cl
SP15 075 | /gﬁ,ﬂ____élif—— <

[SP16. 0.075 _____jié_o.———i___——‘-‘;@ 2

ults on EDD258 steel sheet

Table 5.28 3-D FEA €5

Notch radius (?) Critical load (Pc) — LLD (V)
mm WM
0.07 _’__’_3@26,’——— 460
0.085 2691 L —
0.10 L Sy _,__._———-—423
0.11 27208 ,__,_—————2'65
0.12 2% — -
0.13 /,2,'@23/’ ]
0.14 //_,_2,7,2.2_8-———'—' e ]
0.15 //~_2,7_3.99/ .
0.16 /_,21&@9-/ ]
0.17 /,2,%192./ M-
0.18 i -
0.25 % ]

— 060 | /’_;;}_fﬂl,/ e
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Fig. 5.31 and Fig. 5.32 shows plots of critical load and load line displacement,

=

respectively for various notch radii. In FE analysis, the load as well as the load-line

displacement is increasing continuously. This rate of increase 15 relatively low up to

0.16 mm notch radius and thereafter the increase is at high rate with respect to notch

radius. However, experimental results show minor fluctuations in load and load-line

displacement values up to 0.16 mm notch radius.

34

3.2

2.8

26

Critical loadPc (kN)

24

0.7 0.8

2.2 0.5 0.6

4
0 0.1 og o3 °
tch radius (mm)

No
, dius in EDD258.
////:’
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It is observed from the cxperimental results that, critical loads are fluctuating

between 2.5 kN and 2.611 kN till a notch radius of 0.16 mm. This scatter in

experimental data is expected. Thereafter, the critical load values as well as load-line

displacement increases with increase in notch radius. According to Srinivas and

Kamat (1992) and Faucher et al. (1990), larger load is required to open the notch, as
h radius. The result of specimen

the degree of blunting increases with increase in notc

having a notch radius of 0.085 mm is an odd result because of difficulties observed in

fatigue pre-cracking as discussed in section 3.9-
Table 5.29 and 5.30 shows the results on J.integral using ASTM E 813-87 and

3-D FE analysis, respectively for various notch radii.

ults on J-Integral for EDD258 steel sheet

Table 5.29 Experimcmal res
Jo

J. 4 N/mm

Sp-cod Notch el
p-coae (0] N/mm N/mm

radius (p)
/——

—spy T 0085 132— 559.62

| sp2 | 0085 | —r [ SSLTT 4 —ay
| Sp3 | 010 L o [ 53312 541.68
SP4 o1l 836 <3508 | 54043

spa | 011 L —5r | 53308 L —nr
[ Sps | 002 L5 [ 5172 525.27
Sp 3 8.02 | ——— 561.82

6 _____9__1,____—/ 554.03 | ————

SP7 T L ——sm26 | 10T

—sps | 015 sl Ly | 58297
| 0 1343 [ oo [ 59118

16 |
S I v
| SP10 | Ol _—gg1 | S=ST [ 63443
-y 625.21 Ly

| Spii | 018

T 9.53 | 2T 663.69
40 16 :
SP13 0 ~’T6’53'” 65346 L —eio1

___________/—"




Table 5.30 3-D FEA results on J-Integral for ED

D258 steel sheet

Jc (N/mm)

Notch Jot It Jis
radius (p) N/mm N/mm N/mm
mm
0.07 8.30 556.30 564.60
0.085 8.30 556.82 565.12
0.10 8.33 557.19 565.52
0.11 8.33 558.56 566.89
0.12 8.36 559.33 567.69
0.13 8.36 559.85 568.21
0.14 8.38 559.97 568.35
0.15 8.38 560.18 568.56
0.16 8.41 561.79 570.20
0.17 8.41 572.98 581.39
0.18 — 8.56 585.88 594.44
0.25 000 | 00647 615.47
0.40 562 | 01832 627.94
0.60 —/_______—-—'"'1’(’)'_3—1"—‘ 64559 655.90
0.75 075 | 06065 671.40

116



from |
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load-line displacement results, th
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ghness with increase In notch r
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sidered to be a critical n
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Fig. 5.33
g. 5.33 shows t jat I
he variation of J. with respect to notch radius. A
. As expected

adi

1.

otch radius value, below which

dl 5 1

(1992 .
) and Schindler (1991), the fracture toughnes

refC]‘rcd 4
as apparent fracture toughness (Jeapp)-

techn;
iques, are tabulated in Table

notch radil. Table 5.32

Experimental

the
CFOA values for different

plast;
stic CTOD using 3-D FE ana

results on elasti
5.31 for different notch rad

shows the results on elastic and

C

Experimental results o0 various C

(Opr)cFoA
mm

-
2.0269
1.3426

2.0009

18276
19965
1995
19922
19706 |
876
19835
9065
22564
37781
23470

and pl

lysis for various n

N
(é;m').l

mm

-__—_-—l_-
2.2183

1.3910

2.1386

2.0663 |

2.0662

| ]
20018
2.1474

1.9467

2.2268 |

2.2579

22938
24232
24670
25327

otch radil.

TOD for EDD258 steel sheet

1€ I
results on J-integral show fluctuations
cafter. there is an increase in fracture

Therefore, notch radius of 0.16 mm is

fracture toughness
g to Srinivas and Kamat

s beyond the critical notch radius is

astic CTOD, measured using various

ii. This table also shows

25990 |

Table 5.31
\“-—-
——
coe | MO T & ] (@)
radius er11 frgr[;lHM
e | (p)
S _mm J——
iﬂ{fbgg 0.0301 | 2.0269
\SEL__G_]_S_ 0.0285 | 1.3426
Y ‘_0‘]_0_ 0.0304 | 2.0009
oy ‘_0__1__ 0.0332 | 1.8276
556 ] [ 0.12 [0.0314 | 1.9962
557 ___8_1_3_ 0.0204 | 1.9965
oy ___0_]_4__ 0.0302 | 1.9922
oy __6_]3_ 0.0326 | 1.9706 |
By __0‘_6__ 0.0327 | 1.8796
% 5_0_11_ 0.0335 | 1.9835 |
SI’%TYIL 0.0334 | 1.9965
Si3] | 025 [0.0358 | 2.2562
% 8.40 0.0369 2.2781
S5 __0_530__ 0.0397 | 2.3474
[0.75 [0.0413 | 24852

2612

(Oc)pHM (O:)croa () CFOA
mm mm mm ©)
|
2.0570 2.2170 2.2484 | 13.53
1.3711 1.4297 __1_.4195 925
2.0313 2.2310 2.1690 | 13.14
1.8608 2.0479 2.0995 | 11.98
2.0279 2.2519 2.0976 | 12.98
2.0259 2.2046 2.0342 | 13.22
2.0224 2.2378 21776 | 12.99
2.0032 2.1717 1.9793 | 13.09
1.9123 2.1727 22595 | 1 1.96
o0 22180 [ 2291 LS N
2.0299 2.2248 2.3292 13.14
52022 | 24561 2.4590 | 1512
2.3150 2.5081 2.5045 15:1
2.3871 2.5838 2.5724 15.5
2 5272 2.6725 2.6403 16.8




Table 5.32 3-D FEA results on CTO
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D for EDD258 steel sheet

The results o

Plots. First plot i.e. Fig. 5.34 (8) 3

and second plot i.e. Fig: 5.34 (b) shows the app

0
75 mm notch radii.

n critical CcTOD for
hows the CcTOD valu

arent C TOD values from 0.

different notch radii are

N.OICh Ol (Srem | (Oc)rem
radius (p) mm mm it
mm
0.07 0.0322 7.1584 | 2.1906
0.085 | 0.0322 2.1603 2.1925
0.10 0.0323 2.1625 2.1948
0.11 0.0323 2.1673 2.1996
0.12 0.0324 2.1704 2.2028
0.13 0.0324 2.1710 2.2034
0.14 0.0325 2.1718 2.2043
0.15 0.0325 2.1735 2.206
0.16 0.0326 2.1799 2.2125
0.17 0.0326 2.2580 2.3006
0.18 00332 ] 22726 | 23163
0.25 00340 | 23532 | 23694
025 Gy 22| 285%
040 —pano | 24895 | 25397
0.75 0817 | 25744 ] 2.626]

presented in two

es up to critical notch radius

16 mm to
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Fig. 5.34 (a) Variation of critl
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2.1
0.46 0.56 ’ 0.86

0.16 0.26 0.36
radius (mm)

Notch

DD258.

| CTOD with notch radius in E

Fig, 5,34 (b) Variation of 1t

gs can be expressed by Eq. (5.7):

fhe linear increase of apparent fracturc toughne
(3:7)
CTODcapp ~ J4p't CTOD:
he line = 0.74 and CTOD: 13 equal t0 72125 mmasa
c .

W
here, ' = (p - 0.16), slope of t

C
Ohstant value.



]ab] s 11 4w ] l" i 1 = . .

Cy’ ShO\VS tha 1 ce O
h t a ¢ 1 1 a ar
“ S1X 1nVCS[lgalOI‘S ShO\Ved a linear dependen f [)!) €n

ch
osen for their study.

d values of critical notch radius by various investigato
rs

Table 5.33 Reporte

Investigator and year Critical notch root Variation of apparent
radius, pe (mm fr
iﬁ?ggssaazd Begley (1 979) 0.85 by acmr;;ifmess
Tods 7d Roberti (1983) 0.25 ___________I:i_rle_a_r_——-——-
FauCh(1987) 1.8 ________L_@EEL__-—-
o glr et al. (1990) 0.33 | Linear
——-_Srinivaer (1991) 0.42 Linear
Presems and Kamat (1 ?92) 0.38 __________Li_llgﬂr_-—-———
| (20044 study Kulkarn!
) 0.16 I Linear

1992) have given the explanation for the increase in

Srinivas and Kamat (
;i According to him, the

appa
parent fracture toughne
¢ fracture per unit of ligament

he work done fo

portional tot
ch root radius cause

fa
toughness is Pr©
s an increase in

areg . .
It is asserted that the existence of a finite not

e an additional plastic deformation in

energy is used for

] at the

the v
alue of toughness, pecaus
t to an equivalent leve

concentration at the notch 100

ord ;

er to increase the Stress

Crack t; . i i

K tip. There is 2 critical notch radius below which this effect appears negligible.
jon is verified with the 3.D FE stress analysis. This

In th
¢ present study, this observat

is di
is ; :
cussed in sub-section 5.9.1.
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5.9.1 FE analysis

nerease of fracture parameters with increase in

In order to understand the reason of

notch radius, the stress plots along the unbroken ligament at mid-thickness section are

=0.05, 0.1, 0.1 0.17, 0.2 and 0.3 mm). These stress

studied for a few notch radii (p

5.40.

plots are shown in Fig. 5.35 ~

Stress ratio

45

;
k Iigament at mid-thickness section
en

L________,__—’——__H______——-—‘
Distance along unbro et
nt of the specimen at

g, along the unbroken ligame
z

Fig. 535 . -
- 5.35 Normalised stresses 7 ° s o)
mid-section thickness 18 pD335 (»
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i nt at m:d-thlckne&s sec
i unbroken ligame
Distance alongd o)
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roken ligament at mid

Distance along unb
(mm)

¢. along the unbroken ligament of the specimen at

Fig. 5.40 Normalised stresses 0w
mid-section thickness . EDD335 (p = 0. 3 mm).

curves coincides with the location of maximum stress

The peak stress in these
es are localised in the vicinity of

triaxiality. From these plots; it is found that the stress
0.12 and 0.17mm). Consequently,

crack tip for lower value of notch radii (0.05, 0.1,

r critical load, becau

dii,

se of high stress concentration in

crack initiation occurs at 1owe
0 —0.16 mm notch ra
p. AS mentioned by Kul

the maximum Stress triaxiality

the vicinity of crack tip: For
from the crack ti karni and

occurs within 0.5 mm distance
s at crack tip because of blunting.

s triaxiality reduce
stress triaxiality

Ravi Prakash (2004d) the stres
ii (0.17 mm onwards); the maximum
. rather it 18 reduced in the vicinity



This is also observed from the plastic zones for increasing notch radii shown in

Fig. 5.41. The plastic zonc is increasing oradually with notch radii and assists the

degree of blunting. This increase is very slow till 0.16 mm notch radius and

thereafier, the increase and spread of plastic zone are found more. Two more notch

radii, 2.0 mm and 3.0 mm are also studied in addition to the listed values of notch

radii in Tables. The FE results on the plastic zones for 2.0 and 3.0 mm notch radii are
1, it is observed that a

shown in Appendix C. Fora notch radius of 2.0 mm and 3.0 mn

ver the entire unbroken ligament length. These

load is almost uniformly distributed 0

observations support the cxpcrimcntal observations.

d of crack tip

Fig. 5.41 Plastic ZOn¢ ahea



P =0.40 mm

Fig. 5.41 Plastic zone a1¢

0.15 mm

P
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ire diameter is use
meter is used to create a notch having 0.1

cS /

“ IlOtCh E"!I‘ B > T el OF A b ‘3 ln \i‘.‘ E
T O O DM 5

the maxi
aximu I
: m average 2 I f
oe notch radius has gone up 10 0.13 mm. This value is suf’
. s sufficiently

Stu y.

rocedure for preparation of fatigue pre-

Otherwi
rwise it i z
e itis a time consuming and costly p

me specimens like SP2 are wasted after

Cracked .
specimens. In addition to this, sO

durj
ng a -
g a fatigue pre-cracking process:

a Fracture Criterion

5.10
Crack Tip Contraction as

k is measured with the help of a pointer

Cra
ck ti :
p contraction at the tip of the crac

eter as explained in Fig: 3.6. The me

asurement is little difficult to locate deep

the neck. However, 10 minimise the €rror, three readings

Portig
n from both sides of
¢ each specimen tested

dre tak
; _—
n and an average value of three readings 15 reported f0

cknessdirection or crack

in th
e
present work.
ar tip strain in thi

Liu’s report (1981) indicated that ne

ed as @ fractu

re criterion. He used a replica technique
b

y it 1S found that the amount

tip

C .

ontraction could be US
present study,

ctice. From the

Which ;
ch is cumbersome in Pra
ck tip 18 nearly equal 10 the plastic C TOD measured by

of ¢
rack ti :
k tip contraction at ¢
he same observations. The

alysis shows t

ilarly, FE an
study the effect o

usip
g the CFOA method. Sit?
f thickness

e effect of thickness onl crack

results for both

necles
cking values for EDD335

dre
shown in Table 5.34 and Table 5.3%, 1€°

tip
co T
ntraction 1s plotted sepa



Ja I }]lh 15 é. ST . Il 1 g.
(:] ) /

544 and 5.45
and 5.45 for EDD277.

ntraction and difference between plastic CTOD

Table
5.34 Amount of crack tip ¢0
ion in EDD335

and §
amount of crack tip contract

B -
(mm) (Onexp | (FpcEc 5 5
e w | [ ;fI)CFOA - | (On)FEM (Op)FE )
— ) (mm) (((7u)13 xp] (mm) (;1:);1[),\ [Egp[))FEA] F
. 8 0 _ ______rrll_]l)_—_— nJFEA
552 5735 —=759 | 0.
& 0587; 0.5735 00211 | 0.5659 0.5735 o(mm)
KENiT 0.6146 0.0271 06132 | 0.6146 "‘73%1‘6'4_"
LS o [ o001 06T 0.6429 o'oozl
o T T o067 | 0684 06914 00368
T 0.7275 00390 | 0.7108 0.7275 :
0.6885 | 072 0.0402
2 | 0.7511 50500 | 07214 0.7511 0.0531

0.8 [
E 075 m (Op)cron
& E‘ E ¢ (On)exp
E = 0.7 £ -
g 2 065 : ¢
oo C [
a2 | B
8% 06 [
che f = ¢
£ 055 . *

05 &

1.1 1.2 1.3 1.4 1.5 16 1l
(mm)

‘“
on in EDD335 using

amount of crack tip contracti

Fi
g. ;
5.42 Thickness effect on
experimemtal results.
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0.8

0.75

©
<3

Thickness contraction (mm)
Plastic CTOD (mm)
o
o))
(6,1

Thickness, B (mm)

' jon 1 D335 using FEA.
Fig. 5.43 Thick ffect on amount of crack tip contraction in ED
T ickness € é

tion and difference between plastic CTOD and
acti

Table 5.35 Amount of crack tip contr

. in EDD277 s
: traction in ED _ : - o
e amount of crack EI_I_)_C_C_)_T_l_[E_-— G)cron - (Gn)rem | (GpFea [(f)p!)FE&\n rrgs Jreal
5 (On)exp | Avg. |[(Opr)cFoa AVE. [(gl)Ew] (mm) | (mm)
. (mm) — =
l4a[ 133 1.3572 | 1.4046 0.
T e | 1.3908 b
I —
‘!I‘LL}-EJQ_S_Q‘Q_I 3568r_1_ﬁl§9_- 1.4174 0. T
. = /
Tg‘c”“l‘ésé7 LA30—— 092 | 1.5617 0.0525
. " .__—————-____—_—_"
T‘ggﬁ@‘f_ 1.5637 1.5924 /___,_,,——-’-—--'“
5115637 B R | 17037 |  0.0672
%ﬁiE 17400} s 0.0948 1.6365 D
4 j
?‘E'J_Zz__”_ 1.7227__1_-_8_2.2&— /______—-—————""'
103 | (1884l — g | 18216 008
25 1.9648 e |17
P i e L2022 9209 0.10 L —
Ej;:*iﬁlﬂl_1 8146—1422% I, o o T
. = 4 )
2] 1.8146 1.8442 L —] 1.9715
2 gayy [ 19648 i 0.1382 | 8491 -
3\_2;\___]-8332 1,8266-—1—'-9-7;‘ —
8 1.8229 | 1.970 L ——
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cton amount of ¢

Fig, 5.44 Thickness cffe
C\pcrlmcntal results.

rved, like increase in CTOD with

n Fig. 5.46, one-

Increase in crack tiP
520 and 5. 25. 1

he effect of necking preceding

inCr .
ease in thickness of sheet
roblems of t

S1 |
ed orack tip contraction is enmrcled- P
fraCture are also studied by Atkins (199 , 1995 and 1997). HoweVer, Atkin’s
damage should be added in @ ‘plane strain neck’.
how

in\, :
estioat; .
Stigations are restrlcted to,



Crack tip
contraction

Fig. 5.46 One-sided crack tip contraction in EDD277 (B=14 mm).

Fig. 5.44 and Fig. 5 45 show that (he difference in plastic CTOD and amount
o necking increases with increase in thickness. This is found by experimental as well
as FE results. This is becaus¢ of slow rise of stress 1N ~_direction decreases the
Material flow in z-direction. Though the difference 18 not so distinetive, still using
Crack tip contraction as & fracture criterion becomes questionable:
The effect of notch radius and gtrain rate on crack tip contraction is plotted in
y. Both of these figures show no effect on the crack tip

Fig. 5.47 and 5.48. rcspective]

Contraction. In these figures: the results of plastic CTOD based on CFOA model. 1s
also shown. This concludes that irrespective of discontinuity &t the tip and strain rate,
the material ahead of crack tip experiences same amount of contractionl before the

GRST, bl
rack initiation.
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5.11 Crack Growth Behaviour

Experi
perimental results are gcncralcd on fracture parameters 10 study the crack growth

behaviour i " , ;
haviour in EDD258 steel using multiple specimens. Table 5.36 shows the fracture

tes : . : . ;
ts results on eight CT specimens. The data in the table shows load (Pun) and load

“ne : . . i
displacement (V) values at various unloading points for every specimen along

_ load-line displacement curve (Apy). The load — load-line

-
ith the area under the load

ndix BS. Fig. 5.49 shows photographs of all

di :
splacement plots are shown in Appe
¢ight specimens. Table 5.36 shows the fracture status of every specimen.

Table 5.3 Fracture test results o1 crack growth study

S T P v, A
C P. B Status unl unl pl
ode (kN) | (mm) (N-mm)
R1 0.767 34.16
3 32 | Before crack 2.831 -
-.,I_{_i____ initiation‘ _ “’5_'3’65'——. 4.03 13016.68
e At crack initiation 2] —5 | 1929940
S 32 TCrackgrowth | —zer—T 125 | 24500
““ﬁg-—-___lz _c;wﬂl/ﬂ-’—'-m’fﬁfé’” 2976549
“--Ii-___ 3.2 Crack growth ____8,6.5.9—1’-————-56’5"” 32723.30
R" 32 | Crack growth _,..W"ﬂr 34821.90
T Crackgrowtn | 0S——
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Fig. 5.50 shows crack extension measurement on surface of R4 specimen.
This measurement is pcrt‘ormcd using a gcanned image and drafting software
AutoCAD2000. The scale factor is taken with reference to the undeformed boundary
n surface is referred as (Ad)s.

1s10N measurement 0

Of[l] 5 SR =
¢ specimen. The crack exter

(Aa)= 3 17 mm

- —

ck extension on sur

face of R4 specimen.

Fig. 5.50 Measurement of ductile cra

Fig. 5.51 shows the measurement of ductile crack extension O broken
yernier caliper. The crack extension

g digital

lig
faments of R4 specimen usin
d as (A

nt is referre

mea
S :
urement on broken 1igame

. e
oy rvemg g T T "
gﬁwd{; o e e
’f AL e ’2‘,' 7
e o

“-1

fom 327N

Fig, 551 Measuremerlt 0
specimen:
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lL« - .

"l'ell as (9] ]' > =Y [ 2 TE \lr -I‘; Q d l l
3

/Crage ve ] I nts 0l
dlUC 01 C < 4 I
- .

analys;
SIS pu
rpose, an ave
y '\ > L =1 2
rage value of crack extension from brok |
oken ligaments i
nts is taken

The
crac
k extensi f
Xtension are 4) i
a (dA) 1s measured as multiplication 0
net section thi
hickness

(B,) a
n) and crack extension (Aa).

Tabl
e5.37
Crack growth and fracture surface dimensions

Sp.

Code (Aa)s (Aa)b[ (Aa)hz —ﬂ(Aa):wg. B,; dA
(m 3
\13_3\__ 565 12.00 | 12.00 12.00 0.55
R 000 | 0.00 0.00 0.00 320 | 0.000
LR35 011 | 013 0.12 3.20 0,384
T 3.27 3.32 3.29 055 | 3.295
\&6\“776" 6.21 6.27 6.24 0.55 6.240
g 7.66 7.65 7.66 0.55 7.655
R3] e 8.02 8.05 8.04 0.55 8.035
C 8.51 8.49 | 8.50 0.55 8.500

(A@)avg. = [(Ad)ol (Aa)w2l/2

Fi
g. 5.52 shows crack extension results for yarious Joad-line displacement
extension 1 crack

g to yarious crack

the load starts dropping

Valyeg Fi
g. 5.53 shows the Joad correspondin

8ro
Wt
h behaviour Aﬂ k g eBa ¥ .
con : er a crac initiation point,
ti
. Fig. 5.53 shows an average fit curve.
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. J
$p. Code 7 7 ai ( n[il’n) (N/rlr]llm)A
T (min) 12.00 Rupture
R\l 2.5220 1.7600 ——“1’2‘9'0’——_7_2—(_)0’7 482.18
R3] 25220 17600 [ 1208 —p50 [ 7300
—R2 122601 1.7600 | 1200 3.705 1565.40
R\4 2.1893 1.2757 ——’15"2‘3’—"’—5’7—66——_ 2052.90
RS 1721253 1.1824 __L&.-gr———-@zg‘” 2919.80
~R6 1720945 1.1376 _,_1.9'—07-"’3‘.9'6?'— 3564.60
Ry 2.0862 11256 | 2090 ——=5 | 394670
R8 8 20.50 | _Z—
8 Soe1 | L1108 | ——
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The R
curve is also -
so plotted with th .
Crack e help of CTOA and .
growth CT 4 and CTOD result
0OA and crack s. The
- nd crack growth C'TOD are measured with the hel
model discussed i elp of critical
Meas ussed in sub-section 3.10.2 The crack initiation CT
ured usin ‘ ation CTOD (¢i) 1
sing CFO/ = = ) /) 1S
A model. Table 5.39 shows CTOA and CTOD values fi
' salues for various

at current crack tip. Fig. 5.55 shows tl
. e

C]’ack
extensions T
sions. The CTOA is measured

vari .
of CT .
0A with respect 10 crack extension

Table
5.39 Crack -
rack growth CTOD (ScG) using CTOA model (6c1=2 _—
Sp. 7852 mm
[?dc / (Ad)avg :
._\-__; 2
RS |
‘\-_-_-__
\EL__I()%@J__I};IEEL/ME——/
N — ke
[R5 3.29 #fggfﬂ,,,,,Jﬁﬁﬁf,,,ﬂ_
S e 1 T —
—R7 766 | 0 — 9.9290
—R8 e [ 58 11.6985
i 46887
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a0
<
- 30
=
@) 20
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crack extension (mrn)
crack extension:

Fig. 5-55 ¢

TOA yersus
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Table 5.38 shows the J, values and the parameters related to calculate Jy

values, following ASTM standard E 1820-01. These J, values are plotted against

cr - _ _ . | |
ack extension to predict the R (1.€. resistance) curve behaviour as shown in Fig.

5.54.

Table 5.38 Calculated value of Jp values as per ASTM E 1820-01

—
Sp. Code ni " a, b, i
— (mm) (mm) (N/mm)
Rl 2.5220 1.7600 12.00 12.00 Rupture
_R3 2.5220 1.7600 12.00 12.00 482.18
| R2 32601 | 1.7600 12.00 12.00 723.10
R4 21893 | 1.2757 15.29 8.705 1565.40
RS 2.1253 11824 18.24 5.760 2052.90
_R6 2.0945 1.1376 19.66 4.345 2919.80
[ R7 50862 | 1.1256 20.04 3.965 3564.60
__R8 2.0761 1.1108 20.50 3.50 3946.70
e s
4500
4000 m Experiment
2500 ___Average fit
- 3000
% 2500
2000
1500
1000
> M
° 0 1 , 3 4 6 8 9
Crack extension (mm)

Fig. 5.54 Jpi versus crack extension.



The R curve is al
so plotted with the hel
p of CTOA and CTOD
results. The

crack growth CTOA
and crack growth CTOD are measured with the help of
p of critical

C'] OA [IlOd 2 1 1 - (6] () ) I € C 1 é
Ll d]SCUSSCd n Sub SeCti n 3] vis ll cra k lnltlatlon C OD 1S

measured using CFOA m ;
odel. Table 5.39 shows C
. s CTOA and CTOD val
; ues for various

)\[enSlOl’lS. h . » il

variati i
ion of CTOA with respect to crack extension

Table 5.39 Crack growth CTOD (écG) using CTOA model (&¢; = 2.7852 mm)
Z m
CS%. (AQ)avg. CTOA,
ode (mm) fer ) | Oci = Oy + 28y tan[fa‘—’J
2
R1 12.00 Rupture R(IT;?:lz’e
R3 0.00 0 BLD
R2 0.12 0 2.7852
R4 329 29 4.4869
RS 6.24 39 7.2046
R6 7.66 50 9.9290
R7 8.04 58 11.6985
RS 8.50 70 14.6887

CTOA 007 (")

0
0 2 4 2

Crack extension (mm)

Fig. 5.55 CTOA versus crack extension.
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Crack growth CTOD (mm)

Crack extension (mm)
-
wth CTOD (S&cg) versus crack extension.

Fig. 5.56 crack gro

e, obtained using critical CTOA model is shown in Fig

The CTOD-R curv
S confirmed that CTO

5.56
From the critical CTOA model. it D is geometrically

hree, J-Rs CTOA-R and CTOD-R are the

relat .
ed with dug through CTOA- Al

e the crack growth behaviour. These figures

aracteris

entional R-curves to ch
curves implies

R-curves. The rising nature of R-

! and CS‘CG) during 5
2000), the increase

des A

cribe the rising nature of
rowth toughness (Jp low and stable
oen and Delannay (

Jity rather than the critical

conty
i . :
nued increase 1N crack g

tearing A )
. According to Kumar (1989) and Pard
ameter for stabi

In teari . :
aring resistance is the governing par
growth toughness may be

nt increase in crack

Initjat;
tion toughness value. The apparc
rack extension.

gn by keeping tolerance for some €

effecti )
ctively utilised 1n structural desi
growth behaviou

uires the re-mesh possible

The study of crack
which is not

propagation req

ing,

anal ¥
ysis. However, crack

by normal FEM.
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A - of ctudi :
number of studies by Shih e/ al. (1979), Kanninen e/ al. (1979), Brocks and
ed that CTOA at initiation is larger, and

Yu
an (1991) and Newman ef al. (1991) show

needed for stable crack growth. Recent

in som
e -3
cases much larger than the value

), on 2.3 mm thick 2024-T3 aluminum alloy

observat
ervations by Dawicke el dl. (1999

showed constant value of CT04 5 5.95°%) Newmarn et al. (2003) also showed a
tonstant value of C70A from initiation tO failure. These findings suggest that the
oal crack tip toughness does not really contribute to the continued increase in
o look into the cause of Increase in CTOA

toy
ghness. An attempt has been made here't

Wi
th crack extension.
strain field ahead of crack tip namely, elastic and

There are two kinds of Stréss”
f crack tip; it is the plastic deformation that controls

ﬂa :
Stic-plastic. In the vicinity ©
ress field (far field) is

er hand, elastic st

the Al

CTop during crack extension. On the oth
Present beyond the plastically deformed zone: This means that the elastic contribution
ct, whereas the plastic contribution is highly

1S Not gign:
Ot significant and hardly has any effe

Sign;
Bnificant. [ case of EDP steel sheets,
being 2 el field

Crack tin, :
tip is large enough t© offer cO
cess.

reliably chara

cterise the fibrous cracking pro

dig
plac
ement parameter may more
e increased

(1999), the !

According to Sumpter
one Size: Thi

Plags: ;
Stic energy dissipation through plastic 2

Fj
g ; ;
5.57. He defined yarious energles
e
tlatlon energy, the unit propagation energy an
the . : ;
Unit tota] energy- According to hum the uni!

dige:
8 .
Sipation.



Enc?rg}-'dissipation = [nitiation energy +
Unit propagation energy

Propagation
energy

Initiation
energy

given by Sumpter (1999).

Fig. 5.57 Definition of unit energy

However. the unit propagation energy is not the true energy dissipation because it
ign , . -
8hores the crack initiation enered: which 18 reclaimed during propagation: The correct
etely fractured gpecimen is shown in Fig.

defipir:
n
ttion of energy dissipation for a compl

Average energy dissipation = energy dissipated
owth

during crack gr

1.800

1 =0
1.500

1.200

0.900 |




3 n I /' S I
ro [} 1 ]e J)’ Id e

elﬂSllL‘ cne S I - 8 !“ “I '~
1CTEY. l l%' .S' also 1 \ = 1.€ {l
}]]. 15 Lll‘ C COI]il I]'lLd b / AS .M E 1 i
o/ L E . (3 13) and

present criti
At critical 704 model i.e. Eq (3.17)

5.12 :
Microstructure ahead of Crack Tip

ive microstructure of EDD335

EDD
steel Sl ofe i E
wets. Fig. 5.59 (a) shows the representat

bCfOr ‘
¢ fracture test. Simi
.st, Similarly Fig. 5.59 (b). (
.- _ (¢) and (d) show a r
epresentative
t surface level. 1/4" thickness section level and

micr
0st . e
ructure after the fracturc test a

level. respectively.

mid-thic
thickness section

(d)

(b) ()

re ahead of crack tip in EDD335 (a) pefore fractur® test, (b)

face (¢) after fractur® test at /4™ thickness section (d) after
kness section. (400X)-

Fi

aﬁ%:-rsf-s‘) Microstructu

fract racture test at sur
ure tests at mid-thic
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I]tl] lll € [C L 1 l e & )) a

]Ii a\ I ] ] a - a
. CLI L’ ¢ Il‘lq ( " 1 I‘ 1 l (0] “ el [ =Y
fe= B t ]L‘I. llL J\i‘l b= e C ]5\
¢ d ll X 3 J

y-directi :
g ction. This 1
This is shown 1 g, 5.5 3.5
- n Fig. 5.59 (b). 5.59 ( .
g, Jus 5.59 (c) and 5.59 (d). As ot g
- ~ As observed from
.C I]“llq G
gures. the surfac i
surface level grains arc
. grains arc more clongated than at 1/4™ and
-.l '“C]\ . -
I]c:‘;S :"'; ! Y e T 3 4
cction level. This1s because the material at surface level is relativel
. atively
¢and 1
]()[ C()l]q[ral- . 1. . . ~ .
strained like interior of thickne ] '
ness. The microstructur
re photographs fi
or

EDD277, :
277 and EDD258 are shown in Appendix E

5.13
Evaluation of Fracture Surface
Fig,
.. g -
60. 5.61 and 5.62 shows the fracture surface of EDD258, EDD277 and

ck initiation. As discussed in

EDD
“DD335 ste . :

5 steel sheet specimens: ectively at cré
section 3
n ' ' j . .

5.10. there is a substantlal amount of necking at the tip. The crack initiates at
ches the surface without any significant travel. This

sone and red

the
C¢ » 5
enter of necking
ickness direction as

yer along the th

| Jayer by 12

Is also
observed by removing materia
lete prittle fracture ahead of the

ussed in section 5.2 The

S
mall ductile tearing.

Brittle
fracturc

s of fractur

Fi
£.5.60 General featur®
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Crack initiation

Brittle
fracture

faces produced at crack initiation in EDD277.

Fig, 5
i -61 Toane ~ -
General features of fracture sur
#
Crack initiation

Brittle

fracture
jon n EDD335.

uced at crack initiat

re surfaces prod

Fig, 5
.62 General featurcs of fractu
e of stable tearing of

63 and 5.64 show the fracture surfaces in cas
' Fig. 5.63, the overall

kness. AS

Figures 5.

ED
D258 sheet with 3.2 mm thic
ee of double shear-lip,

e distinct regions: high degr

5.64 shows only crack

f]‘a
cture surface consists of thre
rt of prittle fracture. Fig.

¢
tack tunneling and 2 shiny pa
letely tornt gpecimen (R1).

tu .
nneling and double shear-
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Shear lip

Crack tunneling

Fi
8.5.64 G
' (] * g o7 .~ = &
eneral features of fracture surfaces produccd during stable and complete

learing in EDD258.

Detailed observation of fracturc surface showed that the fracture phenomenon
S[art. i .

s with crack initiation in the necking sone and as the crack starts propagating.
from both sides. Qhear-lips from both sides try o

Neckg

It . . .
12 ends to form shear-11ps
formed in betwe

Merge in cach other. however- & crack tunneling 15 en two shear lips.
According to Anderson (1994). the high degree of shear-1ips over almost entire
thickness i an indication of prcdominamly plane stress fracture behaviour. The crack
lunnelil‘lg. according 1o Newman (2003)- is an indication of the stable tearing of EDD
Sleel sheet These macrOSCOpiC observations are unlike that of reported by Mahmoud

cet. Their study shows

angd
Lease (2002) for 2.
to slant fracture with

N exhibits @ c
d be

that i
, the stable tearing €810t
tunneling woul

the experimental

the
flat portion starting at the

ex
Pected to be a signiﬁcant fact

¢h :
aracterisation of this phenomenm

by DaWiCke and Sutton (]994) utilising co

b
and approaches are needed to

tea'
fing process.
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5.14 Plastic Zone Analysis

Fig. 565
& D.()) Z = ] :

ind 5.66 shows plastic zone plot ahcad of crack tip by FE analysis and
experin

1CN1Le T . . . . - .

tal work. respectively for S1 specimen. The elastic-plastic boundary is

2004a).

by Kulkarni et al. (

This 1s discussed

plotted fi
ed for only tensile zone.

Y (mm)

Crack tin

~
i
o

X (mm) ;
F. _—— S ._,._,_,.r_,_;_,,‘ ) '
365 IC“M]L plasm ,one on o0ne side of unbroken ligament by FE analysis
in EDD335 (B=1.18)-

Y (mm)

F -
25, 66 Tensile plastlc zone O 719,
specimen N pD3 35 (B=1-
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Table 5.40 shows the hardness values measured at key locations for all three

DD steel sheets. The plastic zone size can also be measured with the help of
hardncss check at various points across the clastic-plastic boundary: ¢.£. location

Oi "1 - . . .. - -
Ponts 2-3 and 6-35 along line 1-7 in Fig. 5.67 - 5.69.

;. i ove ahead of crack Ui
Tabje 5.40 Hardness measurement in [V across the plastic zone ahead of crack up

Location DD335 EDD277 EDD258
(poin . %
I I = 166 ____’l_ﬁ.,_——_________i_%.—-—-——
Z 166 ’_”1:’_‘1,__——-__________1__7]{_5-—-—-—-—
L 1
s [
5 6 | D221
% 165 14—
———] 135 ]
) /
w//

! 7
8 ¢

g /
S
4 \ A

o

’ 3
2 9 2 O

190

%0 165 479 175 180 1°

HV)
Hardness ( | il EDD335,

i t acros
Flg' S.67 Hardness measufemen
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and EDD25
258, octively. T nt 4 1 v
]'CSpL..ClI\-Gl}‘. he pomt 1S ahead Of the Crack-tip and se erely

s value. The trend shown by 2.3-4-5-6 is almost

defo
rmed showi
ed showing highest harnes

e unbroken ligament length. The point 8 is also highly

parabolj
ic and symmetric to th
gures also show the apparent axis

defi
ormed i
in the compressive plastic zone. These fi

mon point of tensile plastic zone and

of gutans
Otat) : .

on (i.e. point 9). This is a com
¢ hardness value 18 equal to the hardness value

ssive plastic zone, at which th
_6and 7. The above

higher hardness value

findings are also confirmed by

In e]ast; 2
stic i '
field 1.e. points 1
s in the region

Cotter,

ell ¢

ller al. (2002). He reported signiﬂcantly
ation 18 occurred.

0 "
the crack tip, where Jocalised deform
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and EDD258, respectively. The point 4 is ahead of the crack-tip and severely

deformed showing highest harness value. The trend shown by 2-3-4-5-6 is almost
Parabolic and symmetric to the unbroken ligament length. The point 8 is also highly
deformed in the compressive plastic zone. These figures also show the apparent axis
of rotation (i.e. point 9). This is a common point of tensile plastic zone and
ompressive plastic zone, at which the hardness value is equal to the hardness value

6 and 7. The above findings are also confirmed by

i - . .
U clastic field j.e. points 1, 2
hardness values in the region

Cotterel] ¢/ ¢/ (2002). He reported significantly higher

ion i ed.
“lose to the crack tip, where localised deformation is occulT
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Chapter 6

Jﬂ——m

6.1 Conclusions

y used among the most important sheet metals in

EDD steel sheets are widel
m engineering and economic viewpoint, a thorough

in -
dustrialised countries. Fro
steel sheets and their products is

haviour of EDD

unde .
rstanding of fracture be
ers. From this study,

key findings and

essen[',
i
al to manufacturers as well as us

1t paragraphs.

Conclys;j

U , .

sions are summarised 1n subsequel
o approaches to understand

The formability and fracture mechanics are the tw

eel sheets. Using fo

x of formability- Because

rmability approach, intrinsic and

the
fracture behaviour in EDD st
of complex

Simu : ) .
lative tests give relative engineering inde

les, it is difficult to single out a Sigle

iNterae: .
actions of material and proces® variab
tion phcnomen

ponents of EDD steel materials

a. From literature, it is found

Parameter responsible for the crack initia
ot prevention of failure in stressed structural com
curreﬂtly requires fracture mechanics pased design owever, analysis of

nd the forming qud

nt to understd

parameters: H
lities of EDD steel

f(}r :
mm ' g
ablllty parameters is importa
y of formability shows that

gM and E>
]atively higl

17-92, the stud

1 formability than EDD335 steel

She
®ts. According to ASTM E

ED
D277 and EDD258 steel sheet has re
casure the load levels at

Shﬂe[,
rion is t
In fracture mechanics; the fractr® erte isle i ded
. . i1ar princl e is extended to
Which crack initi d propagat® In present work, similar P e
initiates an ’ : "
te P 1 design eters like critical load,

Pred; se€
dict the fracture limits using fractur® ba
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n C © " ee
1[

p €CISE d i (
[ , kg .

criteri
on of EDD
steel sl i ists 1
b Jeets, which assists 1 detecting the physical e
- vent of
Using load d : i 1 -
rop technique, precise determination of critical load
oad is possibl
e

ut an .
y change in experimental set up-

ested to find the plastic CTOD in addition to exi
xisting

T .
he CFOA model is sugg

D FE analysis. The PH
F in PHM depends only on initial

PHM
’ J-CTOD g
relat -
. ion and 3 M results on plastic CTOD ar
] e
e conservative because the value of PR
nd the model does not account for non-
n-

Crack |e
n
gth and unbroken ligament length a
Jacement and plasti

del, the value of PRF depends

¢ CTOD. The suggested

linearj
arit
R y between plastic load-line disP
0A m
odel accounts for this non-linearity: In this MO
4 in turn depends upon the thickness of

gle, whicl

Upon

th
e crack flank opening an
ith FE analysis.

d to be consiste

ASTM E 813-87

nt and well agreed W

Speci
m
en. CFOA model is foun
and using the area under

The op:
Criti .
ical J-integral is obtained following

ment curve.
al and C TOD are well supported

0
ad - Joad-line displace
[ Joad, J-ntee’

ults on critica
h lower compared to

E i
xperimental res
{s muc

by 3
-D
FE analysis. FE analysis show
redominantly plane stress fracture

and )
d to be

the :
In
plane stresses (0x
at the mid—thickness section is foun

beh
avip
ur. The size of the Plastic @
S observation also supports a

surface- Thi

¢ zone
ack tip necking (on)

Simj

lar
t : 1
o the size of plastl

acture beha

yjour- he amount of cr

pl‘ed
Omj
inantly plane stress fr
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n dp a cn I 1

a i
nd within 5-12% of
2 experimen : is di
tal results. This discrepancy is attributed
towards

dssumed
idealised conditions in FE model
The J-CT
J-CTOD relation is f
ound to be valid in 1

predominantly plane

stress region
factor is found to be independent of

0

With Shih f;
factor (d,) in the range 0.9-1.1. This
ate effect study, it is found that there 1
is

thick
Nness a
nd notch radius. From the strain r

her strain rate. Elastic contribution toward
rds

N0 cons;j
ke . )
stency in J-CTOD relation for hig
cating that plasticity 1s the only source of
0

the J
or
r CTOD values is negligible indi

T “. s

he critical CTOD and critica
f thin plates. Liu’s p
o be invalid. The equality holds

roposition: ‘crack tip opening

inCre .
ase in thi 0
¢ in thickness, unﬁkethat

ecking’ 18 found t

dis
place :
ment is equal to crack tip 0
ickness increases, the difference

however, as th

gOQd f.
or :
lower value of thickness,
stress in z-

bet

Ween CTOD and thickness contraction increas
ricts the deformation ahead of crac
s shows that th
¢ 0.6 mm/min at room

es. This is because the
k tip.

dir
€Ction i
n increases slowly and rest
e strain rate has no

s FE analyst

he strain rate i
e toughness beyond 0.6

Experimental as well a
ghness till t
ease 1N fractur

ted with high stra

ould be done

Slon:

8nificant effect on fracture tou
a sharp decr
otion 18 restric
ing of the sheet sh

in rate.

per.
ature, however, there is
Mm/m;

m - : -
in. This is becaus® the dislocation m

Th
Cre :
fore, in order to have hig

at |
0
Wer strain rates.
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Influe
nce of notc I
h radius on fracture toughness has been studied
ied with a wide

Fanp(: Of o]
OICh r'-id | 1€ C ] '(:z] n (:h T u un e mim l h
e;s‘:[ a [ ’C !'f‘v " ; e . y 1
C I‘adll il’l

With this study, it is recommended that fatigue pr
e-

the
range of 0.11-0.13 mm.
Crackin
g wh
ich is a time consuming ; job, is not essential. The WEDM process ¢a b
successiy -
ely -
y used for pre-crackmg. The FEM study showed that as radius of notch
in the vicinity of crack tip increasing the

inCre
ases St
. the stress triaxiallity reduces

f
facture toughness.
rack growth behaviour is described with the help of

In application phase, the ¢
| is calculated incre

J-integra mentally using

JR
.
TOA-R and CTOD-R curves.
d to determine crack

ASTM

E 1820-01 (2001). Critical CTOA model can be use
nce during crack €
ic zone ahead of crac

<tension is because of high

growth
CTOD. The increase in resista
k tip. The

g and large plast

increase 1N toughness during stable

degre
¢ of shear lips, crack tunnelin

risin
g n -
ature of R curves implies contmued 1

earing resistanc

gs value. From t

e is the governing parameter for stability

tear;
In
g, and the increase in t
he critical C TOA model, it is

rather
than the critical initiation toughne

y related with S through CTOA. &g being 2

C()n
cluded that CTOD i8 geometrlcall
fibrous cracking

y more reliabl

t be characteris

y characterlse the

Near .
field displacement parameter ma
ed using normal FE

yiour can no

normal finite element method.

Prog
ess. The crack growth beha
laimed during

he[
P of CTOA model, it i

Pro .
Pagation. This 1S also supporte
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deﬁn] > 5 i - j

crack initiati
K initiation energy

Metall
OQraphic study S d
N S Y showe that the surface level grains are
. 1/4111 o more strained
- and mid-thick 1 \Y I h
ness-section level his 1
. Is is because the 1
materlal at the

Surfa( e r 1 . 5
IC\. i =¥e] > > - d ] d [ F t

high q
egree of shee :
1ear-lips and crack tunneling. The high degree of shear-li ith
-lips wit
roken ligament is an indication of predominantly

Crack
tu i
nneling over the entire b
Plane
stress f]
ract ~havi T
ure behaviour. The crack tunneling plays @ significant role in th
n the
stic zone in general yielding

Stable tear;

er

aring process of EDD steel sheet. The pla
men and also increases with

fra
CIUre
mechani :
chanics touches ligament boundary of speci

In specimen thickness.

6.2
. Ad
vantages of the Present Study
ure hehaviour of EDD steel sheets 1 equally

The
stu
dy on formability and fract
d and analyse the

r to understan

s users in orde
ures. This study is

im
pOrta
n
t to manufacturers as well a
well as struct

products as

Crack in;
1nitiati
itiation and crack propagation in
n the desigh of EDD steel

also
usef ’ )
ul to determine safe load value ! sheet products @5

We]
L as structures.

6.3
A Few Suggestions in Design

Afe
W ’
suggestions in design are suggested 5 foll

(a) g
election of EDD steel sheet W

f
racture toughness-
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(b) Al T o = .
lower strain rates, higher formability can be achieved.

(c) Hi : .
gher the crack tip radius, lower the chances for crack to grow under the

designed load.

rated provided it does not affect the function of the

(d
) The crack extension can be tole

product.

6.
4 Future Scope for Work

s are used at atmospheric temperature, however,

L]
Generally the EDD steel sheet

ature effect 0n fracture toughness can be studied for

10w
temperature and high temper

Speci _—
fic applications.
| using meshless

be studied in detai

acterisation can

[ ]
The crack growth char
al FE analysis.

te . . :
chniques, because re-meshing is not POSS‘ble by using norm

d in detail to understand the stable tearing of

The crack tunneling can b€ studie

¢ applications.

EDD
steel sheet.
loy used for aerospac

This study can be extended 1O light metal al



157

REFERENCES

ls. E 1152-87, Philadelphia, PA (1987).

————

Ameri :
erican Society for Testing and Materia
13-87, Philadelphia, PA (1987).

Ameri
rican 1 ' 1
SOC]C[}’ for Testing and Materials. E 8

America :
n Society for Testing and Materials, E 1290-89, Philadelphia, PA (1989)

ls, E 399-91, Philadelphia, PA (1991).

Amer;
ic i Testi
an Society for Testing and Materia

d Materials, E 517-92, Philadelphia, PA (1992)

Ameri .

erican Society for Testing an
sting and Materials, E 8
JIs, E 1820-01, Philadelp

M, Philadelphia, PA (1999).

Amer;
erican Society for Te
hia, PA (2001).

Ameri

Il - : I
can Society for Testing and Mater!
nual, Swanson Analy

mentals & Applications, S

sis System, Inc., US.

ANS
YS 7.0 (2002): Procedure Ma
econd Edition

And
Publczion (1994): Fracturc Mechanics: Funda
ed by CRC Press, UK.
Ann
ual Book of ASTM Standards (1987): Metals Tes! Methods and Analytical
ns, Philadelphia, 03.01.

Pr'o
cedures, ASTM publicatio
Advances in Materials

Conf. On
p. 234-245.

Atkj
andlgs A.G. (1993): Fra .o, Proc. Int.
rocessing Technologies: d. Hashmi)- publin: City University, P
ersus Fracture Limit Diagrams in Material
Material Processing Defects.

Atki
Ins A.G. (1995): Deformability \
Ghosh M. Predeleants Eds)
p- 235-250.

Pr :
ocessing Defects. (S-K- :
hanics Vol 43,p

Elsev;
Sevier Studies in Applied Me€
ack Paths ip Ducti " Int.

]e Fracture. Proc. 9

ge Multiplier Cr

Atkj
CO,;S A.G. (1997): Stran
" On Fracture, Sydneys pp- 2391—-2402.
Atking . heet Metal Formi
A.G. : (1987): Fractur Strains 11 ect Meta orming and
and Mai Y.W ( ) Engiﬂegrmg Fracture MEC‘/’lamcs, vol. 27, pp-

Fracture-
TOD Evaluation

Pecific Essential Work O
ol. 40 (6),

91297,
oach for c

991): A New ;
1991) ng F ractire Mechanics V

Engineerm

B
- ha‘[t"ﬂlcharya Sova
wth gjtuations:

In
Bp ?(I)OW Crack Gro
+1089-1103.
19952): Rotation
I

B

hattachal'ya Sova and Kumal‘ A-N ( i .
non.lem Approach un e Elasto-Plastlc SltuaUOHS
gineering Fracture ochanics: VOu 50 (4), PP 493-509-

al Factor using Bending
~ Notch 3PB geometry:



Bhatta

e and Kumar AN. (19950) Modeling of Rotational Factor in

Applied F end Specimen under General and Local Yield Situation. Theoretical and

racture Mechanics, vol. 24, pp- 33-46.

Blac

Mec}‘:::im (1976): On the Use of Singular Finite Elements in Linear Fracture

B 95 1 7(:.3, International Journal for Numerical Methods in Engineering, vol. 10,

son W.M. and Thompson A.W. (1992): Fracture
vth. Metallurgical Transactions, A

B
ray J.W., Handerhan K.J.. Garri
sary Void Grov

To
ughness and the Extents of Prin

1999. 97
2, 23A, pp. 485-496.
Fundamentals

Defect Assessment in Components —

Br
ocks W. and Yuan H. (1991):
USA, vol. 9.

and s
applications. ESIS Publications,

BS: 5762 (1979): Crack Opening Displacement (COD), British Standard [nstitution,
ondon, pp. 1-12.
cture of Solids. Published by

Caddell Robert M. (1980): Deformation and Fra
d CIiffs, New Jersey 07632.

r .
entice-Hall, INC. Englew0©
and Engineering An Introduction.

C'a“iSter William D. Jr. (2003): Materials Science
john Wiley and Sons; Inc.

§ s
ixth Edition, Published by
ture Toughness

| CTOD () and
71,

Cy : L. (2004): Frac
Strodeza E.M., Ipina J.E._P- f}\r/lid aBaStla-n i gTraditiona
re Mechanics vol.

S:l?luation of Unidirection
walbe (&%) Methodologies.

of Fracture Mechanics.

PP- 11271138,
COtt?re“ B. (2002): The Past resent, g-SFuture
"Sineering Fracture echanics vol. 69, PP- ——
(2002): Depen ence of
Cotterel] M va jegelhel™ J. 2 an?v;}?eits(. Jour)‘nal cIJJf Materials
for _ §chambergero¥e " e p eep-dr wing Ste€
0-hardness on Deformathﬂ p. 293—296.
n the Deep Drawing

Content (o]

roC@Ssing Technologys VO
. Effect © szt Steels. Technical Report No.

DaSara«thy C. and Hudd RC I d
6r0pe“ies of Continuous nea s
32/A/1974, B.S.C., StriP Mill DIV 1999):
, b.o.Le ) C.A .
5 1.C: 4 Bigelo¥l ina THIR Sheet
; ing St ed Materials: Philadelphla, pp-
an

Three Dimensional
Material. ASTM
223-242.

D%Wicke D.S., Newma
OA and Constraint Effect
ety or

TP 1256, American ocl1€



159

nd Crack Tunneling Measurements in

Dawick
e D.S. and Sutton M.A. (1994): CTOA 2
Experimem‘al mechanics, vol. 34

Thin Sh

cet 2024-T35 o
D.357.366 024-T351 Aluminium Alloy.
-An Expeeimental and Computational
in Three-Point Bend Fracture Specimens.

039-1058.

Degiorgi
r ¥e
]nv€s“§;U'V-CL and Matic P. (1990):
Engiﬁeg,.,-noln Pf Crack Growth [nitiation
: g Fracture Mechanics, vol. 37, pp- 1
leter G.E. (198
.(1988): Mechanical Metallurgy- published by McGraw-Hill, London.

Dy
gdale D .S
(1960): Yielding 10 Steel Sheets Contalning Slits. Journal ofMechanics

and Phygicc of
VSics Of S()ll.d-& \’01.8. pp 1 00_ 1 08
fatigue pehavior characterisation using
ne Cement. Engineering

1): Material
y of Acrylic Bo

A Case Stud
p- 1477-1492.

En

g TN. ;.

wavc]e[N' and Gang, Q. (200
-based AE technique —

re . .
Mechanics, vol. 68, P
dence of Ductile Fracture

er
B. Tyson W. R. Hong v. Boutin 1. (1990): Depen :
Notch Radius and Inclusion Content.

Ough
ness of a Weld Metal 08
ol. 46, PP- 173184

nler
hatio
nal Journal of Fracture: v
): Ductile Fractur¢ Nucleation ahead of Sharp Cracks.

Firr
a0
D. and Roberti R. (1983
hnology» v o5 PP

elal]
uf‘ i .
gical Science and Techn
placement

GB
2 _ : ;
C 358-80 (1980): Chinese gtandards Association” Crack Opening Dis

) Testing Method.
Metal Forming

. Anal sis to Shee .
Strain Y5 s SAET ochnical paper

Go

Odw;

B & or (1968): A lication © :
N €ms In the Press %hopppSOC]ety Of Automotlve Englﬂee

P
aper No. 680093.
s. Ph ilosophical

Flow in Solid

Grif
fith
T '?SQC?‘A' (1920): The Phenomena 0
! ions, Series A, vol. 221, pp- 163—198. o
process yariables 01 -Die
wel (1998)3 Ejf)fzrn lf erech nical Sciences, vol

g .
R You-Min and Leu Daw- p ation
ntern

K » Pp g Process of Steel Sheet.
H PR Sh
5 i mit Curves. eet
A;‘;kler S.S (1972) gimple Te chnique for Determinlﬂg Forrnmg L1
a ' = S

' Ind, vol. 52, pp- 671- 75 | . crack rip opening
Aeerens J 2); On the Deteﬂ“i”anon ;echnique. Engineering
ngle, CT.()E:;:d Schodel MI;/[(ZOOOSC)OP}' and 05 M asurement

i i icr

, using nghto o 17-426.

Cyy.
e
Mechanics, vol- 2>



160

. add

Publ;j
lished by Prentice Hall, USA

Hutchi
nson J.W ;
Hardeni W. (1968): Singul B :
ing Material. Jo D chaviour at the End of '
al. Journal of Mechanics and Physi a Tensile Crack Tip 1
: hysics of Solids, v pind
- . _vol. 16, pp. 13-31

]I Win G R ()4 I“
* . (l 8)-
. acture DynamiCS 'raC’llf'. el A]Ilel C f
I i } H’Ig OfM alS 1 an 1 y T
/ 3 SOClet 0

Met

als, Cleveland, pp. 147-166

Rqsenﬁeld A.R. and Nalin
-Dlmen.sional Stable Crack
Society for Testing and

Kannin
en .M R 5
F.. Rybicki E.F., Stonesfier R.B., Broek D.
Mechanics for wa

G.T
v il - ‘
979): FElastic-Plastic Fracture
A STP 668. American

—Gfﬂum >
o déd,/ mstability Problems AST
5. Phuladelpiua, PP Y2710,
963): plastic [nstability and Fractire i Sheets
pp- 25-48.

Keel
er §
P. and Backofen W.A. (1
actions of the 4SM, vol. 56,

S[re
tChed 0
ver Rigid Punches. Trans
tampings-

Limits in Automotivc S

er’ SP
- (1965): Determination of Forming *!
Technical paper No. 650535.

0¢j
E{y
of A -
f Automitive Engineers:
ent Analysis

of 10" ICF
2001, pp-

Ku]k

arni

of Fractug'M-_and Ravi Prakash (2001): Experimental and Finite Elem

Mernatjq Criterion of Exré Deep Dra eets. proceedings
nal Congress ON Frac!ure), 2-6 December

2438,
ntal and Finite

K‘ulk
arnj s
; I D.M., Ravi Prakash and Kuma! AN. 2002): Experime _
Criterion in Gen | Yielding Fracturé Mechanics.
642.

€me
nt )
Analysis of Fracturé
Sciences: vol. 7, Part 6, PP
cture Criterion n

tha

na, Indian Academy of

sh (20033): Experimenta Analysis of
' al of [nstitute ©

Kulk

a .

mi D.M., Ravi Praka
Mechanics: Journ

Erlel_al
Yieldi
T, T g FremniEs
Ky |
k ' . .
56 ami D M., Talan P.S; Ravi prakash. and Kumar AN. (2003b): Verl_ﬁcatlon of r{
| Yielding Fractur¢ echanics: Prloceedmgs 0
ical and Applied Mechanics: pp

OD
O”gressRelation in Genera
of the Indian Sociely of Theorel!

: 20042)" T

Ky
karp;
S 1 D.M., Ravi prakash, Talan pP.S. _
erimental and Fint
5. Sa and, [ndian

peei
STOSI?H Thickness on the
ol 29 Ir)l Extra Deep Drawh Stee Sheet dh
Ku » SHA 365-380-
Kari : .1 g Course
for Ami DM : coityre Analysss and preventio a
¥ 004b Failu naly _
isbon, (1 press).

ering Failure Analysis:



161

Kulkarni / :

ToughTéss[,).I}Itand 3av1 Prakash (2004c): R-curve Characterisation of the Fracture

Advanees 0 ,DD Steel Sheets. Proceedings of JCASI International Conference on
s in Structural Integrity, Indian Institute of Science, Bangalore, India

pp. 241-248.

Effect of Notch Radius on Fracture
fICASI, International Conference on
te of Science, Bangalore, India,

K :

Pa”rlkarm DM. and Ravi Prakash (2004d)

y dvametcrs_m EDD Steel Sheets. Proceedings o
ances in Structural Integrity, Indian [nstitu

Pp. 89-95.

): Rotational Factor using Bending

ova (1995
Notch 3PB geometry.

Plastic Sjtuation — 1L
1. 50 (4), pp- 507-517.

K

M‘j)mar AN. and Bhattacharya S

En ment Approach under Elasto-
gineering Fracture Mechanics, Vo

Accuracy of Crack Size

R27-R30.

Measurement. International

Kumar A N. (1988a): On the

Ji
ournal of Fracture, vol. 38, pp-
Effect on Slow Crack Growth Measurement.

36, pp- R29-R32.
CTOD during Ductile Tearing.

K
Inl:mar AN (1988b): Thickness
ernational Journal of Fracture, vol

e of Increased
39, pp- R35-R38.

Crack Size Measurement. International

K
Inl:mar AN. (1989): On the Sourc
ernational Journal of Fracture vol.

Kumar A N. (1991): A Comparative Study on
]11-R16.

Ournal of Fracture, vol. 47 PP-
Isigmar AN. (1996): Modeling of Fractur
inless Steel. Scripta Materialia, vol. 34, pp-
A. (1979): Experimental Methgds :
hness Measure Barking: Post-y1€
blications.

e Process in Annealed Sheet of AISI 202

69-373.
Lande for Elastic-Plastic and
s J.D. and Begley J-
Post-Yield Fracture Tous Id Fracture
€chanics, Applied Science Pu
Litu HW.  and Ke, J.S. (1970); Thickness
Tacture, Fngineering Fracture Mechanics, VOl 8, P

Effect on crack Tip Deformation of

p. 425-436.

ughness of Thin and Tough Plates.

f[;ru HW. and Kuo, A.5- (1978): - jI-ZOI(J@’-RIIZ.
ernational Journal of Fract’® vol. 14, pP-
ials and its
Liu . D ctile and Tough Materia :
H.w. : ture Mechanics of Du .~ Nijhoff publishers,
thpplicationgltzgézl-erz;a?{glr;ted Structures: published by Martinus N
e Ha
gue.
: Thickness o1 the
Ma 02): The effect of Spe?lmen 2024-T351
imoud S, and LA | %OCri)t'ical Crack—Tlp—OPenmg Asn %11;36

x i .
«‘Uf er.lmental Character1sa
Minum Alloy. £nginee’""



162

in Fracture Behavior of Thin Al-

Maj |
ajerus J.N. and Santhanam S. (1997): Anisotropy
1.56, pp. 437-442.

7075-T65 L
T651 Plates. Engineering Fracture Mechanics, VO
McClint :
ock F.A. (1971): Plastici
Tronpic - ): Plasticity Aspects of Fracture. Fr
reatise, Academic Press, New York, vol.I. racture: An Advanced

h Forming,” Developments in the

and Stretc
erence, the Metals Society,

M
ellor P.B. (1981): “Deep-Drawing
International Confe

Dra 1
wing o
Ing f Metals, Pr()ceudingx (thhe

London, pp. 76-86.
ure Toughness Testing with

1990): Elastic-Plastic Fract
] Technology. vol. 96, pp.

Me '
Cm;kle J.G. and Corten H.T. (
pact Tension Specimcns. Journal of Pressure Vesse

286-292
on Content on the Mechanical

e Effect of Carb
|s. Sumitomo Search, vol. 44,

90): Th
heet Stee

Mizuy;
izui N. and Okamoto A. (19
led Al-killed S!

Propert;
perties of Continuous Annea

PP. 113119,

Mizui N. and Okamoto A. (1991): Effects of Mn content and Hot Band Coiling
Pemperature on Deep Drawability of Continuous Annealed Al-killed Sheet Steels.
S:oceedings ijmemaﬁonal Symposiunt 0" Developments in the Annealing of Sheet
eels, TMS Ferrour Metallurgy Committee, Cincinnati, OH; PP- 247-259.

Murakami v (1987): Stress [ntensity Factors Handbook. Published by Pergamon
ess, New York.

a T (1968): Study on the formability of steel

Hasuk
p- 140-141

N .
akazima K., Kikuma T., an
No. 284, P

sh
eets, Yawata Technical Repor 1,
An Elasti

c-Plastic Finite Jement Analysis of Crack
™ STP 833, American Society

N
[Swman J.C. Jr. (1984): st
Oltlatmn, Stable Crack Growth and [nstability-
r Testing and Materials; philadelphia, PP 77"
cabe D-E- (1991): Finite Element
and Mc(2 " Defect Assessment in

Ne

Wman J.C. Jr., Shivakume K.N.

Fracure Simuation NF As33B Steel Sheet Specime
Js and Applications,

Omponents: Fundamenta CTOD/CTOA
of the

' 2003): A review
eI & vol. 70, PP 371-386.

d Zerbs
A.an Mechanics,

N
®Wman J.C. Jr., James M-
ing Fracture

ra 5 p .
Cture Criterion. £nginee’ f Thickness and
fects of Thic ?

5 2 [+ )
Pandey AB. Majumdar B.S. and Miracle DB el ed Al Alloy Composites.
fecracking on thJe practure T ughness of Parggf- o 537-1243.
Clallurgical and Material T ransacn‘ons, vol. '



163

Crack Tip Opening

and Williams J.F. (2000):
Engineering Fracture

Panontin T
anontin  T.L., Makino A.
for C(T) Specimens.

Dis o
Mefil;acémem Estimation Formulae

anics, vol. 67 (3) pp- 293-301.
Measurement

od for the Metallographicai
on Unloading.

Pard

of lh‘ieé,gba“d Delannay F. (2000): A Meth

Engineeri D at Cracking initiation and the Role of Reverse Plasticity
ing Fracture Mechanics. vol.65, pp- 455-466.

nd Gibeling J.C. (2001):

Liang W.W., Munir Z.A. &
ium. Engineering

Paulin .
Ffactuo G.H., Carpenter R.D.,
re Testing and Finite clling of Pure Titan

Fra
Clure
ure Mechanics, vol.68. P

Flement Mod
p- 1417-1432.
Measurement, @

Zone Geometrical
f Engineering

993): Stretch
and Fracture @

e Toughness. Fatigue
55-972.

Pluyj
anilcnuige G. and Lanvin A. (1
ar Way to measure Fractuf

ateri
ials and Structures, 10, PP- 9
Cracks 1n [sotropic

Rao .
BN. and Rahman . (2003): Mesh-free AnalysIS of
ering Fracture Mechanics, vol.70, pp- 1-27

Func .

t 0ona

: ”y Grﬂded Materiais. Eﬂgine
i of Sheet Metal IOITrﬂng

K.P. a

Wit nd Mohan E.V.R. (2000) i

Perties under Various Deformation Conditions. Fracture iand Strength of Solids,
Key Engineering Materials, PP- 509-516.

Iang :
Tech Publications, Switzerland

ovaert L.E. an
Journal 0

d Baaijens EF.P.T. (2001): Size Effects in
iql Pr o Technologys vol.

e o2 L V., Goijaerts AM.,G

ep ]
focessing of Thin Metal Sheets:

l ]5
jentific Services

' PP. 44-48.
Ra ts. SC
Digissi‘K' (2000-2004): Technical Reports O EDD gteel Sheets:
on, TISCO, Jamshedpur-
tra-DecP Drawing Steel. Journal of

Rav'

1 .

Q!ei{‘umar D. (2002): Formability analysis of o

lals Processing Technolo , vol. 130, pP- 31~ .
oxim Analysis ©

he APPT echani vol. 35,

ndent Integral

cks. Journd 0

Ri¢

e

JR. (1968): A path Indepe
nd Cra

Stre
Pp. ;S Concentration by Notehes @
79-386. N
Ri(: tion near @ Crack Tipna
¢ IR 68): Planc Strain peforma < of Solids, vol.
i)OWerLa?VngIS cc)isengren G':r'igfll 9Jou)rnal of the Mechanics nd Physie f
P Llg, ening e
Rig Further Results of J-10t5
¢ J. : 163 1973)- Some ! in il Materials
gnalysil::i f;ags p.C. e Mﬁké%; 536( Americal gociety of Testing
|| nd Estimates 2
adelphia, pp. 231-24°



164

Schedin E. :
_and Melander A. (1987): On the Strain Distribution During Punch
Steel. Journal of Materials Processing

Stretchi
Terceltchlng of Low and High Grades of Sheet
inology, vol. 15, pp. 181-186.

re Mechanics Material Properties

Schi
indler H.J. (1991): Determination of Fractu
erials, ICM; vol. 6,

utilising Notched T 2 ;
pp.]53%1 IS\SO.ELhLd [est Specimens. Mechanical Behaviour of Mat
Young R.D. (1998): Fracture

Dawicke D.S. and
d Joint Conference on Aging

S .
eshadri B.R. Newman J.C. Jr-
anels. Secon

Analysis

Airilysm of FAA/NASA Wide Stiffened P
raft. Williamsburg, pp- 513-524.

and the Crack Opening

n the J-Integral
Mechanics and

p betwee
ks. Journal of the

d extending Crac
-326.

Shi
ancllh SCF de Lorenzi, H.G. and Andrews W.R (1979):
table Crack Growth. ASTM STP 668, American

ater; .
erials, Philadelphia, pp- 65-120-

Shi
Disgl C.F. (1981): Relationshi
acement for Stationary an

Phygicc
ysics of Solids, vol. 29. pp- 303
Studies on Crack [nitiation

Society for Testing and

e Toughness Testing and its

(1975). Fractur
133-198.

Sra
Wley JE. and Brown W.F
adelphia, PA, pp-

Wiy .
pplications. ASTM STP No. 381, Phil
ius on ductile fracture

£ notch root rad
158, pp- R15-R21.

92): Effect 0
[ of Fracture VO

Sri -
hivas M. and Kamat S-V. (19
| Journd

t()u
ghness of Armco Iron. Internationd

Altemative View

of R Curve Testing. Engineering

Su
,r;r;f“*f ID.G. (1999): An
ure Mechanics, vol. 64, PP- 161-176.
jon of Deformation

: imental Investigat
o T oy | Journal of Pressure Vessels

Sup
X-, Cao W. and Lu . (1 )
crack Tip- [nternationd

and .
ang ?)Pe_mng Displacement at 2
iping, vol. 60, pp- 2231

han K.A- (

s on the Fracture

. I vestigation
1991): Some | - Part L

Swap:
awviou o i Carbon Ste€
s Extra-Deep Drawing Jow

thavioy )
r of an Indigenot
’ te of Metals, vol. 44, pp- 231-247.
t of Strain

Fa A
"sactions of Indian Institu

(1999): Effee
and oin '(Temp)erature. Materials

Ta
uda H,, Kj : daT Kubota I
Tat ., Kikuchi S.; Tsukada 1 o
€ on Defomgion of a Mg-8:5L112 Alloy Sheet Roo
1. A271, PP 251-256- |
(2003): Physical

Ci

ence & Engineering, VO
T AN. .
Alan pg, Kulkarni D M., Ravi prakash. I"{un;aI'StreSS _ Plane St g
lgniﬁcanée of Fracture Criterion in Plane stress, P12 f the Indian society of
Me Strain 7 rac Proceedings of 48 th Congress 0

one..
Coretical and Applied Mechanics» PP 72-81.



165

heet Metals by Using 2 Damage

i ¢ o
ang C.Y. (1998): Prediction of Fracture Limits of S
149, pp- 453-458.

Mecharice Ceiteri PER ;
chanics Criterion. Key Engineering Materials Vols. 145-

Cleavage and Fast

Y
ells A.A. (1961): Unstable Crack Propagation in Metals:
Cranfield. UK vol.1,

Fract
re. Proceedings of the Crack Propagation Symposium,

Paper 84, pp. 210-230.
Biaxially Stretched

selrad O. (1984): Strain Localisation in
rnal of Mechanical

Wilson D
V. and Ac
International Jou

S S
S??els Containing Compact Defetcs — -
iences, vol. 26, pp. 573-585-

(1994): [nconsistencies between CTOD and J

W.
ilson C.D. and Landes J.D-
A Evaluation. vol. 22, pp. 505-511.

& ;
alculations. Journal of Testing a”t
en S.R. (2000): On Alternative Representation

W
uP.D., Graf A., Jain M. and MacEw
Trans Tech Publications,

0 : :
S;_F orming Limits. Fracture and Strength of Solids,
Itzerland, Key Engineering Materi
s on the J-integral fracture

notch root radiu
Fracture Mechanics, vol. 26

¥ :
tOc)da M. (1987): The effect of the I ot rac
Ughness under modes 1, 11 2nd [1] loading: Engineerins

(3)
»Pp.425-431.
d Fracture for Cracked Specimen of

Zhan i
K : ' Deformation an
g K.S. (1996): Analysts of \fechanics: vol. 53, pp. 625-632-

Uctile Steel. Engineering Fracture









166

LIST OF PUBLICATIONS

=
—

(S}

. Kulkarni D.M.. Ravi Praka

. Kulkarni D.M. and Rav

ulkarni D.M. and Ravi P

002). Experimental and Finite

sh & Kumar AN. (2
] Yielding Fracture Mechanics.

Elem
ent sis of F iteri
Analysis of Fracturc Criterion in Genera

Sadhana, vol. 27. Part 6. pp: 631-642.
Fracture Criterion

mental Analysis of
(India),

(2003). Experi
rnal of Institute of Engineers

Kulkarni D.M., Ravi Prakash
Mechanics. Jou

I'n Gene . 2
eneral Yielding Fracture

vol. 84, pp. 18-21.
(2004). The Effect of

p.S. and Kumar A.N.
| and Finite Element Characterisation of

9 Part 4, pp. 365-380-

K .
ulkarni D.M., Ravi prakash, Talan
Sadhana, vol. 29,

Spe 1
. .
imen Thickness on the Experimentd

CTOD i
OD in Extra Deep Drawil Steel Sheets,

CONFERENCE PAPERS

d Finite Element
| Sheets. proceedings of

i Prakash
S), 2-6 December 2001,

n of Extra Deep D

Analvei
alysis of Fracture Criterio
55 On Fracture), Hawail (U

] th
0" [CF (Internationdl Congre

Pp. 432-438.
avi prakash and Kumar A.N. (2003): Verification of
chanics. Proceedings of 48 th

ijléfami D.M., Talan P.S; R
C TOD Relation in General yielding Fracture M€ .
ongress of the Indian  Sociely of Theoretical and Applied Mechanics,

Pp. 82-90.
n Prevention’ a

alysis @ d

‘Failurc
jonal Conference

rakash (2004) Ay
* JCEFA (Internat

Special jssue 0

uates.
isbon, (in press)-

Course for Undergrad
¢ Analysis:

on , . .
Engineering Failur
of the Fracture

prakash (2004): R-curve acterisatio_n
edings of JCAS! [nternationd Conference
of Sciences

Kulkarnj D.M. and RaVi
| Sheets. roce
[ndian [nstitute

Toughness of EDD Stee

on Advances in Structural Integrity>
Pp. 241-248.
+ Kulkarni ' : f Notch Radius 0D Fracture
mi L. rakas (2004): gffect of NO :
L DAL o el heaclats. proceeding’ f IC T, Internarzonal Conferenct
an | titute of Scienc alore, India,

I;aramet«e:rs :n EDD
n Advances in spructural ntegrity> 1

pp. 89-95.






167
Al
Tensile test data on EDD335 steel
Cross sectional area : 41.976 sq. mm
Gauge length - 25 mm
Cross head velocity : 0.01875 mm/min
A 1.1 Recorded Load — Elongation data from tensile test EDD335 Steel
Sr. Displacement Load Sr. | Displacement Load
| No. (mm) (kN) No. (mm) (kN)
L1 0.000 0.0000 16 3.1500 15.8799
2 0.0283 9.9681 17 3.6000 16.0998
3 0.0317 171570 | 18 3.9000 16.2501
< o2 | _1less0 1 L 4.6499 16.2474
] 0.0350 ___—_—1_2——3226’___ 20 4.9499 16.1?96
0 soee 14067 L= 5.0999 16.1362
57, e __,lié?p—l———-— 2 5.2499 16.1030
g Y _,._1.4-'7—‘—”29—-’ 23 5.4000 16.0012
o) =] ____1£92§_..- 24 5.5500 12.9690
B 1'49994——%‘“25 5.7000 9030
T A9 71499 26 6.1499 15.7578
e 16499 | =20 [ 27 6.4650 15.6531
—2 1-8800_——%“‘53'" 6.7812 15.6109
—3 2-1700___—-_.,_15—'2920"" —o | __7.1006 15.5239
14 | 2.4000 137502 =0T 74232 15.4099
LIs [ 2.8499 158300 L——"




A 1.2 Engineering Stress-strain data EDD335 Steel

168

Sr. Strain Stress Sr. Strain Stress2
No. (mm/mm) (N/mmz) No. (mm/mm) (N/mm”?)
] 0.0000 0.0000 16 0.1260 378.30
2 00011 0.0010 17 0.1%40 383.54
Lok 0.0012 0.0011 18 0.1560 38/ 1
- 0.0013 0.0012 19 0.1859 ;gzgﬁ
> 0.0014 0.0013 20 0213’;3 384-411
6 0.0239 335.08 21 0. <L
22 0.2099 383.62
. Ll et 3 0.2160 381.19
8 0.0359 351.38 23 £ :
9 24 0.2220 380.43
0.0540 352.57 2
10 - ET3 25 0.2280 378.86
1 0.059% 29———‘ 26 0.2459 375.40
B | 00859 36?.92 ;7 0.2586 372.90
L 12 | 00752 363.29 402712 371.90
4 0.0960 37521 o 0.29693 367.11
‘~I-;5__.__ 0.1139 377.12 | 2 e
. 335 Steel
A 1.3 True stress-strain data EDD
F"‘s ™ Strain Stress2
S, Strain Stress, NZ' __lEL"mem) (N/mm’)
No. (mm/mm) N/mm __-1-5—-— 0.1186 425.97
L [ 0.0000 0.000 —-—]—7—"" 0.1345 438.78
. 00012 | 00012 ——5 01709 9.0
4 0.0013 ________,()-—-(—)-9—1‘3’/’-2_6_‘ 0.1806 461.48
S | = 0.0014 | 0.1856 462.83
6 343.13 _—— 0.1906
~—— 00237 | == [ 22 s 463.53
! 35580 ___L=—T""0.195
~— 00295 | === | 23 | —=—rn | 46489
8 364.0 —T1 0.20
9\ 0.0353 ;_____.,7-1'6—1—/__2_4___ 52053 465.24
00525 [ T8 | 5100 | 46775
2 377 —56 | 02— 469,34
! — 38474 7 [ Q—T 4078
~~—___ 0.0639 ___...-——7'/ 2 5423 .
.2 —__3%¢ o8 | S 47487
~L 00725 | == | 28 —0546
~3_ 0.0832 ____—_51_(11,-3,«/ 20 | = | 47612
20832 —7piod 5 0
IS T—r——r——] 420.11
~1__ 0.1079




Cross sectional area
Gauge length
Cross head velocity

A 2.1 Recorded Load — Elongation dat

Tensile test data on EDD277 steel

A2

:41.976 sq. mm

: 25 mm

-0.01875 mm/min

a from tensile test EDD277 Steel

169

Sr. | Displacement Load Sr. | Displacement Load
|_No. (mm) (kN) No. (mm) (N)
3 0.0000 0.0000 26 5.0985 13.8582
L 0.0275 9.7088 27 52493 13.8997
. -8 0.0287 10.1255 28 5.4010 120077
L 0.0305 10.7428 29 5.5503 10752
= 0.0317 11.1807 30 5.7004 121545

P 0.0325 11.4399 31 5.9006 123337

i 0.0330 11.6262 32 5.9996 133374
8 | 00375 11.6949 33 6.6005 143576

- 0.0400 g | o4 | 7049 12850
--..1_0_ 0.4489 11.9338 __;3_5t 7.5011 14.1936

11 ] 36 7.9494 14.1217

0.5995 =1 | 36 |~
12 0.7510 12.1910 37 8.4006 14.0683
13 ' 29 38 8.8512 13.9695
0.9%0° _ 12318 =5 T79,3010 13.8142

5 L AT = 5.7498 13.7455

> 1.5008 sl | 0 L5 ERER

. L6420 267 "‘%” 10,6509 13.6485

T S 128152 —3 | 11.0993 13.6063

- O ——_’12—&2'5"’ —aa |_11.5498 13.5683

T 2a008 | 129750 ——o T 119984 13,5542

20 1508 | 131855 e 104488 13.5343

<l T35 | 1329 5 12,9009 13.5050

2 35001 133622 4T 13.008 13.4794

3 3.90094_______1_3,-5‘3,2_6-———-—3-9“' 13.2512 13.4511

e 46504 | _,36_311—————;//

S Ts07 | 138332 —
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Sr
. Strain
[ No. Stress Sr. i
] (mm/mm) (N/mm2) No Strain Stress
i 0.0000 . | (mm/mm) (N/mm>
000.00 )
2 26 0.2039
- 0.0011 23 330 14
(3 T 231.29 27 0.2099 331
T = I 241.22 28 0.2160 333.'13
- .0012 255.92 29 0.2220 33 —
e 0.0012 266.36 30 0.2280 33221
z 0.0013 272.53 31 0.2360 !
— 0.0013 276.97 3 3399
: o0 . 32 0.2399 341.56
5 0015 278.60 33 0.2640 342.04
= 0.0016 279.47 34 0.2819 34006
T 0.0179 284.30 35 0.3000 338,
0.0239 -2
= . 289.95 36 0.3179 336.42
= 0.0300 290.42 37 0.3360 335.15
¥ 0.0360 293.38 38 0.3540 332.79
¥ 0.0540 295.57 39 0.3720 329.09
T 0.0600 298.15 40 0.3899 327.46
N 0.0659 301.92 41 0.4080 326.40
¥ 0.0751 305.30 42 0.4260 325.15
0.0867 307.14 43 ____Qf439 324.14
19 1 |
0.0960 309.11 44 ____051619 323.24
20 | 45 |
5 0.1260 314.12 | 45 ____%799 322.90
= 0.1340 316.70 46 0.4979 322.42
53 0.1439 318.32 47 0.5160 321.73
2 e ____,333—@"’ 49 0.5300 320.44
— 0.1936 _’__3222//




dtress

E Strain Stress2 Sr. Strain pub
_No. (mm/mm) (N/mm”°) No. | (mm/mm) (N/mm°)
K 0.0000 000.00 26 0.1856 397.47
12 0.0011 231.55 27 0.1906 200.66
13 0.00115 241.50 28 0.1956 Zos.sg
I 0.00122 256.240 29 0.2005 4(1)3.39
13 0.00127 266.700 30 0.2054 H4.0
2 0.901 212858 2 0'2;;? 423.53
- 0.001 32 277.3°2 = 8'3343 432.35
L 0.0015 219927 = 0.2484 436.21
2 0.0016 219927 2 0.2624 439.59
-10 0.0178 289407 2 0.276] 443.40
111 0.0237 296922 = 0.2897 447.77
112 [ 0.0296 299.152 ;; 0.3031 450.62
113 0035 303'9‘?? 39 | 03163 451.53
4l 0052 31é‘(5)49 20 0.3293 455.16
L3 0.0583 3 ; 6049 % T :2223
16 | 0.0639 320 o 0.3549 :
18 0.0832 333.788 1 —2 53798 472.57
} 19 0.0917 3_3_53;%.‘_1)%—————‘1—5—— 3392 Zgg;
20 353.710 __L——1"""0.404! .
by g:;g; 319_-__16.9.-—-—-%3-—-"‘"6.2161 48775
122 0.1345 364.158___—e— 04213 430’30
|23 0145 371318 LT 0.4253 290,
14 0.1706 386754 __4——
. —
ST 77 [ 393362




Cross sectional area

Gauge length

Cross head velocity

A 3.1 Recorded Load — Elongation d

A3

Tensile test data on EDD258 steel

- 41.976 sq. mm
;25 mm
-0.01875 mm/min

[

S .

N;. rDlSplacemcnt Load
T (mm) (kN) No.
——1__ 0.0000 0.0000
*~§~_____(1ozoo 7.0463
-Z_____7(10225 7.9263
'~7;_____k70.0250 8.8061
~—|_ 0.029 10.3014
~—~—{— 00330 10.8797
S —— 0.0375 10.9813
~5——0.0400 11.0598
“ﬁrn____(14489 11.0942
‘77-____515995 11.2056
——0.7510 11.3515
F.___;O.QOOS 11.4754
L3501 11.5676
}.___‘1 .5008 11.6756
16496 19—
18798 11,9208
e 2.1689 12.1004
ol 2:4008 121398 —
S 3.1508 122197 —
\0"‘-—————-——

) 33513 12.3533
\1‘-———____——-

> 3.5901 12445
\2“-———_._._———

S T ey
S~ 4.6504 12.6820 175 |
4 -~___-______/ 48
L 48407 12.8917 48

| —

172

13.7982

ata from tensile test EDD258 Steel
rﬁigf)lacement Load
| (mm) (kN)
5.0985 12.9766
5.2493 13.1861
(-
5.4010 13.2941
[ i
5.5503 13.3616
5.7004 13.4829
6.1488 13.6888
6.4996 13.8337
6.6005 13.8539
7.0493 13.7793
7.5011 13,7312
7.9494 13.7020
8.4006 13.6486
38512 13.6337
9.3010 13.5624
[
—’ﬂﬁ__’_fﬂjﬁé
)@2’___13.491 1
'/10—‘6’5_92—____; 3.4386
/’1/1.9‘9.9—2’_______13.3964
/ﬁi?ﬁ"‘ 13.3585
—'/11’_92&__— 13.3132
/12-;4_5.@-——“ 13.2824 .
e
:
13.3502 131373



A 3.2 Engineering Stress-strain data EDD258 Steel

Sr. Strain Strcssq Sr. Strain Stress2
No. (mm/mm) (N/mm°~) No. (mm/r:am) (N/mm~)
1 0.0000 000.00 25 0.2039 309.14
2 0.0008 167.865 26 0.2099 314.13
3 0.0009 188.829 27 0.2160 316.70
4 0.0010 209.790 28 0.2220 2?35
— G 0. o 0.2599 320,56
Ly 0.0015 261.609 31 2 330.04
263.479 32 0.2640 :
|8 0.0016 2
264.300 33 0.2819 328.26
L 0.0179 :
66.954 34 0.3000 327.13
10 0.0239 266. e
20428 35 0.3179 326.4
o | 0.0300 270. T
- CEL | 0.3540 324.79
—> 0.0540 275'151 38 0.3720 323.10
= 0.0600 2 5 39 0.3899 322.46
=D 0.0659 Jﬁ’%m 20 0.4080 321.40
e 0.0751 43-8—‘%70 a1 0.4260 320.15
7 0.0867 _?_’fﬁ;;_l—o e 0.4439 319.14
18 0.0960 289'I = 3 04619 318.24
19 0.1260 29;'295 0 0.4799 317.16
S —obi = 559 | 45 0.4979 316.42
2] 0.1439 296-1]9 = 05160 315.23
[ 22 [ 01560 | 290 ——175 [ 05340 314.10
23 0.1860 302120 e (5519 312.97
24 01936 | 307122 L ——




A 3.3 True stress-strain data EDD258 Steel
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Sr. Strain Stress Sr. Strain Stress
No. | (mm/mm) (N/mm’) No. | (mm/mm) (N/mm?)
1 0.0000 000.00 25 0.1856 372.19
- 0.0008 168.00 26 0.1906 380.09
3 0.0009 189.03 27 0.1956 385.13
o 4 0.0010 210.10 28 0.2005 388.98
L] 0.0012 245.70 39 0.2054 394.44
LN 0.0013 259.19 30 0.2199 406.32
- . 0.0015 262.00 31 0.2311 415.24
o 8 0.0016 263.90 32 0.2;.4‘:31 jég.ls
L 0.0178 269.04 33 0.2224 425,32
10 | 0.0237 273.35 34 0.2 29
11 855 38 0.2761 430.22
g1 0.0296 27855 1 ——
12 83.23 36 0.2897 434.41
0.0354 [ 28300 L ——
3 —— 0.46 37 0.3031 439.79
] 0.0326 —_———2—9"8-4"‘" 38 0.3163 443.30
. 00583 | 2 —r50 | 0329 44821
I 2.65 39 0.329
S 0.0639 ______3__0_.__-7-——-——-&—0-“"—— 0.3422 452.54
16 0.0725 __,,.29;%—-——-—;1—“'_‘()_‘3549 456.54
i 0.0832 ______.—3—112-8—"‘ — | 0.3674 460.83
18 0.0917 __,,_31,6.-9—6——-737""‘"637@3 465.26
19 0.1187 _,12.7;%—’7”’07@2 469.38
20 0.1258 ______,33.3_——5—-—-‘-2'5"" 0.4041 473.99
21 0.1345 ________332—2—9—-"""7‘6’— 0.4161 477.90
22 0.1450 )%——*‘ T 04219 481.84
= 00706 | 22— 48 | 0.4395 485.71
24 S0 08—




Bl

Frac
weture Test on EDD335 (Thickness effect study)

B1.1 Fracture test S1

l. Material
Material - ;
\ i YlLl(L:v;l[)rc)nglh Modulus of Poisson’s ratio (v)
= a Elasticity ; s ratio (v
EDD335 steel sheet 335 = 'i’:}O(GPa)
| - 0.33
BEZNC
Spe‘(:i]:nlpucl Tension (CT) specimen as per ASTM standard (E399-91)
en code Thickness B Crack length ag Width I N = :
S (mm) (mm) (mm) Q (Cn]u:?)dms
: I.18 10.5 24 e

o8 T :
Test Conditions
.[. vet T '
Cr est Type Load range (KN) Strain rate (mm/min) _{ Temperature ()
e 0.2 20

ack initiation

4,
Load — load-line displacement plot

Py
(kN) 1.194 J

V,

i 3
(mm) 1,235
Apj b
kN-mm 1.344

Centre of
Materials
Science &
Testing.

Birla Institutes
of Technology
j b 5 and Science,
o e :‘ ‘ and S

' Rajasthan
INDIA (333 031)
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B1.2 Fracture test S2

1. Material
Materi: .
I erial Yield strength ) quulus of Poisson’s ratio (v)
EL | (MPa) Flasticity (GPa)
steel sheet 335 210
336 0.33
2.
Spc(c_comp'dcl Tension (CT) specimen a2 per ASTM standard (E399-91).
imen code Thickness B Crack length do Width ¥ Notch radius
- (mm) (mm) (mm) (mm)
52 .98 10.5 24 0.117
B. Tec
- l-ne-"l Conditions
: lest Type [ oad range (kN) Strain rate (mm/min) Temperature ("C)
Crack initiation 0-5 0.2 L
4, ;
FLOA(] — load-line displuccmM
5“ ... ——_7P,_
B N (N) 1.311
V]n’
(mm) 1.322
/f,,,,f v
kN-mm 1.489 J
centre of
Materials
science &
Testing.
Birla Institutes
of Technology
and Science,
pilani,
Rajasthan
INDIA (333 031)




B1.3 Fracture test S3
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1. Material
Material Yield strength Modulus of Poisson’s ratio (v)
_? _ (MPa) Elasticity (GPa)
:DD3335 steel sheet 335 210 0.33

as per ASTM standard (E399-91).

2. (Compact Tension (CT) specimen
Thickness B

Specimen code

(mm)

Crack length «o
(mm)

Width ¥
(mm)

Notch radius
(mm)
0.122

10.5

24

1.38

3. Test Conditions

Load range (kN)

l Test Type
Crack initiation

0-5

Strain rate (mm/min)

Temperature (°C)

0.2

28

1ent plot

4. Lo o o
Load — load-line displacen

P
(kN) 1.431

V.
.{ll'
) 1.334

Aﬂ,l
kN-mm 1.772

Centre of
Materials
Science &
Testing.

Birla Institutes
of Technology
and Science,
Pilani,
Rajasthan
INDIA (333 031)
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B1.4 Fracture test S4

1. Material
Material i
. Yield strength Modulus of Poisson’s ratio (v
DD (MPa) Elasticity (GPa) st )
33 steel sheet 335 210
3 2 0.33

2. (Comnact Tens
SDCcEm:,llp.‘u(; I gHgn (CT) specimen as per ASTM standard (E399-91).
code Ihickness B Crack length ao Width W Notch radius
(mm) (mm) (mm) (mm)
.48 10.5 24 0.115

Temperature (°C)
28

mm/min)

3 -
2“-‘" Conditions
est Tvpe —
lype [.oad range (kN) Strain rate (
5 0.2

dck initiafi
K initiation 0-5

Cr

| o)

"',,r
(m:n) 1401 '

A
N JA

Centre of
Materials
Science &
Testing.

Birla Institutes
of Technology
and Science,
pilani,
Rajasthan
INDIA (333 031)

L();‘ .
d - load-line displacement plot
, P,
o ¢ 1.572 "




B1.5 Fracture test S5
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. Material
Material
i Yield streng 3 '
- ¢ ,VHI,[,LWS“] _ M(?d.ulus of Poisson’s ratio (v)
e (MPa) Elasticity (GPa)
5 steel sheet 335 "’lio
3 2 0.33

E. (€
2. (Compact Tensi .
Spcm_mcl[hut Fension (CT) specimen as et ASTM standard (E399-91).
o — e
1 code Ihickness B Crack length @o Width W Notch radius
(mm) (mm) (mm) (mm)
| 58 10.5 24 0.117
3 Toct
l'est Conditions
-I_ e s . 2
= LHI ll}’PC ["’E“E‘EM&' Strain ralc(mm/mm) Temperature (°C)
ack initiation 0-5 =
4. L
0ad — load-line displacement plo!
P. 1
__LkN) 704 1
V,
r 1.466

(mm)

W

/If"'
kN-mm Al J1

I

Centre of
Materials
Science &
Testing.

Birla Institutes
of Technology
and Science,
pilani,
Rajasthan
INDIA (333 031)




B1.6 Fracture test SO
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1. Material
Material T — -
i Yield ,hl,'.mglh ‘ Mc?d‘ulus of Poisson’s ratio (v)
TR (MPa) [lasticity (GPa)
335 steel sheet 335
ce 335 210 0.33
02, (Compact Tensi
SpCCirumpdct I'ension (CT) specimen as per ASTM standard (E399-91).
nen code Thickness B | Crack length ao width ¥ Notch radius
(mm) (mm) (mm) (mm)
|.64 10.5 24 0.121
3 T
Ttbt Conditions
- 'Icsl_ Type [‘“ﬂwﬁl“ Strain rate (mm/min) | Temperature °C)
rack initiation 0-5 92 .
4. ,
M___L_O;ld — load-line dispIW
B P, ]
' (kN) A3
V,l.'.'
(mm) | 499 |
A."’f
kN-mm 2.215
centre of
Materials
science &
Testing.
girla Institutes
of Technology
and Science,
pilani,
Rajasthan
INDIA (333 031)
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B1.7 Fracture test 87

1. Material
Materi: i
terial Yicld strength
(MPa)

11

EDD335
335 steel sheet 33J

Modulus of Poisson’s ratio (v)

Elasticity (GPa)
210

0.33

r ASTM standard (E399-91).
Width Notch radius

(mm) (mm)
24 0.116

2
Sp(’((lf()mpact Tension (CT) specimen as pe
2Cl o . T
men code Fhickness B Crack length ao
(mm) (mm)
1.75 10.5

Temperature ("C)
28

Test C s

st Conditions

e (KN) Strain rate (mm/min)
5 0.2

D

Iest Type [Load ran
BLLD 0-

nt plot
P

| N
Vo N
(mm)

e

Ap oz
kN-mm ]

4L
. ()l — . -
ad - load-line displaceme¢

Centre of
Materials
science &
Testing.

Birla Institutes
of Technology
and Science,
pilani,
Rajasthan
INDIA (333 031)

L




re Test on EDD

B2

182

277 (Thickness effect study)

Fractu

B2.1 Fracture test 1.4a

L. Material
Material

Yield strength
(MPa)

277

Modulus of
Elasticity (GPa)

Poisson’s ratio (v)

210

0.33

E 7
DD277 steel sheet

4.

Lo:
1] — y . .
\‘d load-line displacem

W

Spc(l'((""l’"fl Tension (CT) specimen as Per ASTM standard (E399-91).
cimen code [hickness B8 Crack length @o Width I Notch radius
(mm) (mm) (mm) (mm)
.4 10.5 24 0.125
3
T;Sl Conditions -
st ' . . erat 0
Crac(lim- I_}jpe. Load range (kN) Strain ralg r()mm/mln) emp T:E;SUW( C)
Initiation 0-5 2

centre of
Materials
gcienceé &

Testing.
Birla Institutes

of Technology
and Science,
pilani,
Rajasthan

INDIA (333 031)




_1. Material

B2.2 Fracture test 1.4b

Material

Yicld strength

(MPa)

Modulus of
Elasticity (GPa)

Poisson’s ratio (v)

0.33

EDD?27
DD277 steel sheet

277

210

as per ASTM sta

ndard (E399-91).

Notch radius

- (Compact Tens
Specimen code

ion (CT) specimen
Thickness B Crac
(mm)

|4

k length o

(mm)
10.5

Width W
(mm)
24

(mm)

0.123

Temperature (°C)

3. e
Test Conditions

Toot Vs

|.oad range (kN)

0-5

Strain

rate (mm/m in)

28

0.2

Crack init:
ack initiation

4,

\_‘l(md-linc

Load

displacement plot

A
X

b4

{
f,u.' 9]
LA 2.8513 l

(kl\:’ 0.969 l‘
i 3.12 \

(mm)

Centre of
Materials
Science &

Testing-
Birla Institutes

of Technology
and Science,
pilani,
Rajasthan
INDIA (333 031)




L._Material

B2.3 Fracture test 1.4¢

Material

Yicld strength
(MPa)

Modulus of
Elasticity (GPa)

Poisson’s ratio (v)

-

b

0.3

210

17 stop
[/ steel sheet

2717

PLC'”IU[] code

Compact Tension (CT) specimen as per ASTM standard (£399-91). |
[hichness B Crack length do Width W Notch radius
(m, _(mm) (mm) (mm)
L 10.5 24 0.117
Strain rate (mm/min) Temecr;;ure (°C)

Load range (kN)

0-5

———

of Technology
and Science:
pilani,
Rajasthan
INDIA (333 031)

e




1. Material

B2.4 Fracture test 1.4d

Material

Modulus of Poisson’s ratio (v)

Yicld strength
Elasticity (GPa)

P— (f\’“’il)
LEDD277 steel sheet 277 210 0.33

2, o
3 (C""‘lect T'ension (CT) specimen as per ASTM standard (E399-91).
Pecimen code Thickness B Crack length ao Width W Notch radius
(mm) (mm) (mm) (mm)
l.4d 1.4 10.5 24 0.118
B T
Test Conditions . T
Test Type |.oad rangc (kN) Strain ratc (mm/min) Temperaturel &)
Bk B =]
[~
g | ¥
V:.' 2
(mfn) 28
Af,,' I
kN-mm
Centre of
Materials
science &
Testing.
girla Institutes
of Technology
and Science,
pilani,
Rajasthan
INDIA (333 031)




B2.5 Fracture test 1.9a

186

I. Material
Material

T

Yield strength

(MPa)

Modulus of
Elasticity (GPa)

210

Poisson’s ratio (v)

0.33

\-'.:..}.' S S

277

EDD277 steel sheet

-—2'_ (Cﬂmpact Tension (CT) specimen as per ASTM standard (E399-91).
Specimen code Thickness B Crack length ap Width I/ Notch radius
(mm) (mm) (mm) (mm)
| 9a 19 10.5 24 0.116

3. _Test Conditions i ]
| Test Type Load range (KN) Strain ratc (mm/min) | Temperature (€)
N 4 — : -
Crack initiation 0- - =
4. Load - load-line disphwcmcm ot
Py
(kN) 1.318
I’:,,;
(mm) 352
Ap.’
o | 4
centre of
Materials
science &
Testing.
Birla Institutes
of Technology

and Science,
pilani,
Rajasthﬂn
INDIA (333 031)

| =



B2.6 Fracture test 1.9b

187

L. Material
Material

Yield strength

(MPa)

Modulus of
Elasticity (GPa)
210

Poisson’s ratio (v)

0.33

271

EDD277 steel sheet

2. (Compact Tension (CT) specimen as per ASTM standard (E399-91).
Specimen code Thickness B Crack length o Width I Notch radius
(mm) (mm) (mm) (mm)
| .9h 1.9 10.5 24 0.122
3. T(.‘%t C 4
st Conditions : o
@ Tone T Tooad range (k) | Strainralo (m min) | Tempertture ()
~ 51 1ype coad range A2 - 44— (9 28
Crack initiation 0-5 =
4. Load - load-line displacement plot
[)l.' ,-)
(kN) 1.326 ,
Vp.’
(mm) 3 X
Ap "
kN—gnn 4312 ”

Centre of
Materials
science &

Testing.
Birla Institutes

of Technology
and Science,
P"ani!
Rajasthan
INDIA (333 031)

e

-
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B2.7 Fracture test 1.9¢

1. Material
Material .
F Yield strength ladslus :
£ of Poisson’ _——
EDD277 < (MPa) Elasticity (GPa) n’s ratio (v)
<L gles) shinel 277 210
- 2 0.33

en as per ASTM standard (E399-91).

2. %

SPL(F’“"‘DHCI Tension (CT) specim

SpPCcimen ¢ < iy 5
1en code lhickness B Crack length ¢o Width ¥ Notch radius
o (mm) (mm) (mm) (mm)
— 1.9 10.5 24 0.125

Test C i
est Conditions

Test Type

[ oad range (kN)

Strain rate (mm/min)

Temperature (°C)

| ——
0.2

28

BI.D

0-5

nt plot

P

% L

(kN)
’,lr.' 2
(mm) 3.56
Ap
kN-mm

Centre of
Materials
Science &

Testing.

Birla Institutes

of Technology

and Science,

pilani,
ajasthan

Raj
BDIA (333 031)




B2.8 Fracture test 1.9d

[89

I. Material
Material

Yield strength

Modulus of
I:lasticity (GPa)

Poisson’s ratio (v)

s}

)

(MPa)
277

210

0.3

EDD27
D277 steel sheet

as per ASTM st

andard (E399-91).

Notch radius

Speci
Pecimen code

(Ce e .
ympact Tension (CT) specimen

Thickness B Cre

(mm)

Width W

ek length do
(mm)

(mm)

(mm)

24

10.5

0.126

1.9

Temperature ("C)

Test Conditions

ranee (KN)

|.oad

o
rack initiation

0-5

O ——

(mm/min)

0.2

28

4,

Lo:
&l(md-linc di

spluccment plot

-

1.349

3.38

4.341

centre of
Materials
science &

Testing.
Birla Instifutes

of Technology
and Science,
pilani,
Rajasthan'
INDIA (333 031)

-



B2.9 Fracture test 2.4a
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I. Material
Materi: T
L crial Yield strength Modulus of Poisson’s ratio (v
T (MPa) Elasticity (GPa) Y
-DD277 steel sheet 277 210 0.3
2 33

as per ASTM standard (E399-91).

2, -

» (Cnmpnct I'ension (CT) specimen

apec N eyt
imen code Ihickness B Crack length a Width # Notch radius
— (mm) (mm) (mm) (mm)
2.4a 2.4 10.5 24 0.119

3. Toet i
_Ft.sr Conditions
. lest Type L(M Strain rate (mm/min) Temperature (°C)
rack initiation 0-5 0l -
4, 5
_______[;Utld — load-line displuccmcnt plot
P
(kN) 762
Vy
(mm) 3.60
-‘I,m'
kN-mm 5.97%
Centre of
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Science &
Testing.
Birla Institutes
of Technology
and Science,
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B2.10 Fracture test 2.4b

Modulus of

' Poisson’s ratio (v)

.\f" 2 g s
laterial Yield strength
D (MPa) Elasticity (GPé
D 277 steel sheet 277 :II)O( =
2 Z 0.33

as per ASTM standard (E399-91).

2,
(Compact Tension (CT) specimen

Specime
en code Thickness B Crack length @o Width W Notch radius
=T (mm) (mm) (mm) (mm)

. 2.4 10.5 24 0.114

3. -

Temperature (°C)

|.oad rangc (kN)

rFsl Conditions
- 'est Type
rack initiation

0->

Strain rat¢ (mm/min)

0.2

28

4 1
0: _ . . A
ad — load-line displacem¢

nt plot

[ P~ 1.780

rl 3.70

(mm)
6.569 J

L —
Ap.'

kN-mm

centre of
Materials
science &
Testing.

Birla Institutes
of Technology
and Science,
pilani,
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INDIA (333 031)




B2.11 Fracture test 2.4¢

. Material

192

DAre 5
Poisson’s ratio (v)

J\"hl[ 3 -.E i
crial Yield strength Modulus of
ED (MPa) Elasticity (GP:
D277 steel sheet 577 = ":}I:'\O(Gl 2)
- 0.33

2. ([ . 5
SPCCh::,]}pC‘:c: 1 C‘HS?(‘)I]- (CT) specimen as per ASTM standard (E399-91).
¢ I'hickness B Crack length ao Width I Notch radius
v (mm) (mm) (mm) (mm)
2.4 10.5 24 0.121

Temperature ("C)

Test C :
est Conditions

Strain rate ( mm/min)

—
Crs Chl_ l_}p” |.oad range (kN)
ack initiation iz 3 0.2 8

4
+ Loz .
wond—lme displacement plot
P, I
| ” (kN) 733

[/:m'
| (mim) >

AJ.,,'
kN-mm 6.789

centre of
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science &
Testing.

Birla Institutes
of Technology
and Science,
pilani,
Rajasthan
INDIA (333 031)
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B2.12 Fracture test 2.4d

193

Poisson’s ratio (v)

Material

Yield strength
(MPa)

Modulus of
Elasticity (GPa)
210

0.33

277

EDD277 steel sheet

2 ;
S (Compact Tension (CT) specimen as PCr ASTM standard (E399 21,
Specimen code Thickness 3 Crack length do width Notch radius
(mm) (mm) (mm) o)
> S 10.5 24 S0
3. Thcs
Test Conditions i g
Test Type | oad range (kN) Sirain rate (mm/min) Tempetature (C)
% "____"_._‘?—-—-'_-_— 2
BLD 0-5 0.2 s
4,
Qﬂad-line (lisplaccmcnt plot
1.721 l
3.05
Ap.' J——
kN-mm
centre of
Materials
science &
Testing.
girla Institutes
and SCience:
pilani,
Rajasthan
INDIA (333 037)




B2.13 Fracture test 2.92
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. Material

Yield strength

Modulus of

Poisson’s ratio (v)

Material
‘T (MPa) Elasticity (GPa)
[:DD277 steel sheet 277 210 0.33

2 ) )
S" (Compact Tension (CT) specimen a5 P27 ASTM standard (E399-91).
PPecimen code Thickness B Crack length @o Width W Notch radius
(mm) (mm) (mm) (mm)
2.9a 59 | 10.5 24 0.119
3. Tect
I'est Conditions . -
Test Type Load range (kN) Strain rate (mm/min) Temperature (°C)
rd AL [ 0 ’) 28
BL.D 0-5 .-
4,
Load - 1oad-line displaccment plot
""-Tr'" 7 . (I\N) A ]..O
' | Vn'
! 4.29

/f,,,,l i A
kN-mm '

Centre of
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science &

Testing.
girla Institutes

of Technology
and Science,
pilani,
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B2.14 Fracture test 2.9b

Yield strength

Modulus of Poisson’s ratio (v)

(1’:’1[’;1) Elasticity (GPa)
277 210 0.33
2. Compact T
Specl‘lnc”lm(jcl cm&f(_m. (CT) specimen as per ASTM standard (E399-91)
Fhickness B Crack length ao Width ¥ i\lolch radi
(!lll(‘l)l) (mm) (mm) (”“‘;) -
2. 10.5 24 0.123

Temperature (“C)

3
W Tes
st O
- t Conditions
est Type

Cr
ack injt
1tiaty
on 0-5

ate (mm/m in)

|.oad range (kN) '__‘,_1221__:___—___,/
0.2 28

4
\ LOad

(] 2 s

KN) —_12. 17
I’}u’ /
o 4.05

f’ff,,'
kN-mm
r-('-;-c;ntn;.- of
Materials
science &
Testing-
Birla Institutes
of Technology
and SCience!
pilani,
Rajasthan
INDIA (333 031)
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B2.15 Fracture test 2.9¢

L. Material
Materi: -
tterial Yield strength f Modulus of Poisson’s ratio (v)
EDD2 (MPa) Elasticity (GPa)
277 steel sheet 277 210 033
L. {C )
SPL‘E‘ ompact Tension (CT) specimen as PCT ASTM standard (£399-91).
'men code Thickness BB Crack length o width W Notch radius
(mm) (mm) (mm) (mm)
2.9 10.5 24 0.118

- . - . o uc
[.oad rangc(I\'N) Wﬂﬁ%;ﬂf—(—)—

0-5

¥ Load -

o~ load-line displacement plot
g . T:g;_ 2,145
| - 4.0 |

":rJI
(m m)
Ap,l o

kN-mm

centre of
Materials
Science &
Testing.

Birla Institutes
of Technology
and Science,
Pilani,
Rajasthan
INDIA (333 031)




B2.16 Fracture test 2.9d
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L. Material
Material -
‘ Yicld strength M Z
5 odulus of Poisson’s rati
EDD 277 <o (MPa) [-lasticity (GPa) iSSP irdLie ()
steel sheet 277 210
= 0.33

- ASTM standard (E399-91).

2._(C
Specil:::_hpact Tension (CT) specimen as p¢
°n code e
1 code Thickness B Crack length ao Width W Soreh radioe
204 (mm) (mm) (mm) T
: 2.9 10.5 24

Temperature ("C)

3. §
T‘Lst Conditions
['est Type

C . v .
rack initiation

['Oadﬁlﬂﬁ.———_-

-

Strain rate ( mm/min)
0.2

(kN)

0-5

28

% i
oad — . .
1d - load-line displacement plot

P
2.155

(kN)
v, ot
(mm)
-“f,n.'
kN-mm

4.04

__—"———l_

centre of
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science &

Testing.
Birla Institutes

of Technology
and Science,
pilani,
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B2.17 Fracture test 3.2a

1. Material
Poisson’s ratio (v)

Modulus of

Materi: -
iterial Yicld strength
S lf\/I J; Jlacticity P
EDD (0.025% () . Clustiel (O
steel sheet 277 210 0.33

ard (E399-91).

r ASTM stand

(e
omnact Tonc
Spcci"jmpdu T'ension (CT) specimen as pe
en code e -
'code hickness B Crack length d@o width IV Notch radius
(mm) (mm) (mm) (mm)
3.2 10.5 24 0.118

Temperaturc (°C)

3
« Test ¢
est Conditions
28

lest Type

[ oad range (KN Strain rate (mm/min)
0.2

0-5

——

T —
ack initiation

P,
(kN)
Vp.' 4 "0 II
(mm)

Afn'
kN-mm

9.615
.__’___
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Science

Testing-
Birla Institutes

of Technology
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pilani,
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INDIA (333 031)




B2.19 Fracture test 3.2¢
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L Material

Modulus of

Poisson’s ratio (v)

Materi: -
rial Yield strength
EDD277 steel sheet (M) Elasticity (GPa)
¢ 277 210 ~ A
- 0.35

2 (C
- (Compact T .
SchimcanM: Fension (CT) specimen as PEX ASTM standard (E399-91).
— —— .
Ode Thickness B | Crack length a@o Width W Notch radius
(mm) (mm) (mm) (mm)
3.2 10.5 24 0.115
]'hlTcst Conditions
est Type m——" :
Gk l-)'Pt [ .oad range (kN) Strain rate (mm/min) Temperature (°C)
mitiation 0-5 0.2 28

P

4
. Load
- load-line displuccmcnt plot

(kN)
Vp.’

(mm)
Aﬂ,'

kN-mm

centre of
Materials
gcience &

Testing.
Birla Institutes

of Technology
and Science;
pilani,
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INDIA (333 031)
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0.2

[.oad rang¢ (kN)

bt ']‘ypc
I
31.D 0-5

ment plot
P
(kN 2.44
V/)I
(mm) 4.17
Apl _—

kN-mm

4
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oad — load-line displac¢

Centre of
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B2.20 Fracture test 3.2d

L NIH'[(_!riul
Material .
‘ Yield strength M
S odulus of Poisson’s rati
TR (MPa) ity (GPa) oisson’s ratio (v)
sl <hdg 277 210
= 0.33

2. (C
4 (Compact Tensi T i
Spccmwnp ict Tension (CT) specimen 43 per ASTM standard (E399-91).
O code Fhickness B Crack length @o Width W Notch radius
— (mm) ______(_'}l"_]_)_——-— (mm) (mm) \
3 3.2 10.5 24
3.
2. _Test Conditions
1/min) Temperature (“C)
28

—_Test Type

[.oad range (kN)

Strain rat€ (mn
0.2

0->

plot

hoL
* ()ad L. P 5 "
load-line (Ilsplaccmcnl

e

P,

| N |
I{’,'n'

( mm)
Apn'

kN-mm
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Testing.

Birla Institutes
of Technology
and Science,
pilani,
Rajasthan
INDIA (333 031)




202

B3

S s stud
Fracture Test on FDD277 (Strain rate effect

B3.1 Fracturt test 1.4A

. £ 7 1 vV
l. Material dulus of Poisson’s ratio (V)
Material Vield strength Elasticity (GP2) L e |
) o ——
EDD277 steel sheet 21t

’ E399-91).
- ASTM standard ( ~dius
2 _(C fercion (CT) specimen a5 P2 AS L= 1 ey
~Compact Tension (C ) SI ) ’____(_11_111_1)______.
Specimen code | Thickness 5 fuls 0.125
~—_ (mm) -

3 .

""--.T_°§1 Conditions
r@f:[ 'I‘\/ (&

\S.rﬂﬁiniliation

4, ) .
&l — load-line disp!

Pilaniathan
ias

-'.
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B3.2 Fracture test 1.4B

2

_L Material
Material

Yield strength
(MPa)

Modulus of
Elasticity (GPa)

Poisson’s ratio (v)

—_—

214

210

0.33

_EDD277 steel sheet

_2_:_ (Compact Tension (CT) specimen as per ASTM standard (E399-91).

Specimen code Thickness B Crack length do Width ¥ Notch radius

—_— (mm) (mm) (mm) (mm)

—_ 14B 1.4 10.5 24 0.116

3. Test Conditions :

—_Test Type Load range (kN) Strain rale (mm/min) Tempcr:;uurc (°C)

Crack initiation 0-5 0.4 =

4

- Load - load-line displacement plot
~— P,
kN 0.968
I".,l o]
(m:n) - I
Ap )
kN-mm 2783
__——'-'_-'—___—_

centre of
Materials
science &
Testing.
Birla Institutes
of Technology
and Sciencé,
pilani,
Rajasthan
INDIA (333 031)
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B3.3 Fracture test 1.4C

1. Material
Materi: ield stre
erial Yield strength Modulus of Poisson’s ratio (V)
_FDD'a (MPa) Elasticity (GPa)
_EDD277 steel shect 277 210 0.33
L A

2. L .
? .((_:()mpact Tension (CT) specimen as per ASTM standard (E399-91).
Specimen code Thickness B Crack length ao Width W Notch radius
— ‘ (mm) (mm) (mm) (mm)
__ 14C 1.4 10.5 24 o1
3. Test Conditions
— TestType _—wﬂ)__ Strain rate (mm/min) Temperature (°C)
_ Crack initiation 0-5 0.6 28
i_ Load — load-line displaccmcnt plot
. Pl
0N 0.960
V:,’ -
(m:n) 3.16 ]
AP-’ o)
kN-mm "'772J|

centre of
Materials
science &
Testing.

Birla Institutes
of Technology
and Science,
pilani,
Rajasthan
INDIA (333 031)
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B3.4 Fracture test 1.4D

Material
‘ Yield strength v
= o odulus of Poissorn’s rati
E MP: gt oisson’s ratio (v
DD277 steel sheet L Elasicity (GPa) o (v)
- 210
.33
2. (C
- Ompact Tonis T _
S T T (C'T) specimen as per ASTM standard (F399-70)
Thickness B [ Crack length do Width IV Notch radius
14D tmm) (mm) (mm) (mm) ‘
e 10.5 24 0.124

o
est Conditions

Temperature ("C)

[§®)
wn

TCS( ']‘)pc

Load rangc (kN)

0-5

Strain rate (mm/min)
1.0 28

Cr i
aCK Initj
ack initiation

4 L
oad — o : .
load-line displacement plot

e pp—
P,
(kN)

Vfu'
(mm)

Al,'n'
kN-mm
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Materials
science &
Testing.
Birla Institutes
of Technology
and Science,
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B3.5 Fracture test 1.4E

l. Material
Materi: -
— . Yield strength Modulus of Poi
B MP: e oisson’s ratio (v
DD277 steel sheet ( '3771) Elasticity (GPa) sratio (v)
- 210
0.33
2_(C
ompact Te r - :
SPCCimcnpc:q[ .I e (CT) specimen a3 pe_ ASTM standard (E399-91)
¢ [hickness B Crack length ao Width W i\Jotch T
WTE (1;121) (mm) (mm) (nu:?) -
; 10.5 24
£ 0.118
3 Tews &
2_05‘ Conditions
est Tyne e -
Crack in ,-[) L '—““d_rﬂﬁ@—_jﬁw”" min) | Temperature ('C)
jation 0-5 1.5 28

1oL
oail— leadiiine di
d - load-line displacement plo!

r_fP“ 99
(kN) 0.822 J

V

ol

(mm) 2.78 R
/f',,lr

kN-mm 2.323

S

centre of
Materials
science &
Testing.

Birla Institutes
of Technology
and Science,
pilani,
Rajasthan
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B3.6 Fracture test 1.4F

_1. Material
Poisson’s ratio (v)

Modulus of

Material

Yield strength
(MPa)

Elasticity (GPa)

0.33

210

EDD277 steel sheet

277

épci?‘”“h:lcl Tension (CT) specimen as per ASTM standard (£399-91). ‘
men code Thickness B8 Crack length do width 7 Notch radius
T (mm) (mm) (mm) (mm)
LaF | 4 10.5 2 0122
: ?CSI Conditions ;
= Fest Type e GN) w Temperature (°C)
rack initiation 0-5 2.5 28

___-—--'

kN-mm
_-——_—__

—

P
(kN)
I"p-’
(mm)

Aﬂf

Centre of
Materials
sciencé

Testing-
Birla Institutes

of Technology




B4

258 (Influence of notch radius)

II‘ B i
racture Test on EDD

B4.1 Fracture test SP1

]. Nliltl,‘l'ial
Materi =
‘ ial Yield strength Modulus of Poisson’s ratio (V)
EDD2sg (MPa) [lasticity (GPa)
gteal Sheet 258 210 033

2

(Compact T

Specim .]PdL[ Tension (CT) specimen as per ASTM standard (E399—9I).

encode | Thickness, 5 Crack length ¢ width 7 Notch radius.
(mm) (mm) ’-—_ﬂ]_'ﬂ)___-——-_______(,“}_'l‘_)_——
3.2 10.5 24 0.07

Temperature (G
28

,.._——__—_

2

kN)
_.-(——___——'-—-——_-.

Vo 4.68
(mm) | _—
RNA;ﬂ]m 10.780
__',_.'..‘-———___—————"'
centre of

materials




B4.2 Fracture test SP2

1.
Material

Modulus of

Poisson’s ratio (v)

Material :
Yield strength
EDD23 ‘ lastici
DD238 sol Toct ([\/I-Pd) [£]asticity (GPa)
258 2
210 0.33

as

per ASTM stand

ard (E399-9l).

Notch radius, p

Z_(
. (Co
mpact T :
Specime pact Tension (CT) specimen
¢n code Thickness, B

Crack length an

(mm) (mm) L
0.085

width ¥

(mm)

4
« L
'I\U‘“I ~ load-line displac

ement plot
___-——-P ———
; g 2.42
| (KN) 420

|

kKN-mm

pmmmm—
Centre of

| |——

(mm) |
32 10.5 s
3 n
« Test C
TtSt Conditions
est Type —
Crack e Lﬁﬁﬂﬂﬁﬂﬁﬂ,—iﬂﬂﬂﬁﬂﬂﬂ@ﬂLﬂJEHEEE&EL

Vh'
(m:n) 30

Api 6.759

Materials
Science

Testing:
Birla Institutes

of Technology
and Science,
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B4.3 Fracture test SP3

Poisson’s ratio (v)

1. Material
Material

Yield strength
(MPa)

E 58
DD258 steel sheet

258

Modulus of
Elasticity (GPa)
210

0.33

2
- (Comp: T
: pact Tensi g i
e COdL.l ension (CT) specimen 25 per ASTM standard (£399-91)-
Fhickness. B Crack length @u Width ¥ Notch radius,
SP3 (i) ___,_Q‘_‘E)-———-____(_'P_'_“_L—— (mm)_
30 10.5 24 A1

. T
est Conditions

m/min

lest Type

[.oad range (kN)

Crack :
l sl e . Fs
ack initiation

0-5

4
s
ad — load-line displac®

ment plot

)

f
Strain rate (m
0.2

Temperaturc (*C)

28

__——_-
P 2.50

(kN)
Vo
(mm)
Api
kN-mm

centre of
Materials
gcience &

Testing:
Birla Institutes

of Technology
and Science:
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B4.4 Fracture test SP4

l. Material

Modulus of

Poisson’s ratio (V)

Material
- : Vield strength
:)I = / . - “ 1
)258 il <hect ”:1:;!) [lasticity (GPa) 1
2 210 0.33
]
C(lm
—_Ompact Tenis - .
T —— cns_u‘m (CT) specimen a3 per ASTM standard (£399-91):
[hickness. B Crack length @o width ¥ Notch radius, p
(|11m) (mm) (mm) (mm)
3.2 10.5 24 0.11

Test ¢
' St Conditions

.oad rangc (

0-5

kN)

Gyrain rat€ (mm/min)
0.2

(IC)

/
'l'emEcrature (
28

centre of
Materials
sciencé

Testing-
pirla Institutes

of Techl‘lfiJ'OQS'r
and SCiencel
pilani,

Rajasthan
[NDIA (333 031)

-_-__-—'--
Vo 4.22
(mm) '

_____———"'—
Ap
KN-mim 10.041 "
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134.5 Fracture test SPS

(3]

. Material
Material

Modulus of
[lasticity (GPa)
210

Yicld strength
(MPa)

I

258

I

Poisson’s ratio (v)

0.33

[ 3
DD258 steel sheet

2
- ((On
SpLumL:p']LE Tension (CT) specimen as per ASTM standard (E399-91).
1
code Thickness. B Crack length do width W Notch radius, p
Sps (mm) (mm) (mm) (mm)
— 3.2 10.5 24 0.12
R
Test Conditions
| .oad range (kN) W" Temperature ("C)
0.2 28

Crasl, 1o,
rack initiation

0-5

oL
oad - .
ad - load-line displac¢

ment plol -
P
< 2]
(kN 2.539
V!I
;i 4.61
(mm) | —
Apr 10.040
kN-mm
_,_——'—"_-
Centre of
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Testing-
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B4.6 Fracture test SP6

(RO

(%)

1.
1. Material

Materi:

L2 ll] i
Yield strength
- ‘ £ M()dlll s of I
[:D K \/ ). - . us ()t P()lsso at
D258 steel sheet “'vl,-:‘:) Elasticity (GPa) et
25t 210
0.33

ard (E399-91).

2
- (Com
. pact Tensi "
Y m— tﬂh.lflrf (CT) specimen as per ASTM stand
Ilm(:kncss. 5| Crack length o width /¥ Notch radius
TT ) (mm) (mm) (m:n)l "7
3.2 10.5 24 0.13

'I'emEcraturc ("C)

Test ¢
st Conditions

l‘t.‘sl l'\pc

)

0-5

Cr;
e
ack initiation

4
« Lo
ad - [pad-line disf

| .oad range (kN) Strain rate (mm/min
0.2 28

———

\

ylacement plot

P.
(kN

Vpr
(mm)

Ay

___—-—"-

[kN-mir
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I
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I
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B4.7 Fracture test SP7

. Material

Material

Yield strength

Modulus of

Poisson’s ratio (v)

Elasticity (GPa)

Test Type

.o

ad range (kN)

Cr

ack initiation

4,

Lo:
\“d- load-line displacen

EDD2sg (MPa)
238 steel shee o —
o she 258 210 033
2
- (Compact T . ]
o pact Tension (CT) specimen 23 per ASTM standard (£399-91).
1 code Thickness. B Crack length ao width ¥ Notch radius, p
(mm) (mm) (mm) (mm)
Jed 10.5 24 0.14
.o
Test Conditions
28

______h—-—'____—

1_———__
-__T)_-.

‘ 2.49

o | 2

|

centre of
Materials
science

Testing-
pirla Institutes
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and SCiEﬂces
pilani,
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INDIA (333 031)
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B4.8 Fracture test SP8

I. Material
Matenal &
H Yield strength M q
g odulus of Poisson’s rati
TEDD"’D'}; ‘ (MPa) Elasticity (GPa) el
258 steel sheet 258 210
X ) 0.33

(CT) specimen as per

ASTM standard (E399-91).

Notch radius, p

Z,

oz _(Compact Tension

Thickness, B Crack length ao
(mm) ____(_@_1_1_2____

Width W
(mm)
24

(mm)
0.15

Speei
pecimen code

3.2 10.5

3.

/min)

Temperature (°C)

|.oad range (kN)

Tcst Conditions
- [est Type
rack initiation

Gyrain rate (mm

0.2

28

0->

cement plot

—

4
¢ Lo
oad — load-line displa

P.

(kN) 2.587
fo
(mm)
A,n.’

kN-mm

4.55

9.460
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B4.9 Fracture test SP9

. Material
Matcrial Yield strength Modulus of Poisson’s ratio (v)
s _ (MPa) Elasticity (GPa)
DD258 steel sheet 258 210 033

ndard (E399-91).

2. (Compact Tension (CT) specimen a8 per ASTM sta
Specimen code Thickness. B | € rack length au width Notch radius, p
(mm) _____(_“_]El)_———- (mm) (mm)
SP9 3.4 10.5 24 0.16
est Conditions . . 0
B“' Type oad range (KN w | Temperature (%)
e el =) fo] 28
Crack initiation 0-5 =
4,
..______Eg“d - load-line displaccmcﬂt plot =
¢ 2
(kN) e
Vi
(mm) 4.34
/[,'n' 2
kN-mm 10.821
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B4.10 Fracture test SP10

Modulus of

Poisson’s ratio (V)

Materi; -
erial Yield strength
EDDo<x (MPa) [lasticity (GPa
D258 steel sheet 558 _ (GPa)
IS 210 0.33

ard (E399-91).

=
o
<

Spt(CiCI::]‘]D:dct Tcns'i(‘)n- (CT) specimen as per ASTM stand
code [hickness. B | Crack length a width ¥ Notch radius,
(mm) | (mm) (mm) (mm)
5. 10.5 24 0.17
Test Conditions
mm/min) Temperature ("C)

Test T pe

Crack ;
d ol & b T
ck initiation

0-5

| .oad range (kN)

W
0.2 28

—

4
~_Loag -
e load-line displ:tccmcnt [

ylot ‘/————_-
P 2.622

(kN)_ | ———
Vo 4.58

(mm)_| _—
Apt 10.972

kN-mm | —
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B4.11 Fracture test SP11

Poisson’s ratio (V)

Ma 12 =
laterial Yield strength Modulus of
= (MPa) Elasticity (GPa)
EDD25 2
DD258 steel sheet | 258 210 0.33

M stand:

ard (E399-91).

Notch radius, p

) specimen 48 per AST

2,
= (cﬁlllpzlct Tension (CT
Specimen code Thickness, B Crack length ao width ¥
: (mm) (mm) ______L'.]_l.'ﬂ-—-——" i)
SP11 30 10.5 24 0.18
3, Tex
]'fbt Conditions "] o
Crde Initiation 0- 5 _____2_———'""—— 2

4,
r-...__l"iﬂd ~ load-line displ

acement plot

P.

(mm)

Ap
kN-mm
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B4.12 Fracture

test SP12
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Material
Material
‘ Yield strength

— : E Modulus of :

E e MP: BT Poisson’s ratio (v
| EDD258 sicel shect = :8” Elasticity (GPa) 5 ratio ()

= 210
0.33

(Compact
: pact Tension (C’ i
P e Lllh—ll(.)n‘ (CT) specimen as per ASTM standard (E399-91).
hickness, B | Crack length ao width ¥ Notch radius
= (mm) (mm) (mm) (mm) !
2.2 10.5 24 0.2

're “ .
st Conditions

'l‘cmE(:raturc ("C)

Test Type

0-5

|.oad range (kN) Strain raté (mmf’min)
0.2

28

—

(-‘r i .
ack initiation

4
+ Load - 2
N load-line displacemcnt plot ——
£
P.
- (kN) 210

___——_—

| KN ]

pmm———
Centre of

/—-—-"'_:’__—-—-:

e

Vit 5.21

(mm) -
/‘t'n,'

|
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B4.13 Fracturc test SP13

g
2
o

. Material

Yicld strength

Modulus of

Material
Dr MPa) Elasticity (GP)
EDDS ( i
DD258 steel sheet 258 210 0.33

Poisson’s ratio (v)

ndard (E399-91).

3. ‘\~ A
Test Conditions

Test Type
i Crack initiation

4,
.._____l_“Oa(l — load-line displac

2.
s (Compact Tension (CT) specimen 43 per ASTM sta .
Specimen code Thickness. B Crack length do width ¥ Notch radius, 2
(mm) (mm) (mm) (mm)
Ll 3.0 24 0.40

(kN)

Vi 5.26
(mm)
J

Ap 11991 |
kN-mm
/
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B4.14 Fracture test SP14

I. Material

P—

Material

Yield strength

Modulus of Poisson’s ratio (V)

E lasticity (GPa)

EDD23 (MPa)
D..Dg SlCL‘] ShL‘L'[ :58 7]() 0 33
2, (C
ompact Tensi . :
SPCCimclp‘lCl Iension (CT) specimen a3 per ASTM standard (£399-91).
ncode | Thickness, B Crack length ao width /7 Notch radius, p
SP] (mm) mm) (mm) (mm)
4 32 0.5 24 0.60
Test Conditions -
V/min) TemEeralure (°C)

[oad range (kN)

Crack ini
ack initiation

0-5

Strain rate (mn
0.2 28

/

\

Lo
oad — load-li :
load-line displacet

nent plot —
P
] 3 2.853
, S (kN) | —

___———-'

1’}," 5.42
(mm) | —
Api 12.307

kN-mm
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B4.15 Fracture test SPi15
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1. Material
Material

Modulus of

Yicld strength
Elasticity (GPa)

Poisson’s ratio (v)

(MPa)

258 210

0.33

EDD258 steel sheet

2j (Compact Tension (CT) specimen as per ASTM standard (£399-91).
Specimen code Thickness, B Crack length au Width W Notch radius. p
. (mm) (mm) (mm) (mm)
SP15 3.2 10.5 24 i
3. Test Conditions : =
E-csl Ty M Strain rate ( mm/min) Temperature (°C)
e - 2 28
Crack initiation | 0 -
4, :
_____&d — load-line dlS[)l!lLM ——-:_7)——
z i 2912
ié:'f-" . /L __.(-};-E—L
7
(mm) >
Ap | 12,630
kN-mm
—__—_—
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B4.16 Fracture test SP16

m_Material
;\'h]lcri.ll
( Yield ‘ill'CIlnl[
EDD><z =y gih Modulus of boisson's rati
258 steel sheet ('\ll.[;‘” Elasticity (GPa) oisson’s ratio (¥)
)
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0.33
2
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3 -
« Test C
st Conditions
Strain rate ( mm/min) Temperature (°C)
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Test Type
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4
Lo,
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/
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B5

k growth behaviour)

Fracture Test on EDD258 (Crac

B5.1 Fracture test R1

1.
Material
NIEHL‘]’][]I \["i ‘]d . . -~ .
: cld strength Modulus of Poisson’s ratio (V)
EDD2sg e (MPa) Elasticity (GPa)
sheet 258 210 0.33

ASTM stand
width W

ard (E399-91)-

Notch radius. p

specimen a3 per

C :
ompact Tension (CT)
Crack length @o

Sp{\(\]‘
I]] i ™ T 1
ctn L()dC II'IICI\'H(..‘SS1 B
0. l ] 5

()

(mm) Ly
c 24

M et
[0.5

| %3

1/min)

Temperature (°C)
28

kN) Strain rate (mn
0.2

Load range (K22
0 - 5 /

4
. LO
ad - ’
\ load-line displacem

.

ent plot
P
‘ : tol 0.767
: (kN) i

___———"""
(mm)
___———"'—

kN-mm
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B5.2 Fracture test R2

1. Material
Material '
: Yield strengt ]
| . P,Lnb h ] qu'u]us of Poisson’s ratio (v
T a) Elasticity (GPa) )
258 steel sheet 258 210
21 0.33
2. (Compact Tensi
Specmf])mpau T'ension (CT) specimen as per ASTM standard (E39971)
C . s .y . ) ]
n code I'hickness, B Crack length ¢u Width 7 Slatsm i
= (mm) ____Q}ﬂ_’_)___—____(mm) (mm) P
> 3.2 105 24 0.116
3. it O
Test Conditions
C Test Type oad range (KN)__ e Gom/min) | Temperature (C)
rack initiation 0-5 L -
4, ; —
Load - load-line (lisplacemcnt plot
Prun’
1 o ]
Vum’
- 4.18
‘4[7.’
M 13.016
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B5.3 Fracture test R3

S8 ]
o
(=)

_L. Material
Material i
Yield strength Modulus of Poisson’s ratio (v)
EDD335 S (MPa) Elasticity (GPa)
28 steel sheet 258 210 0.33
=0 & 39

2_(C -
Speiil::::pj‘lct Iuns.ifn? (CT) specimen as pcr ASTM standard (E399-91).
code Thickness, B | Crack length ay width WV Notch radius, p
(mm) (mm) (mm) (mm)
3.2 10.5 24 0.121

[ Temperature (C)

[.oad range (kN) Strain rate (nnn/min)
0-5 0.2 28
4
+ Los
'\dd — load-line displacement plot

R
2.831
' |
Var | 4.08
(mm)

___—['—_'_.———-—__-
Apl 92
kN-mm 8.192

Punf
kN)

(

—
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B5.4 Fracture test R4

1 n’] 1
2 aterial
f\’IOdLIIllS of POiSSOIfS ratio (\’)

Materi:
erial Yield strength
(MPa) Elasticity (GPa)
0.33

210

E F
DD2358 steel sheet 258

ard (E399-91).
Notch radius, p
(mm)

0.116

n as per ASTM stand
Width ¥
(mm)
24

2. (C
Spccmf:mpuct I'ension (CT) specime
S m—
n code Ihickness, B Crack length ao
(mm) (mm)

R4
3.2 10.5

I

3,
est Conditions
mm/min) 'I'emEerature (°C)

| oad range (kN) Sqrain rate (
0.2 28

0-5

I‘CS[ -I.VPU
Crack oo
rack growth

—

4
+ Load - .
d — load-line displacement plot

Pmr! I 76]

(kN)

|
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(mm)
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B5.5 Fracture test RS

228

1. Material
Materi :
B erial Yield strength Modulus of Doisson’s ratio (v)
EDD23 (MPa) Elasticity (GPa)
:1DD258 steel sheet 258 210 EE

2, 3
w=_(Compact Tension (CT) specimen

as per ASTM sta

width W

ndard (E399-91).

Notch radius, p

Specimen code

Thickness. B

(mm)

39

Crack length du
(mm)
10.5

(mm)
24

(mm)

I
0.122

RS

J.4

ym/min)

Temperature ("'C)

3, .
Test Conditions

[.oad range (kN)

——
Crack growth

Strain rate (I
0.2

28

—

0-5

acement plot

f
___——____.———

4,
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Punf
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B5.6 Fracture test R6
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1. Material
Material
X Yield strengtl - of :
—_ (MP'LH: ! ‘ Mt?d.ulu.s of Poisson’s ratio (v)
DD238 vl < a) Elasticity (GPa)
steel sheet 158 310
2 2 0.33
2, (C
ompac - 5 .
SPUCimcnIc:: TL"&'I(‘HII (CT) specimen as per ASTM standard (E399-91).
¢ Ihickness. B Crack length au width W Notch radius, p
R (mm) (mm) (mm) (mm)
3.2 10.5 24 0.118
3 Tex
:f’“ Conditions
est Tvpe
Croct ['ype | .oad range (kN) Strain rate (mm/min) _Ew&
growth 0-5 0.2 28
4
+ Load .
ﬁ.‘ — load-line displacemcnt plot
nl
(kN) 0.847
an'
(mm) 16.»
Ap q
kN-mm 29.765
,__.———__-"'-—"-"
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B5.7 Fracture test R7

o
(98]

1. Material
Matcerial Yield strength Modulus of Poisson’s ratio (v)
e (MPa) Elasticity (GPa)
:DD258 steel sheet 258 210 0.33

specimen as p

er ASTM standard (E399-91).

Notch radius, p

2. (Compact Tension (CT1)

Specimen code

Thickness. B
(mm)

Crack length ao
(mm)

Wwidth W
(mm)

—

R7

10.5

3.2

24

(mm)

0.116

3. Test Conditions

ate (mm/m in)

Temperature (°C)

| Test Type

Load range (kN)

0-5

Strain 1

0.2

28

Crack growth

4. Load - load-line displnccment plot

T

Pe 0.691

(kN)
V.f’f o)

(mm) 205
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kN-mm

32.723 |
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B5.8 Fracture test RS
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[OX]

. Material
Material

Yield strength

Modulus of
[]asticity (GPa)

Poisson’s ratio (v)

e

(MPa)

258

210

0.33

EDD258 steel sheet

andard (E399-91).

['est ’l"\'pc

0-5

|.oad range (kN)

2. (C )
Specinompuu Tension (CT) specimen as per ASTM st
1en ¢ . . -
en code Thickness, B Crack length an Width W Notch radius, p
T (mm) (mm) (mm) (mm)
3.2 10.5 24 0.113
3, .
Test Conditions
Strain rate (mm/min) Temperature ("C)
28

0.2

Cracl
rack growth

4 1L
oad — Joad-line displacem¢

nt plot

e —1

—
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o |
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(mm) | ———
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kN-mm
___———_-
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Fr:
acture Test on other E

—

I. Material

B6.1 Fracture test Al

Poisson’s ratio (v)

Materi: .
d Yield strength Modulus of
Aluminium (N;Z“) lastiely (O
: 70 0.33
2
- (C()n] i - ‘
Spccimcnp(if(; 1 eﬂh"lt_m. (CT) specimen a3 per ASTM standard (E399-91):
¢ Ihickness. B Crack length @u width W Notch radius, p
(mm) (mm) (mm) (mm)
2.0 0.5 24 0.1

———

nin)

Strain raté (mm/1

3
i Tag
_LSt Conditions

|.oad rangc

0-5

4,

Lo
ad - . . .
load-line displacer

T~

Temperaturc (°C)

28

0.2

nent plot
T
P 1
| ) 1.338

l'}n’

(mm)
Ap.'
kN-mm
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B6.2 Fracture test Cu

S
[O%]

(W8 )

1. Material
Material ;
¢ Yield strength - of :
i g : %‘ﬂqd.ulus (‘)t Poisson’s ratio (v)
ot ‘ Elasticity (GPa)
._2_' (C()m ar .
SPCcimcinuJ TCHS'I(.)n. (CT) specimen as per ASTM standard (E399-91).
code I'hickness, B Crack length an Wwidth W Notch radius, p
= (mm) (mm) (mm) (mm)
2.0 10.5 24 0.1
3. ;
Test Conditions
= ‘N‘ |_,\.PL [oad range (kN) Strain ratc (mm/min) I'emperature (°C)
ack initiation 0-5 0.2 28
4, y
_____laoad — load-line displacement plot
P.
(kN) 1.227
V,,;
o
44,,,[ B
kN-mm -
| kN-mm |
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B6.3 Fracture test Br

I- n‘]ateriul
Material
l Yicld strength
[ ) s Modulus of Poi
P . . fa) v . ;
Brags (MPa) Elasticity (GPa) isson’s ratio (v)
225 20
0.33

2. (Co
- mpact Tensi T ;
SPCCinwnIC:d: mb.ll?n. (CT) specimen as per ASTM standard (E399-91).
hickness, B | Crack length ay Width W Notch radius
= (lllm) (mm) (mm) (mm) ~.0
2.0 10.5 24 0.1
3 Tonid
Test Conditions
'I\CSI ly e
ol l L. oad range (kN) Strain rate (mm/min) Temperature (°C)
nitiation 0-5
-l 0.2 28

4
- Loz -
~— 1d - load-line displaccmcnt plot
B,
1.871

(kN)

/ ol

(mm)
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kN-mm -
Centre of
Materials

Science &

Testing-
Birla Institutes

of Technology
and Science,
pilani,
Rajasthan
INDIA (333 031)

m—




l. Material

B6.4 Fracture test MS
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Material

Yicld strength

(MPa)

Modulus of
Elasticity (GPa)

Poisson’s ratio (V)

——

Mild Steel

330

208

0.33

2; (Compact Tension (CT) specimen as per ASTM standard (E399-91).
Specimen code Thickness, B | Crack length an Width ¥/ Notch radius, p
(mm) (mm) (mm) (mm)
MS 2.0 10.5 24 0.1

3 .
Test Conditions

[ oad range (kN)

Temperature ("C)

Strain rate (mm/min)

28

Test Type
Crack initiation

0-5

0.2

4,
Load - Joad-line displaccmcnt plot

P,
(kN)
]
l",,,:
(mm)

Apn'
kN-mm
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I - -
nfluence of notch radius on fracture toughness

Mactie - . - 3
Plastic zone in front of crack tip for by FE analysis

p=0.20mm p=0.30 mm




E

Microstructure ahead of crack tip

E1 Microstructure in ahead of crack tip EDD277

(b) after fracture test at surface (400X)

(a) before fracture test (400X)

E2 Microstructure ahead of crack tip in EDD258

(400X)

re test at surface

(b) after fractu

(a) before fracture test (400X)
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F

quipments used for the thesis work

Specifications of machines and e

Make
Model
Specifications

Computerised Universal Testing Machine

FIE, Kolhapur (INDIA)
UNITEK 100
Load unit cell
Displacement rate 0

<0—5kN,0—-100kN
2250 mm/min

2. CMOD Gauge
Make WAZAU, Germany _
Model WAC 07.02.01 (for CT type specimens)
Specifications Measuring range 3-13 mm
3. Micro Hardness Tester
Make SHIMADZU, Canada
Model HMV
: ds
Speci i [oad duration: 5 to 999 seconds.
pectfication® Load 9 types 98.07, 2,490.3, 980.7mN,
96, 2.942 4.903, 9.807 19.61 N
Measurement mode: Vickers hardness HV
4 Flat bed scanner
ﬁal;el I;im Jet 3970 Digital Flat bed scanner
ode
5. Chemical Analyser .
Kk wor]dWIde Analy'tlcal SyStem WAS:
ake
ndry Master
Model Model Fou ¥
% Gas Analyser
n
LECO Corporatiot
Make Cg-044

Model
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