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ABSTRACT

Sheet metals have wide applications such as pressure vessels, auto components and
aircrafts. Sheet forming processes are among the most important processes in manufacturing.
Particularly these processes are important in the field of car body and auto components
manufacturing, due to the fact that the tools are very expensive and any failure or redesign
procedure dramatically increases the price of the products. Fracture phenomenon is one of the
main obstacles affecting sheet metal forming as accurate prediction of fracture initiation is
difficult in the forming processes. Numerous efforts are to predict accurate fracture limits of
sheet metals by using formability approach. However, even today to prevent crack formation

during forming process is a challenging task.

The phenomena of crack initiation and crack propagation are dealt within the discipline
of fracture mechanics. Significant deformation ahead of crack tip plays an important role in
crack initiation and crack propagation process. Extensive deformation ahead of a crack tip region
has emerged a new discipline in fracture mechanics called general yielding fracture mechanics
(GYFM).

Present study aims to evaluate fracture behaviour of Extra deep drawn (EDD) steel sheets
using fracture mechanics approach to predict fracture limits accurately which will be beneficial
to both, sheet metal manufacturer and their industrial users (product manufacturers). Amongst
sheet metals, EDD steel sheets are widely used in auto components. There is an increasing
demand in ensuring consistency in quality and avoid wastage of material during forming
operations. Formability approach is being utilized to predict fracture limits (load at crack
initiation and critical forming rate) for so many decades with numerous attempts made in

improving the quality and ensuring the consistency in quality of EDD steel sheets.

Fracture mechanics approach is suggested to EDD steel sheet manufacturer to build a
complete framework in which new methodologies of investigations correlating mechanical and
fracture properties are used to determine fracture limits. In order to find out the fracture limits,
fracture test and finite-element (cohesive zone model) simulation tool are proposed. With the
help of the sophisticated fracture test and / or fracture simulation tool, manufacturers will be able
to give data on the load at which crack initiates as well as critical forming rate, apart from basic



(mechanical and metallurgical) properties. This data would help the industrial user to ensure the
consistency in quality and avoid wastage of material. In present work, TATA steel Jamshedpur
has sponsored the EDD steel sheets, mechanical properties and data related to formability

parameters.

The present attempt aims to generate 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 which falls in the regime of

general yield.

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. 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) method is proposed to find plastic
crack tip opening displacement (CTOD), in addition to existing plastic hinge model (PHM) and
FE analysis. CFOA method accounts for nonlinearities in the relationship between plastic CTOD
and plastic load-line displacements.

Finite element analysis incorporating cohesive elements used to verify experimental
results. Cohesive zone model (CZM) is formulated to represent EDD steel sheets using compact
tension (CT) specimens to verify planned objectives. The procedure to calibrate cohesive
parameters in general yield regime is formulated. An alternative constant traction separation law
is proposed to account for maximum load and large load line displacements. The results from
proposed constant traction separation law are found to be close with the experimental findings.
By using proposed traction separation law, the maximum load is overestimated only by 1.44%
and corresponding J—integral based on load vs load line displacement (LLD) is 2.14% more than
experimental value. The proposed constant traction separation law is found suitable in general

yield regime.

The critical CTOD values are found to increase with increase in thickness, this

observation is found to be unlike that of thick plates (LEFM and EPFM regime). Influence of



notch radius on fracture toughness is studied. The fracture toughness remains independent of
notch radius value up to 0.15 mm. However fracture toughness increases linearly with notch
radius beyond 0.15 mm. With this study, it is recommended that fatigue pre-cracking, which is
costly and time consuming job, is not essential in case of EDD steel sheets. The wire electric
discharge machining (WEDM) process can be successively used for pre-cracking. Experimental
findings as well as CZM shows that the strain rate has no significant effect on fracture toughness
till the strain rate is 0.4 mm/min at room temperature; however, there is a sharp decrease in
fracture toughness beyond 0.4 mm/min. Thus, it is concluded that the forming of the EDD steel
sheet should be done at lower strain rates for high formability. Effect of a,/W ratio on fracture
toughness of EDD steel sheets is studied. It has been observed that as a,/I¥ ratio increases, the
location of plastic hinge shifts towards the crack tip (i.e. size of tensile plastic zone reduces),
which reduces fracture toughness. That is, the material is less resistant to crack growth for deeper

cracks.

It is concluded that conventional indicators of formability alone are not sufficient to
characterize the fracture behaviour of EDD steel sheets. The fracture mechanics approach

enhances the understanding of the fracture behaviour.
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CHAPTER-1

INTRODUCTION

The regimes of linear elastic fracture mechanics (LEFM) and elastic—plastic fracture
mechanics (EPFM) are well developed for the proactive design of mechanical components and
civil structures. However mechanical components made out of sheet metals are manufactured
using deep drawn (DD) or extra deep drawn (EDD) steel sheets and by forming processes (like
bending, stretching, drawing etc.). Numerous efforts have been taken to predict accurate fracture
limits of sheet metals by using formability approach, however even today to prevent crack
formation during forming process is a challenging task. With the help of the present
characterization, there is no assurance in the consistency of quality control of components. The
phenomena of crack initiation and crack propagation are dealt within the discipline of fracture
mechanics. Significant deformation ahead of crack tip plays an important role in crack initiation
and crack propagation process. Extensive deformation ahead of a crack tip has emerged a new
discipline in fracture mechanics called general yielding fracture mechanics (GYFM). Mechanical
components used in automobile industries, usually made out of EDD steel sheets involving
simple to complex shapes which require high formability. EDD steel sheets because of their
geometry and material property, fall into a regime of GYFM. Present work aims to evaluate
fracture behaviour of EDD steel sheets using fracture mechanics approach to predict fracture
limits accurately which will be beneficial to both, sheet metal manufacturer and their industrial

users (product manufacturers).
1.1  Introduction to EDD Steel Sheets

Steel is one of the most commonly used metals in sheet metal industry because of its low
price, excellent reliability and compatibility with most manufacturing techniques. Among the
steel sheets, extra deep drawn (EDD) steel sheet is widely used in industrial applications. EDD
steel has superior formability and non-ageing characteristics. These steels are low carbon, Al-
killed steels. 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
car body, starter, end-covers, petrol tanks, etc. are made of EDD grade steel sheets. Apart from
automobile industries, the EDD steel sheets are extensively used in enameling applications such



as bath sink units, kitchenware, cooker, washing machine and refrigerator bodies, etc. EDD steel
sheets account for a sizable proportion of the manufactured goods produced and used by
industries. In order to ensure the consistency in quality and avoid wastage of material,

characterization of EDD steel sheet is important.
1.2 Present Practice of Quality Control of EDD Steel Sheets

The goal of every industry is to increase the performance of the manufactured product
and reduce the manufacturing cost by reducing the wastage. Quality control of the EDD steel
sheets is presently dependent on formability characterization approach. Steel sheets used for such
applications are subjected to various types of forming operations depending on the desirable
shapes. In industry, the performance of such operations is assessed in terms of formability
indices. The formability characterization tests can be broadly classified into two groups namely:
simulative tests and intrinsic tests. The simulative tests are empirical in nature whereas the
intrinsic tests are fundamental or semi empirical in nature. In the simulative tests, the formability
characterization can be accomplished by the employment of Erichsen cup test, hole-expansion
test and Olsen cup test. In the intrinsic tests, the formability characterization can be
accomplished by determination of either one or the combination of strain hardening exponent,

strain rate sensitivity index, normal anisotropy factor and formability limit curves (FLC).
1.3 Need for Alternative Method

Forming processes are important in the field of car body and auto components
manufacturing, due to the fact that the tools are very expensive and any failure or redesign
procedure dramatically increases the price of the products. Fracture phenomenon is one of the
main obstacles affecting the successful forming as accurate prediction of fracture initiation is
very difficult in the forming processes of auto components. As a consequence, it is very
important to avoid the failure situations from the design stage. This task can be achieved by
adopting the most accurate and realistic procedures to find fracture limits. The realistic
prediction of fracture limits can reduce the occurrence of failure during manufacturing as well as

during the life period in application of product.



There is a need to understand the fracture behaviour in EDD steel sheets from the fracture
mechanics point of view as fracture mechanics approach is a comprehensive solution addressing

material, geometry, and 3 modes of fracture which are observed in forming operations.
1.4  Fracture Mechanics Approach

In the modern materials science, fracture mechanics is an important tool in improving the
mechanical performance of materials and components [Cotterell (2002)]. Crack initiation and
crack propagation phenomena are well described in fracture mechanics. Number of trials are
required to find out maximum load and critical forming rate for crack initiation by using a
formability approach. Industrial users (product manufacturers) are more concerned with the
formation of cracks in thin sheets during as well as after the forming operations. The objective of
the present investigation is to study the application feasibility of fracture mechanics in
characterizing the quality of EDD steel sheets through experimental and finite element analysis.

1.5 Definition of the Problem

Forming operations like stretching, bending and drawing are used to manufacture
complex shaped components out of EDD steel sheets which require high formability. During
such operations, different locations of the component are subjected to tensile (mode-I) or shear
(mode-I1) or tear (mode-111) kind of fracture. There is an increasing demand from industrial users
for an accurate assessment of crack initiation load and forming rate. Therefore, fracture
resistance is an important issue from the perspective of wastage of material, consistency in
quality of manufactured components out of EDD steel sheets. In the domain of fracture
mechanics insufficient attention on studies related to fracture behaviour of EDD steel sheet
metals originates from the fact that engineering materials with thinner sections are not
considered as load bearing structural parts. Therefore, the problem of crack initiation and its
subsequent propagation in thin steel sheets is not well defined in the domain of fracture

mechanics.

Therefore, EDD steel sheets are now required to be characterized with the aid of data
obtained from laboratory experiments that enable the fracture behaviour of sheet metals to be
reliably predicted. Understanding of fracture behaviour of EDD steel sheet will help the



manufacturer as well as user for the successful production of quality products and reduce the
wastage of raw material. Keeping above points in mind the present work is proposed.

1.6 Scope and Objectives of Present Work

Presently EDD steel sheet is characterized by formability approach. Good amount of
improvements and research is observed in order to achieve better results on formability
following formability techniques. Formability approach has well established procedures;
however research is still going on using experiments and simulations to avoid wrinkles and

cracks. There are certain limitations to predict fracture limits using this approach.

Based on the existing industrial practice, industrial demand and suggested alternative
approach, following objectives are framed in order to ensure consistency in quality of EDD steel

sheets.

1. To study the deep drawing qualities of EDD steel sheets from the formability point of
view.

2. To present a simple experimental technique and study the fracture criteria for various
combinations of material, geometry, loading and verify using FE analysis.

3. To examine the effect of thickness of EDD steel sheets on fracture toughness.

4. Predict most accurate data and realistic limits on load and forming rate in extra deep
drawn steel sheets.

5. To examine the effect of notch root radius of EDD steel sheets on fracture toughness.

6. To examine the effect of a/W ratio of EDD steel sheets on fracture toughness.
1.7  Organization of Thesis

In order to present the subject matter in a logical order, present work is discussed in six

chapters.

Chapter—1 addresses the importance of sheet metal characterization and need of fracture
mechanics approach to characterize sheet metals, which fall in the regime of general yield. It also
serves for the understanding of the present industrial practice to characterize fracture behaviour
in EDD steel sheets and consequently defines the scope and objectives of research work. This

Chapter also discusses the logical order of presentation of the thesis work in six chapters.
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Chapter—2 reports the major aspects of the background pertaining to the present research
work from recently published literatures. The content of this chapter is grouped under five major
sections. The first section demonstrates the introduction and development of general yielding
fracture mechanics. Second section covers the present characterization of thin sheets which fall
into the regime of general yield. The same section also covers drawbacks of the present
characterization. Third section discusses the status of characterization of thin sheets from the
fracture mechanics point of view. Gap areas are defined in the fourth section in order to define
the research problem. Fifth section deals with the selection of fracture parameters, test methods,
their applicability and limits from the perspective of the characterization of fracture behaviour in
the regime of general yield. This section also covers a literature on FE analysis.

Chapter—3 discusses about experimental procedures adopted to characterize fracture
behaviour of EDD steel sheets which fall in general yield regime. Subsequent topics focus on
investigation of fracture parameters with existing standards, methods and proposed methods to
fulfill the planned objectives. The specimen specifications for various objectives are tabulated in

details.

Chapter—4 presents the procedure adopted to perform the finite element analysis. It
discusses about the formulation of suitable cohesive zone model (CZM) to characterize the
fracture behaviour of EDD steel sheets loaded in Mode-I and to establish the main finite element
attributes to be used in general yield regime. CZM is formulated with the help of finite element
analysis software ABAQUS 6.7 to verify experimental results. CZM for the compact tension
(CT) specimen is used to study the effect of the type of softening and cohesive parameters on the

load versus load line displacement response in general yield regime.

Chapter-5 discusses determination of cohesive parameters and validation of cohesive
zone model (CZM) with experimental observations. Subsequent topic focuses on the results
obtained from the experiment and cohesive zone model (CZM) analysis. The results are
summarized in tabular and graphical form. The discussion follows the results for various
objectives. The results are discussed on formability indices and fracture behaviour. These results
are discussed with reference to previously published journal papers, technical reports and

conference proceedings.



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.

The List of Tables, List of Figures, List of Symbols, 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, title of the article, name of the journal,
year of publication, 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. Various results
on tensile tests, validation of CZM, 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.



CHAPTER- 2

LITERATURE SURVEY

Introduction

This chapter reports the major aspects of the background pertaining to the present
research work from recently published literatures. The content of this chapter is grouped under
five major sections. Section 1 demonstrates the introduction and development of general yielding
fracture mechanics. Section 2 covers the present characterization of thin sheets which fall into
the regime of general yield. The same section also covers limitations of the present
characterization. Section 3 discusses the status of characterization of thin sheets from the fracture
mechanics point of view. Section 4 deals with the selection of fracture parameters, test methods,
their applicability and limits from the perspective of the characterization of fracture behaviour in
the regime of general yield. Section 4 also covers a literature on FE analysis. Gap areas are

defined in section 5 in order to define the research problem.
2.1  Development of General Yielding Fracture Mechanics

Fracture mechanics provides a tool for assessing the criticality of flaws in structures.
Linear elastic fracture mechanics (LEFM) is the basic theory of fracture, originated by Griffith
and completed by Irwin, Rice and Riveros [Anderson (2005)]. In this regime, the crack driving
force is measured by a parameter called stress intensity factor (Kj), is a function of applied stress,
crack size and geometry of the component. One basic assumption in Irwin's linear elastic fracture
mechanics is that size of the plastic zone is small compared to crack length. However, most
engineering materials show some inelastic behaviour under operating conditions that involve
large loads (e.g low carbon steel is not perfectly elastic but undergo significant plastic
deformation at the tip of a crack). In such materials, the assumptions: LEFM breaks down and
plastic deformation has to be considered in detail. Shortcomings of the LEFM approach led to
efforts to seek other techniques that are suitable for materials with extensive plastic yielding.
Two major approaches have been developed: crack tip opening displacement (CTOD) and J-
integral under the new theory of fracture mechanics called elastic—plastic fracture mechanics

(EPFM).



Fig 2.1 show broad regimes of fracture mechanics; LEFM, EPFM and general yielding.
LEFM demonstrates basic theory of fracture mechanics and huge literature is available in this
regime. Extensive literature is available for EPFM however there are some areas like driving
force in weldments, residual stresses, three-dimensional effects, crack tip constraint, gross-
section yielding and general yielding are unresolved in EPFM regime [Brighton and

Christopherb (2012)].
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Fig 2.1 Regimes of fracture mechanics

In fracture mechanics, less attention has been paid towards the general yielding regime.
The reason would be engineering materials with thinner sections are not considered as load
bearing structural parts. Also, failure stress in this regime falls between yield strength and
ultimate strength of the material, which is unlike LEFM and EPFM. Most of the fracture
mechanics design concepts are applied to structural design where the failure stress is less than
yield strength of material in presence of flaws. Fracture mechanics concepts can be explored for
the situations where the working stress is above yield strength of the material e.g. forming
operations (stretching, bending and drawing) of thin sheet metals. However different approach is
being utilized to characterize the sheet materials which fall in the area of general yielding

fracture mechanics (GYFM).



2.2  Present Characterization of Sheet Metals

The goal of every industry is to increase the performance of the manufactured product
and reduce the manufacturing cost by reducing the wastage. Quality control of the sheet metals is
presently dependent on formability characterization approach. Sheet metals used for such
applications are subjected to various types of forming operations such as stamping, drawing,
deep drawing, hydro-forming etc depending on the desirable shapes. In industry, the
performance of such operations is assessed by formability characterization in terms of
formability indices. The formability characterization tests can be broadly classified into two
groups namely: simulated tests and intrinsic tests. The simulated tests are empirical in nature
whereas the intrinsic tests are fundamental or semi empirical in nature. Steel, copper, aluminum
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 and being referred as deep drawn (DD) or

extra deep drawn (EDD) steel sheets.

According to TATA steel, information about the formability of thin metal sheet is
important to both, sheet manufacturers as well as industrial 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 industrial 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. Therefore, an understanding of the formability of sheet metals is

essential for the production of quality components.

According to Singh et al (2010), Padmanabhan (2007), Fekete (1997), Hosford and
Caddell (1993), sheet metal forming is a technique by which most body parts are produced in
automobile industries. In sheet metal forming, a thin blank sheet is subjected to plastic
deformation using forming tools to conform to a designed shape without failure, which is an
important aspect of the sheet metal to produce complex sheet metal components. Many factors
such as mechanical and metallurgical properties, die and punch geometry, lubrication, sheet
thickness, sheet roughness, punch speed, etc. contribute to the success or failure of the stamping
to varying degrees in an interdependent manner. The basic modes of forming a sheet metal are:
stretching, 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
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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.

The term formability of sheet metal can be defined as the relative ease with which a sheet
can be shaped through plastic deformation. 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 generalized nature for all the different modes. Different variables affecting the formability of

sheet metals are discussed in the following sub section.
2.2.1 Variables Affecting Formability
2.2.1.1 Process variables

According to Padmanabhan (2007), 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. During forming process, the blank sheet is likely to develop defects if
the process parameters are not selected properly. Therefore, it is important to optimize the
process parameters to avoid defects in the parts and to minimize production cost. Optimization of
the process parameters such as die radius, blank holder force, friction coefficient, etc., can be
accomplished based on their degree of importance on the sheet metal forming characteristics.
Colgan and Monaghan (2003), Duan and Sheppard (2002), Lee (2002), Koa ef al (1999), Koa et
al (1998), Chen et al (1997), Park and Kim (1995) used a statistical approach based on Taguchi
technique to determine the degree of importance of each of the process parameters on the
thickness distribution of deep drawn circular cup. They have used three levels of process

parameters to capture the non—linear effects in the experimental design.

Fracture and wrinkle are the two major modes of failure in sheet metal parts. Hence,
using proper blank holder force is an essential criterion to restrict wrinkling tendency and avoid

tearing of the blank sheet. Yoshihara (2005), Sheng(2004), Krishnan and Cao (2003),
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Gunnarsson and Schedin (2001), Obermeyer and Majlessi (1998), Traversin and Kergen (1995)
have reported that the blank holder force plays vital role as per as failure modes (i.e. Fracture and
wrinkle) are concerned. They have suggested different blank holder force application scheme to

eliminate these failure modes.

In addition to the blank holder force, the die radius and the friction coefficient control the
metal flow into the die cavity in deep-drawing process. The flow of material into the die cavity
reduces with small die radius while a large die radius lead to wastage in trimming excess
material and induces springback characteristic [Verma and Chandra (2006), Duchéne and
Habraken (2005), Leu (1999)]. An appropriate die radius allows smooth flow of materials on one

hand and reduces springback and material wastage.
2.2.1.2 Material variables

The dependence of material formability on a particular mechanical property is a
characteristic of the deformation mechanics of the forming process employed. For example
hardening exponent is an indicator of stretchability, anisotropy is an indicator of drawability and
percent reduction in area at tensile fracture is an indicator of spinnability in shear forming with
some exceptions [Hussain et al (2009), Jackson and Allwood (2009), Fratini et al (2004),
Hangan and Jeswiet (2003), Kegg (1961)]. 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. Kumkum
Banerjee (2007) performed textural and microstructural studies on cold-rolled batch annealed
interstitial free-Ti (IF-Ti) stabilized steel and EDD steel. It has been found that both, IF-Ti steel
and EDD steel contain a-fiber, which is not desirable for deep drawing applications. She has
suggested that the deep drawability of both steels can be improved by modifying the rolling and
annealing parameters. The good deep drawing qualities are specified in ASTM standard ESM-11
(2011) and E517-00 (2010). Based on these standards, following are the discussions on

individual variables.

Yield strengths should be low enough so that it can be exceeded by the applied stresses in
all localized regions during the forming process. Modulus of elasticity should be high enough to

keep the elastic spring-back to a minimum. Elastic spring back is the elastic recovery, which
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decides the final shape. Strain hardening exponent signifies the intrinsic ability of the material to
harden with plastic deformation, which is of tremendous importance in sheet metal forming.
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 »n but also maintaining it
up to a large strain. Strain rate sensitivity (SRS) index is defined as an increase in flow stress
with increase in strain rate. The values of SRS index for most of the cold forming materials are
small (=0.05). However, the presence of even a small value of SRS index (e.g. 0.015 in low
carbon steel) can be responsible for about 50% of the total elongation to failure. 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 planar anisotropy
and the latter is called as normal or plastic anisotropy. Anisotropy should be high enough for

good formability.
2.2.2 Formability Tests

Different tests have been developed with time for evaluating sheet metal formability.
Formability characterization 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.
2.2.2.1 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 (e;) strains in a sheet
metal) as per the ASTM E2218-02 (2008). 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
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localized necking and measurement of strains. In this test, the goal is to measure fracture strain in
thin sheets. It is well known that these experimental procedures are costly both in time and effort.
Therefore theoretical methods were introduced to compensate for the experimental methods. The
conventional theoretical methods used to predict localized necking are basically of two types:
1) M-K method, and 2) Linear Method. Both theoretical methods of prediction of FLC are found
to be inefficient [Alsaati et al (2006)]. A series of modifications have been introduced on these
methods in order to produce FLCs that are consistent with experimental curves. The FLD is very
useful in FEM analysis, die design optimization, die tryout, and quality control during production
[Stoughton and Zhu (2004)]. Wang and Lee (2006) reported ductile fracture criterion to predict
the forming limits. Based on this criterion, the occurrence of ductile fracture is estimated using
the macroscopic stress and strain that occurs during deformation. As mentioned by Djavanroodi
and Derogar (2010), to predict the FLD requires complex calculations and this will limit their use
in practical applications. Furthermore, a general model that can be applied for various sheet

metals has not been proposed.
2.2.2.2 Simulative tests

According to Wu et al. (2000), the Erichsen and Olsen cup tests are the most popular
simulative tests for formability characterization. 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.
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2.2.3 Limitations of Formability Characterization

From the extensive literature review, it is clear that the traditional industrial approach of
characterizing steel sheets carries some limitations. As mentioned by Granzow and Armco
(1990), the term formability is commonly used to describe the ability of steel to maintain its
structural integrity while being plastically deformed into various shapes. However, not all shapes
require the same forming characteristics, and steel that has excellent formability in one
application may exhibit poor formability in another application. In practice, therefore,
formability must be optimized by selecting a grade of steel that has the forming characteristics
needed to make the required shape. Forming characteristics are normally estimated from an
analysis of the mechanical properties of steel, which are determined by uniaxial tensile tests.
According to Ozturk et al (2008), merely mechanical properties do not simulate any commercial
forming operations. However, such properties have been universally used to evaluate

formability.

The principle of the formability limit curves (FLC), as per the ASTM E2218-02 (2008),
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 this test primarily seeks to ascertain the safe limits up to
which a sheet metal can be deformed without crack initiation or its subsequent propagation.
However, according to Ravilson et al/ (2009), Park et al (2008), and Wu et al. (2000)
construction of FLC is tedious and time consuming and consequently 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. As
mentioned by Zhongqi et a/ (2007), due to the defect of low ductility of aluminium alloy sheets,
fracture often occurs before necking instability. Therefore, the conventional forming limit curves
based on the tensile instability which can predict the forming limit is not exact to evaluate the
formability of aluminium alloy sheet. According to Isik et al (2011), despite their wide
application in sheet metal forming analysis, Forming Limit Curves cannot supply reliable results

and fracture criterion appears as a complimentary tool for the assessment of fracture limit.

According to Ravilson ef al (2009) and Ravikumar (2002), while forming a sheet into a

specific shape, material variables and process variables have greatest influence on the overall
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formability and are usually assessed during die tryout. The material variables are: yield strength,
ultimate tensile strength, modulus of elasticity, strain rate hardening exponent, strain rate
sensitivity, plastic anisotropy factor, etc. The process variables are: punch and die geometry,
degree of lubrication, clearances, etc. In addition to this, process variables depend on the mode
of forming. However, due to the complex interaction of large number of variables, which affect
formability of sheet metals, several factors are required to be considered to describe the forming

characteristics of a material.

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.

As mentioned by Dorel (2008), with the application of new forming techniques (hydro-
forming, incremental forming), it is necessary to improve the characterization of the formability
of materials. A good understanding of fracture behaviour of the material during forming is
necessary to industrial user as well as to manufacturer to use these techniques successfully for

the successful production of quality products.
2.3 Fracture Behaviour in Thin Sheets

A few attempts have been made in the past to ascertain the fracture criterion and
determine fracture toughness of thin sheets, but all these are in embryonic stage [Ray et al
(2010)]. The feasibility of application of fracture mechanics in characterizing the quality of steel
sheets through experimental analysis is explored by Ray et a/ (2010 & 1995), Kulkarni (2005)
Amongst the past attempts, the one suggested by Cotterell (1977) and later refined by Pardoen et
al (1999) is more widely used; the principle of this technique considers essential work of fracture
(w,) as the fracture criterion. Liu et a/ (1978) have proposed that thickness contraction ahead of a
crack tip at the instance of crack initiation can be considered as a fracture toughness criterion for

sheet metals. A few investigations [Pardoen (2004), Pardoen (1999), Mai (1986)] have
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considered the use of J- integral technique to estimate fracture toughness of thin sheets. However

few papers have been found related to fracture behaviour of thin sections as reported below.

According to Liu (1981), Liu and Kuo (1978), Liu and Ke (1976), 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 (K/ S, )Y’/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)

where, 0, 1s 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

L S CToOD=S.65 (2.2)
E y y n

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
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forming occurs first by localized necking, which is then followed by fracture inside the neck.
Problems of the effect of necking preceding fracture are also studied by Atkins (1997, 1995 and
1993). Das et al (2011) investigated the fracture resistance of cryorolled Al 7075 alloy. They
found a significant increase in yield strength and fracture toughness of the cryorolled Al alloy
samples due to high density of dislocations and grain refinement. However, these investigations
address towards the plane strain fracture toughness. Pardoen et al (2004), Pardoen et al (2002,
1999), Blyth and Atkins (2001) and Marchal and Delannay (1996) studied mode—I fracture under
plane stress condition by using certain materials (e.g. stainless steel, mild steel, 6082-O and NS4
aluminium alloys, brass, bronze, lead, and zinc). They have reported that fracture toughness
increases with size of the specimens (i.e for lower range of thicknesses) and then decreases
gradually to the plane strain fracture toughness (i.e. for higher rage of thicknesses). This
behaviour of an increasing toughness at small thicknesses is mentioned in most fracture
mechanics textbooks (e.g. Anderson, 2005; Broek, 2002; Broberg, 1999; Atkins and Mai, 1985)

but usually not explained.

Ray et al (2010) have confirmed the load drop point is a fracture criterion for industrially
processed Ti-stabilized interstitial free (IF) steel sheets. They have studied IF steel sheets with
thicknesses 1.6, 1.2 and 1.0 mm and found that the fracture toughness decreases with decreasing
thickness in case of IF steel sheets. According to Ray et a/ (2010), this is expected variation of

this criterion with specimen thickness in general yield regime.
2.4 Review on Test Methods

For a complete fracture study, fracture criterion, selection of suitable fracture parameters
and selection of proper test methods to measure fracture parameters are essential. According to
Anderson (2005), 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 discuss on available fracture criteria, ASTM standards, test methods

and their applicability or limitations to the present problem.
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2.4.1 Fracture Criterion

Present study deals with the fracture behaviour in general yield regime. In order to
understand the fracture behaviour in the general yield regime, extra deep drawn (EDD) steel
sheets are chosen as discussed earlier. 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.

The most pertinent way to determine fracture toughness value at cracking initiation in
ductile materials is metallographic observation of the crack tip after fracture test. Therefore,
physical event of cracking initiation as well as an accurate definition of cracking initiation needs
to be defined in case of EDD steel sheets. Recently Ray (2010) and Kulkarni (2005) investigated
‘load drop technique’ as a fracture criterion, after number of trials and errors. This is verified

with the help of various metallographic tests.
2.4.2 J-integral Estimation Methods

Chen et al (2007), Chao and Sutton (1994) and Yang et a/ (1993) have shown, for mode-I
loading, that two parameters, J and A2 (where J represents the level of loading and A2 quantifies
the level of constraint), are needed to characterize the crack-tip fields at initiation of crack
growth. Hutchinson (1968) and Rice and Rosengren (1968) independently showed that J-
characterizes crack tip conditions in non-linear elastic material. The analysis, which leads to the
HRR (Hutchinson, Rice and Rosengren) singularity neither consider the effect of the blunted
crack tip on the stress fields, nor it take into account of large strains that are present near the
crack tip. The standard, ASTM E1820-11 (2011), 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 is proposed to validate the experimental results with FE

analysis for the present study.
2.4.3 CTOD Estimation Methods

Experimental studies have shown that a critical Crack Opening Displacement (COD) has

the potential to be a viable parameter for predicting the onset of crack growth in thin sheet 2024-
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T3 aluminum [Sutton et al (2000) Amstutz et al (1997), Amstutz et al (1995) and Dawicke and
Sutton (1994)]. According to Ray et al (2010), J- integral concept is valid only when J
dominance is maintained. To overcome these limitations they examined the feasibility to
estimate critical crack tip opening displacement (CTOD) based on some specified value of load

drop during the fracture test.

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). 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. In 90° intercept 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 ASTM E1290-09 (2009) 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-
09 (2009), the PRF value for compact tension (CT) specimen is given by Eq. (2.3).

1/2

2
ry =0491+2 (—J +—+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). Results on plastic CTOD, based on PHM
with PRF given by Merkle and Corten (1990). This is explained in Chapter 3. However, these

reports lead to measure a PRF value, which does not account the thickness of specimen.
2.4.4 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
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the crack region and modeling of the material behaviour. Two numerical models, namely the
crack tip opening angle (CTOA) and a cohesive zone model (CZM) are widely used to

characterize the fracture behaviour of the ductile materials.

The crack tip opening angle (CTOA), which has been introduced as driving force
particularly for crack extension in metal sheets under quasi-static loading [O’Donoghue et al
(1997), Dawicke et al (1995)], is used as the controlling parameter, and crack extension is
realized by a node release technique. The advantage of this model is that it has only a single
parameter, the critical CTOA, which can be determined by experiments [Heerens and Schodel
(2003)]. Drawbacks of this model are that only initially flawed structures can be analyzed with
this model and CTOA can be measured optically, but this is a costly procedure producing a large
scatter of values [Scheider et a/ (2006)]. According to Scheider et al (2006) the results for the

CTOA model are not as accurate as the cohesive model.

The Cohesive Zone Model (CZM) removes the crack tip singularity and represents
physics of the fracture process at the atomic scale. CZM, formerly also called strip yield models,
were first introduced by Dugdale (1960) and Barenblatt (1962). Later Needleman (1987) was the
first to use them for the analysis of crack propagation in ductile materials. Recent reviews of the
method are found in [Brocks and Cornec (2003), Brocks et al (2003) and Elices (2002),]. All
cohesive zone models assume a process zone ahead of the crack tip. For mode—I loading the
normal tensile stress is correlated with a relative displacement by a specific constitutive law
designated as separation law. Each separation law is characterized by its specific shape and by
two limiting parameters, a maximum tensile stress (oy) and a critical displacement (J;) after
which no additional tensile stress is sustained. The area under the o4, curves is the separation

energy /.

Nowadays cohesive zone models are usually implemented as interface elements, which
transfer the cohesive stress between the continuum elements. The cohesive elements are one-
dimensional for 2-D problem and two-dimensional for 3—D problem, i.e., they do not have a
thickness dimension [Zerbst et al (2009)]. They are introduced at the boundaries of the
continuum elements. Cohesive elements are inserted either along a pre-defined crack path or
along all continuum elements boundaries within a distinct region. The latter option allows crack

propagation in arbitrary directions [Scheider and Brocks (2003) and Xu and Needleman (1994)].
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Fig 2.2 shows the applications of CZM to various materials and situations. Fig 2.3 shows
modeling of fracture process zone with cohesive elements. Fig 2.4 shows cohesive elements
(obeying traction separation law (TSL)) surrounded by continuum elements (elastic-plastic

behaviour).
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Fig 2.2 Schematic of cohesive model for various failure phenomena: damage is localized in a

surface [Scheider (2006)]
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Fig 2.3 Representation of the ductile failure process by CZM [Cornec (2003)]
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[Anvari et al (2006)]

The cohesive parameters (oy, 5, and /) cannot be measured in a direct way for ductile
materials but have to be identified by fitting finite element results to experimental data. These
data comprise stress—strain curves of notched tensile specimens and R curves [Cornec ef al
(2003)]. Note that the cohesive parameters determined for different separation laws are also
different; as a result they should not be regarded as model independent material parameters.
Cornec et al (2003) proposed that the cohesive energy, Iy, as a first estimate can be taken
identical to the J-integral at stable crack initiation, J;. Starting with this as a default value fine-

tuning of gy, drand I by finite elements is usually necessary.

Although thin-walled structures generally have plane stress characteristics, the
application of plane shell elements in conjunction with the cohesive zone approach may not be
straightforward [Negre et al (2005)]. Scheider (2009) give an example where the modeling of a
stiffened structure by shell elements would cause unrealistic results due to undue deformation of
the finite elements in the stiffener region. In order to cover the effect of necking Scheider and
Brocks (2006) proposed the use of thickness-sensitive cohesive elements for shell structures. The
thickness information is taken from the adjacent shell elements and transferred to the cohesive
zone elements. The advantages of the cohesive model can be summarized in the following points

[Scheider et al (2006)]:
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1. The method leads to most accurate results for structures of different size and constraint
conditions, needing two phenomenological, but nevertheless physically possible
parameters, oy and 7, only.

2. The cohesive model can not only be used for 2D thin walled, but also for thick or
complex three-dimensional structures.

3. The presence of an initial crack is not essential for the cohesive model, but it is suspected
that the triaxiality in uncracked structures, which is very different from that at a crack tip,

affects the cohesive model parameters significantly.
2.5  Analysis and Gaps in Existing Literature

Good amount of research is available to understand fracture behaviour in thin metal
sheets, which fall into general yield regime. However, investigations on complete fracture
behaviour in thin steel sheets, is not reported. Complete characterization of steel sheet material is
important from formability and fracture mechanics point of view. Good amount of research and
improvements are observed in order to achieve better results on formability using experiments
and simulations following formability techniques. These techniques, however, could not avoid
wrinkles and cracks. In addition to this, maximum load at which crack initiates and critical
forming rate beyond which formability is affected, are not being addressed by such techniques.
Because of this, trial and error methods are adopted to reach to some thumb rules which leads to
wastage of material. Even after trials and errors, invisible cracks cannot be avoided. The fracture
resistance of DD/EDD steel sheets needs to be characterized using fracture mechanics approach
as fracture mechanics approach is a comprehensive solution addressing material, geometry,
rolling direction (anisotropy), and three modes of fracture which are observed in forming

operations.
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CHAPTER- 3

EXPERIMENTAL PROCEDURE

Introduction

This chapter discusses about experimental procedures adopted to characterize fracture
behaviour of EDD steel sheets which fall in general yield regime. Subsequent topics focus on
investigation of fracture parameters with existing standards, methods and proposed methods to
determine fracture parameters and fulfill the planned objectives. The specimen specifications for

various objectives are tabulated in details.
3.1 Methodology

The methods of accomplishing the experimental programme involve testing EDD steel
sheets using compact tension (CT) type specimen. Four types of EDD sheets along with their
chemical composition and mechanical properties are sponsored by TATA steel, Jamshedpur for
the present work. They are designated as EDD ‘A’, EDD ‘B’ EDD ‘C’ and EDD ‘D’. The study
is conducted with respect to two approaches: ‘formability approach’ and ‘fracture mechanics
approach’. The formability approach is studied with the help of data obtained from TATA steel,
Jamshedpur. In order to study fracture mechanics approach, fracture tests for crack initiation are
conducted. Several image analysis techniques and measurement techniques are employed to
determine fracture parameters. Various experimental techniques and ASTM standards are used
to achieve the results. For comparative study, cohesive zone model is formulated by finite
element method codes, ABAQUS 6.7. The details of experimental procedure, various tests,

referred ASTM standards; experimental procedures are presented in subsequent sections.
3.2  Experimental Procedure

This section presents specimen preparation for fracture test and fabrication of grippers
and anti-buckling plates. Various tests and ASTM standards, followed in the present

investigations are also discussed.
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3.2.1 Specimen Preparation

The geometry of CT specimen used in the current work is as per the recommended design
in ASTM E1820-11 (2011). Specimens are fabricated by using wire electric discharge machine
(WEDM) to maintain the exact relationship among all dimensions. During wire cutting
operation, a bunch of ten to twelve specimens placed on a stack are cut together, which reduced
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, 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. 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.
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Fig 3.1 Dimensions of CT specimen as per ASTM standard E 1820-11 (2011)

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 polished first using alundum and finally using 0.25 pm diamond pastes
in polishing machine. The specifications of the CT specimens used for various objectives are

given in section 3.5 (Table 3.1 to Table 3.4).
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3.2.2 Fabrication of Grippers and Anti-Buckling Plates

Grippers are fabricated to hold the CT specimen in UTM. The grippers are prepared on
shaper machine (Fig 3.2). A 5 mm slot is prepared in gripper with the help of EDM. A copper
plate of dimensions 120 x 30 x 2.3 mm is used as electrode on EDM. Since the thickness of

electrode is 2.3 mm in one pass it gives a slot of 2.5 mm.
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Fig 3.2 Grippers to hold the CT specimen

Anti-buckling plates are prepared to avoid out of plane buckling. A small window of
20 mm x 20 mm is prepared in the plates to observe region ahead the crack tip. Anti—buckling

plates are prepared on shaper machine (Fig 3.3).
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Fig 3.3 Anti—buckling plates for CT specimen

3.2.3 Chemical Analysis

The chemical composition of the materials (in wt. %) provided by TATA steel. It is
analyzed by using a chemical analyzer, 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 E.
3.2.4 Grain Size Measurement

The grain size of EDD steel sheets is supplied by TATA steel, Jamshedpur. The two-
dimensional grain size is measured using the average linear intercept method as described by
Callister (2006). 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.
3.2.5 Mechanical Tests

Tensile test data is obtained from TATA steel, Jamshedpur. As per the literature and
technical reports sent by them, tensile tests are carried out following ASTM standard E 8M-00
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(2000) specifications. 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 strength (UTS),
uniform elongation (e,), total elongation (e, and strain hardening exponent (n) are determined
from the load—elongation data obtained from these tests. 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(c,/0,) In(P/F)
In(e, /&) In(V,/V))

(3.1)

where, o1 and o, are flow stress values at strain rates & and &, respectively. P, and P,

are loads corresponding to cross head speeds of V; and V5, respectively.

3.2.6 Formability Parameters

The strain hardening exponent (n), normal anisotropy (7), strain rate sensitivity index,
yield strength and modulus of elasticity are the conventional indicators of formability of sheet
metals. According to Murthy et al (2005) and Caddell (1980), the strain hardening exponent is
taken as value of ultimate true strain (g,) 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).

-1
r= Z(ro + 2145 +7yy) (3.2)
where, the ry, rys, and rgp are the strain ratios along 0, 45 and 90 degree to rolling
direction, respectively given by Eq. (3.3).

) ) true —width strain
strain ratio = (3.3)

true —thickness strain
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The values of strain ratio are obtained from the supplier of EDD steel material. ASTM

E8M-11 (2011) and E517-00 (2010) standards are used to access the deep drawing qualities.
3.2.7 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 3.4.

Fig 3.4 Test set-up for CT type specimen along with CMOD gauge and anti-buckling

fixture

The load-line displacement is measured with the help of a crack mouth opening
displacement (CMOD) gauge. The CMOD gauge model used is WAC 07.02.01 (WAZAU). The
specifications of this gauge are given in Appendix E. As the specimen is small in size,
measurement of CMOD is quite difficult. Instead of CMOD, the load-line displacement is
measured by inserting the jaws of CMOD gauge in between two loading pins as shown Fig 3.4.
The displacement rate is used corresponding to the constant cross head displacement of 0.2
mm/min at the room temperature of 28°C. During such tests, the magnitudes of load (P) and

load-line displacement (¥;) are recorded in computer, in graphical as well as in tabular form.
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3.2.8 Fracture Criterion

The ‘load drop technique’, mentioned by Ray (2010), Kulkarni (2005) and Kulkarni et al.
(2001 and 2003a), is used as a fracture criterion to measure fracture parameters. A typical load —
load-line displacement curve is shown in Fig 3.5. It is observed that the load drops at a particular
instant when surface crack is initiated. This load is considered as a critical load (P.). At that
instance of time, the loading of a specimen is discontinued and the specimen is taken out for
subsequent measurement of fracture parameters i.e. J-integral and CTOD. Fig 3.5 also shows a
photograph of a tested specimen and a micrograph (200X) showing the event of crack initiation

in CT specimen.

It is observed from Fig 3.5 that, load is continuously increasing till a P, value, however,
the rate of increment in load just before the critical load is very low as compared with prior
portion of the plot. The rate of increment in load continues to decrease and as soon as load drops,
crack initiates. 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.
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Fig 3.5 Typical test record at crack initiation point
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3.2.9 Post Fracture Tests

The specimens are taken out at the event of crack initiation for subsequent measurement
of J-integral and CTOD. Specimens are scanned using a flat bed scanner and a boundary lines
are obtained using AutoCAD2002 software to measure the plastic CTOD by various techniques.
The scale factor is taken with reference to the unreformed boundary of the specimen. 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 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.
3.3 Estimation of J-Integral

To determine J-integral from the load—load-line displacement curve was proposed by
Rice et al. (1973). The ASTM E1820-11 (2011) outlines a test method for estimating the value of
J-integral for ductile materials. According to ASTM EI1820-11 (2011) J-integral at crack

initiation (J¢) is given by
Jc = Jel + Jpl (34)
where J,; is elastic part of J-integral and J,, is plastic part of J-integral.

3.3.1 Calculation for the Elastic Part (/)

The J,; is computed from the stress intensity based on critical load. For present study,
predominant plane stress conditions are observed. J,; for plane stress conditions is given by Eq.
(3.5).

J, =— (3.5)

The linear stress intensity factor, K is calculated using Eq. (3.6) given by Murakami (1987),
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P

K= B2

f(@) (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, « = aWO (refer Fig 3.1) and

 (2+a)(0.886+4.640 —13.32a> +14.720° —5.6*)
(l_a)3/2

f(a)

3.3.2 Calculation for the Plastic Part (J,;)

According to ASTM E1820-11 (2011), J,; is determined from the plastic area (4,;) under
the load — load-line displacement curve (Fig 3.6). 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).

nA

J, = Bgl (3.7)

where, A4, is the area under load — plastic load-line displacement curve, the geometry factor

n=2.0+0.522 (%j and b is unbroken ligament length i.e. (W-ay).
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Fig 3.6 Definition of area for J calculation using the basic method

34 Estimation of Critical CTOD

According to the ASTM standard E1290-09 (2009), 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
6.=0,+0, (3.8)
3.4.1 Calculation for the Elastic Part (.)

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

KZ
0, = 3.9
el ES ( )

y

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).
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3.4.2 Calculation for the Plastic Part (J,)

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 two methods, existing plastic hinge model (PHM) specified in
ASTM E1290-09 (2009) and proposed crack flank opening angle (CFOA) method. These

methods are discussed in following sub-sections.
3.4.2.1 Plastic hinge model (PHM)

The plastic CTOD (6,) 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 7,6 from the crack tip
(G) as shown in Fig 3.7 (a). Referring to the Fig 3.7 (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
(Vy), and GH 1s initial crack length (ay). The OG is taken equal to r,b, where r, is a plastic

rotational factor and b is the unbroken ligament length.

I I r p]b | ag
7, 1b |
—2 | . "
-
o) — o Vpl
B \
b ‘ ay g 4
\ > (Sp1)prM D
7 7 (b)
(a)

Fig 3.7 Plastic hinge model to determine plastic CTOD

From properties of the similarity of triangles given in Fig 3.7 (b),

AB _ oG or (5pl)PHM _ rplb
CD OG+GH vV

pl

rplb +a,
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rp,b

(0,) P = (3.10)

pl
rp,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 = 1, = (1+)/2 (3.11)

1/2
2a,) 4 2
where, = l:[%j +% + 2} — {% + 1} . The value for V), is taken from Fig 3.5. 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 (V) and plastic CTOD (6.
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.
3.4.2.2 Crack flank opening angle (CFOA) method

This is a modified plastic hinge model to account for the non-linearity between plastic
CTOD and plastic load-line displacement. The image of a specimen is taken using flat bed
scanner. The scanned image of specimen is imported in drafting software AutoCAD-2002 and a
boundary lines are obtained as shown in Fig 3.8. Similar to PHM, the plastic portion (J,;) 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 3.8.
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Fig 3.8 CFOA model to determine plastic CTOD

Referring to the Fig 3.8, A'B"is the plastic part of CTOD 1i.e. (d,1)croa, CD is plastic load
line displacement. 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 Fig
3.8. Similar to a neutral axis in case of bending of a beam, there is a neutral line exists along
thickness which falls into a point view O’ on the specimen surface. The apparent axis of rotation,
i.e. point O’ is found with the help of hardness measurement across the elastic-plastic boundary
of plastic zone. Hardness measurement across the elastic plastic boundary clearly shows the
difference in hardness values. The deep point inside the plastic zone and ahead of crack tip is
severely deformed showing highest hardness value. The apparent axis of rotation (O°), i.e. the
common point of tensile and compressive plastic zone can be easily determined by measuring the
hardness along the unbroken ligament length. The hardness value at O’ point is equal to the
hardness value in elastic field. The above findings are also confirmed by Cotterell et al (2002). 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
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CFOA. The width of compressive zone and tensile zone is shown as W, and W, respectively in

Fig 3.8. Fig 3.9 shows a comparison of geometry of triangles used in PHM and CFOA.

(5pl)PHM =AB;, GH=ay
(Op)croa=A'B's CD=V,,
L CO'D = CFOA

Fig 3.9 Comparison of PHM and CFOA model
From properties of the similarity of triangle with reference to Fig 3.8 and Fig 3.9,

AB 0G
CD OH

(5pZ)CF0A _ 0'G

= 3.12

Vp, 0'G+GH ( )
o0'G

(§p1)CFOA = 0'G+GH Vpl (3.13)

However, the location of point O' depends on crack flank opening angle CFOA, O’H can
be expressed in terms of CFOA as give in Eq. (3.14).

O'H :O'CCOSKCFOAJ

3.14)

The (dp1)croa depends on O'G and V), whereas (J,/)pum depends only on V,;,, and is

independent of thickness of specimen. In CFOA method, the position of apparent axis of rotation
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i.e. point O depends upon the crack flank opening angle, which in turn depends upon the

thickness of specimen.
3.5 Specifications of Specimens

Four different objectives i.e. thickness effect, strain rate effect, notch radius effect, and
ay/W ratio effect have been considered to study the fracture behaviour of EDD steel sheets in

general yield regime.
3.5.1 Thickness Effect Study

For this study, six specimens of different thicknesses of EDD ‘A’ have been considered.
These specimens are coded as T1, T2,..., T6. All specimens are tested till crack initiation point.

The specifications along with the specimen codes are given in Table 3.1.

Table 3.1 Geometry of CT specimens to study the effect of thickness in EDD ‘A’

Sp- | Thickness (B) | Crack length (ayg) | Width (W) | Notch radius | Strain rate
code mm mm mm (p) mm mm/min
T1 1.2 10.5 24 0.124 0.2
T2 1.3 10.5 24 0.117 0.2
T3 1.4 10.5 24 0.122 0.2
T4 1.5 10.5 24 0.115 0.2
T5 1.6 10.5 24 0.117 0.2
T6 1.7 10.5 24 0.121 0.2

3.5.2 Study of the Influence of Notch Radius

For notch radius effect, fifteen specimens of different notch radii of EDD ‘B’ have been
considered. All specimens of same configuration and same thickness are prepared with various
notch radii. These specimens are coded as N1, N2,..., N15. All specimens are tested till crack
initiation point. The specifications along with the specimen codes are given in Table 3.2. In
Table 3.2, 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. It is observed that fatigue pre-cracking operation takes about
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six to eight hours with low cycle fatigue. A few specimens are damaged when pre-cracking is

done using high cycle fatigue.

Table 3.2 Geometry of CT specimens to study the effect of notch radius in EDD ‘B’

Sp- | Thickness | Crack length | Width | Notch radius (p) | Stain rate Notch
code | (B) mm (ap) mm (W) mm mm mm/min. | operation
N1 3.2 10.5 24 0.07 0.2 FC

N2 3.2 10.5 24 0.085 0.2 FC

N3 3.2 10.5 24 0.10 0.2 FC
N4 3.2 10.5 24 0.11 0.2 WEDM
N5 3.2 10.5 24 0.12 0.2 WEDM
N6 3.2 10.5 24 0.13 0.2 WEDM
N7 3.2 10.5 24 0.14 0.2 WEDM
N8 3.2 10.5 24 0.15 0.2 WEDM
N9 3.2 10.5 24 0.16 0.2 WEDM
N10 3.2 10.5 24 0.17 0.2 WEDM
NI11 3.2 10.5 24 0.18 0.2 WEDM
NI12 3.2 10.5 24 0.25 0.2 Saw-blade
N13 3.2 10.5 24 0.40 0.2 Saw-blade
N14 3.2 10.5 24 0.60 0.2 Saw-blade
N15 3.2 10.5 24 0.75 0.2 Saw-blade

3.5.3 Strain Rate Effect Study

For strain rate effect, eight specimens of EDD ‘C’ have been considered. These
specimens are coded as S1, S2,..., S8. All specimens are tested till crack initiation point and
tested at various strain rates. The specifications along with the specimen codes are given in Table

3.3.
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Table 3.3 Geometry of CT specimens to study the effect of strain rate in EDD ‘C’

Sp- Thickness (B) | Crack length (ag) | Width (W) | Notch radius | Stain rate

code mm mm mm (p) mm mm/min.
S1 1.4 10.5 24 0.125 0.1
S2 1.4 10.5 24 0.116 0.2
S3 1.4 10.5 24 0.119 0.3
S4 1.4 10.5 24 0.124 0.4
S5 1.4 10.5 24 0.118 0.6
S6 1.4 10.5 24 0.122 1.0
S7 1.4 10.5 24 0.120 1.5
S8 1.4 10.5 24 0.123 2.5

3.5.4 Study of ay/W Ratio

For ay/W ratio effect, four specimens of different ay/W ratios of EDD ‘D’ have been

considered. These specimens are coded as Al, A2,..., A4. All specimens are tested till crack

initiation point. The specifications along with the specimen codes are given in Table 3.4

Table 3.4 Geometry of CT specimens to study the effect of ay/W ratio in EDD ‘D’

Sp- Thickness Crack length | Width ay/W | Notch radius | Stain rate
code (B) mm (ap) mm (W) mm ratio (p) mm mm/min.
Al 2 20 40 0.5 0.117 0.2
A2 2 21 40 0.525 0.121 0.2
A3 2 22 40 0.55 0.125 0.2
A4 2 23 40 0.575 0.122 0.2

3.6

In order to validate experimental findings such as fracture criterion and effect of various
parameters (i.e. thickness effect, notch radius effect, strain rate effect and effect of ay/W ratio) on

fracture behaviour, cohesive zone model is proposed. The formulation and validation of CZM is

Validation of Experimental Procedures

discussed in chapter 4 and chapter 5 respectively.
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CHAPTER- 4

COHESIVE ZONE MODEL

Introduction

This chapter presents the procedure adopted to perform the finite element analysis.
Cohesive zone models are widely used to predict fracture behaviour in fracture mechanics
applications. Suitable cohesive zone model (CZM) is developed to most accurately characterize
the fracture behaviour of EDD steel sheets loaded in Mode-I and to establish the main finite
element attributes (such as element size and type) to be used in general yield regime. CZM is
formulated with the help of finite element analysis software ABAQUS 6.7 to verify experimental
results. This software offers an advantage that the models can be easily used and customized by
other users (i.e. researchers and engineers), which benefit the applicability of the proposed CZM
for different boundary conditions, geometry, and material properties. ABAQUS also has the
computational fracture mechanics features required for this work. It incorporates cohesive
elements with customizable softening and a variety of nonlinear solvers such as Newton or
modified Riks. The fracture model (CZM) for the compact tension (CT) specimen is used to
study the effect of the type of softening (i.e. linear, exponential and constant traction) and

cohesive parameters on the load versus load line displacement response in general yield regime.

4.1. Two-Dimensional CT Specimen Model

Two-dimensional finite element model is developed for CT type specimen geometry
following the design standards, ASTM E1820-11 (2011). This model is used to compare
experimental load versus load line displacement curves with the elastic—plastic softening
response of EDD steel sheets. This model includes mesh, boundary conditions and special
features such as the cohesive elements on the expected crack path and a nonlinear step definition
to solve the nonlinear fracture problem. The necessary model parameters that define the model

are presented in subsequent sections.
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41.1 Model Formulation

As shown in Fig 4.1, the CT specimen model has a bulk section made with two
dimensional plain stress elements (CPS4R) defined by its elastic—plastic properties. The crack
path is modeled using cohesive elements (COH2D4) defined by a traction-separation law. The
cohesive elements are placed along the crack path. Cohesive elements are taken to be square of
side 0.1 mm. Plane stress elements around cohesive zone are taken to be squares of side 0.5 mm.
Two more sizes, 0.3 mm and 1.0 mm, were also considered to examine the mesh sensitivity of
the results. Since the size of cohesive elements is different from the surrounding elements,

cohesive elements are placed along the crack line in the model using a tie constraint.

Plane stress elements

Rigid pin /

Tie constrain

/

Crack front Cohesive elements

Rigid pin

Fig 4.1 FE model, bulk elements and cohesive elements

4.1.2 Non-Linear Material Model

A true stress-strain curve up to breaking-strain point is used with multi-linear isotropic
hardening to incorporate non-linear material properties. ABAQUS requires isotropic elastic—
plastic material input in two stages; elastic input (i.e. Modulus of elastic and Poisson’s ratio) and

plastic data (i.e. true stress and logarithmic plastic strain). If nominal stress—strain data for a
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uniaxial test of isotropic material having modulus of elasticity £, a simple conversion to true

stress and logarithmic plastic strain is given by Eq. (4.1) and (4.2)

o = O-nom (l+ gnom )

true

pl_ o,
g =In(l+e,,)— g‘e

(4.1)

(4.2)

The example demonstrated in Fig 4.2 indicates the input of material data for the classical

metal plasticity model with isotropic hardening. Path O4 shows elastic behaviour where path 4D

indicates plasticity. Plastic input is given in tabular form. For demonstration purpose four

different points are considered on path AD (Point 4, B, C and D). Point 4 is yield point and

corresponding logarithmic plastic strain is zero. Similarly at point B, C and D the logarithmic

plastic strains are ¢/, ¢/ and &5 respectively as shown in Fig 4.2.

True Stress (o)

!

el

Logarithmic Strain (¢)

&2

A A

l 7
83p |

|

g

>
>

Fig 4.2 Input data for isotropic elastic — plastic material

The true stress—logarithmic plastic strain curves for EDD *A’, EDD ‘B’, EDD *C’ and

EDD ‘D’ materials are shown in Fig 4.3, 4.4, 4.5 and 4.6 respectively. The elastic properties i.e.
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modulus of elasticity and Poisson’s ratio for four EDD steel sheets are 210 GPa and 0.33
respectively. The values of true stress — logarithmic plastic strain curve for EDD ‘A’, EDD ‘B’,
EDD *C’ and EDD ‘D’ are tabulated in Appendix B.
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Fig 4.3 True stress—logarithmic plastic strain for EDD *A’ steel sheet

___ 600 -
©
S 500 -
2 400 A
L
% 300 A
[<5]
2 200 A
|_
100 -
0 T T ]
0 0.1 0.2 0.3 0.4 0.5
Logarithmic plastic strain

Fig 4.4 True stress—logarithmic plastic strain for EDD ‘B’ steel sheet
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Fig 4.5 True stress—logarithmic plastic strain for EDD “C’ steel sheet
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Fig 4.6 True stress—logarithmic plastic strain for EDD ‘D’ steel sheet
4.1.3 Loading and Boundary Conditions

The loading pins are modeled as rigid pins to avoid any severe local deformation at the
contact points. The contact between loading pins and plane stress elements is considered smooth
(friction less). The boundary conditions on the CT specimen model restrict the displacements
along x—direction and y—direction and rotation about z—direction of the lower loading pin. The
load is applied at upper loading pin using an incremental displacement step along y—direction
where as its displacement along x—direction and rotation about z—direction is constrained. The
load line displacement is calculated as the relative nodal displacements at the center of loading
pins.
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4.2 Non-Linear Analysis — Step Definition

Since the finite element model with cohesive fracture is a nonlinear problem, it must be
solved in ABAQUS by defining the applied displacement as a function of time. The total time is
divided into a user specified number of time increments (e.g., 500 increments are set for present
study). The total number of time increments is set by the user; the size of each time increment
(except the initial time increment) is defined by ABAQUS. Each increment involves solution of
a nonlinear system which requires multiple iterations until convergence is achieved. If the
convergence is accomplished quickly, the size of the subsequent increment will increase and vice
versa. Each increment involves the solution of the complete FE problem for a given instant in the
time step (i.e. one point on the load versus LLD curve is obtained). The present model has 500
increments and an initial time step size 0.01. The maximum time increment was set to 10. The

Newton nonlinear solver is used for entire analysis.
4.3  Features of Cohesive Elements

Cohesive elements are used to model the behaviour of adhesive joints, interfaces in
composites, and other situations where the integrity and strength of interfaces may be of interest
[ABAQUS (2007)]. Cohesive zone model (CZM) provides insight into the fracture process of the
materials. It is an ideal framework to model strength, stiffness and failure in an integrated
manner. The cohesive elements for a two dimensional problem are ‘one’ dimensional because
the cohesive elements can only open in one direction. Cohesive parameters (i.e. cohesive
strength, initial stiffness and fracture energy or separation distance) are required to determine

constitutive response of cohesive elements.

Since cohesive elements are incorporated in the model, the artificial elastic compliance of
the system increases. While using cohesive elements a care should be taken that the overall
compliance of the model is not overestimated, i.e. theoretically initial stiffness of cohesive
elements should be infinite. Infinite value of initial cohesive stiffness makes the analysis
numerically unstable. Numerically, finite value of initial stiffness for the cohesive element is to
be chosen such that it will not interfere with the structure deformations. Traction separation law
relates the traction and separation distance through cohesive stiffness as given by Eqg. (4.3).
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t
o =— (4.3)
kP
where d; is the separation distance at damage initiation, 7, = g i.e. cohesive strength and kp is
initial stiffness (penalty stiffness) of cohesive elements. The initial stiffness of the cohesive
material is related to elastic modulus of cohesive interface and thickness of cohesive elements as
given by Eq. (4.4)

k, = (4.4)

E
TC

Where E is elastic modulus and 7¢ is thickness of cohesive elements. The above formulae
provide a recipe for estimating the parameters required for modeling the traction-separation
behaviour of an interface in terms of the material properties of the bulk adhesive material.
Relatively very thin layer of cohesive elements needs to be placed along the expected crack path.
As per as modeling aspect is concerned, the thickness of cohesive elements is close to zero
[Diehl (2008), Xie and Waas (2006), Chen et al (2005), Pardoen et al (2005), and Tomar
(2004)]. As the thickness of the cohesive elements tends to zero, Eq. (4.4) implies that the
stiffness, kp, tends to infinity. This stiffness is often chosen as a penalty parameter. Very large
penalty stiffness may result in ill-conditioning of the element operator in ABAQUS [Jadhav and
Maiti (2010) and de Borst Rene, (2003)].

4.3.1 Constitutive Response of Cohesive Elements

The traction-separation law represents the tractions (normal stress) on the cohesive
elements for different levels of nodal separation. The complete curve, shown in Fig 4.7, has three
main components: the initial linear-elastic behaviour (curve ‘0OA4’), the criterion for damage
initiation (point ‘4’), and the damage evolution (curve ‘4B’) [ABAQUS (2007)]. The area under
the whole curve represents the total fracture energy (/y). The traction separation law shown in
Fig 4.7 is completely described by cohesive parameters, i.e. cohesive strength (o)), fracture
energy (/p) and initial cohesive stiffness often called as penalty stiffness (kp). The cohesive
parameters (kp, a9, J5, and 1) cannot be measured in a direct way for ductile materials but have
to be identified by fitting finite element results to experimental data [Zerbst(2009)]. Calibration of

cohesive parameters is discussed in details in Chapter 5.
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The damage initiation criterion defines the conditions at which the material begins to
show degradation or cracking. The damage criterion used for the cohesive elements is the
quadratic nominal stress criterion (referred as QUADS in ABAQUS). According to this criterion,
damage is assumed to initiate when quadratic interaction function involving the stress ratios
(stress ratio: induced stress to tensile strength in any direction e.g. normal or tangential to the
cohesive element) reaches a value one [ABAQUS (2007)].

5
= ? tlt
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= ! Point ‘4> = Damage initiation
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_ As 1 Curve ‘4B’ = Damage evolution
7=ty === :
Ls
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1
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/// B
o o 5 5

Separation (o)

Fig 4.7 Constitutive response of cohesive element: Traction-separation law

The damage evolution (Curve ‘4B’), also known as softening curve, is used to describe
the rate at which the material stiffness degrades after the damage initiation criterion is reached.
Softening curve can have different shapes (e.g., linear, bilinear, constant traction, exponential
softening, etc.) depending on the fracture response of the material. ABAQUS allows the use of
any softening curve shape by defining the overall material damage with the scalar damage
variable, D. This damage variable has an initial value of 0.0 at damage initiation point (point ‘4’
in Fig 4.7) and evolves with separation to 1.0 when the material is fully degraded i.e. 6 = oy
(point ‘B’ in Fig 4.7). The entire softening curve is defined as a tabular function in terms of the
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damage variable versus the effective displacement at damage initiation [i.e. D; versus (J; — d;)].
The stress components of the traction separation model are related to the damage variable by

Eqg. (4.5) [ABAQUS (2007)]:
tiS
Di :( —Zj (45)

where 7, is the separation traction, D; is the damage variable, and 7, is the stress component
predicted by the elastic traction-separation behaviour for the current separation (6;) without

damage. Therefore, the elastic traction #, would be defined as Eq. (4.6)
' =k,x5 (4.6)

where kp is the penalty stiffness and ¢; is the current element separation. Eq. (4.5) and (4.6) are

only applicable to the tensile mode.
4.4  Calculation of Fracture Parameters

Xin et al (2011), Scheider et a/ (2006), Roy and Dodds (2001), Siegmund and Brocks
(2000) reported that it is important to examine the CZM simulation prediction of the CTOD or
CTOA value at the same distance away behind the current crack as in the experimental
measurement of CTOD or CTOA. In the present work, the procedure to determine J-integral and
critical CTOD is discussed in Chapter 3, section 3.3 and 3.4 respectively. The critical load and
load versus LLD graph is obtained from CZM simulation and procedure discussed in Chapter 3,
section 3.3 and 3.4 is followed to determine J-integral and critical CTOD. The experimental and

CZM findings are compared and discussed in chapter 5 in order to arrive at conclusions
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CHAPTER-5

RESULTS & DISCUSSION

Introduction

This Chapter discusses determination of cohesive parameters and validation of cohesive
zone model (CZM) with experimental observations. Subsequent topic focuses on the results
obtained from the experiment and cohesive zone model (CZM) analysis. The results are
summarized in tabular and graphical form. The discussion follows the results for various
objectives. The results are discussed on formability indices and fracture behaviour. These results
are discussed with reference to previously published journal papers, technical reports and

conference proceedings.
51 Properties and Formability Parameters of EDD Steel Sheets
5.1.1 Chemical Composition

The chemical compositions of four EDD steel sheets are given in weight % in Table 5.1.
The maximum percentage of carbon is observed in EDD ‘A’, amounting 0.06%. According to
technical report published by TATA steel, 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 (7) [ASTM E517-00 (2010)]. This is attributed to an increase in the

amount of cementite. High r values (>1.6) have been observed by Singh ef al (2010a & 2010b)
and 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 » value generally possesses a high planar
anisotropy value also. In the present work, since the difference in the carbon content among the
four EDD steel sheets is significant, any variation in their formability can arise from carbon
levels and grain size. 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  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
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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. %

No. | Material C Mn S P Si Al N Fe
1 EDD ‘A’ | 0.06 | 0.38 | 0.03 | 0.017 | 0.05 | 0.040 | 0.0047 | Balance
2 EDD ‘B’ | 0.025 | 0.18 | 0.010 | 0.013 | 0.005 | 0.040 | 0.0040 | Balance
3 EDD ‘C’ | 0.015 | 0.16 | 0.010 | 0.010 | 0.005 | 0.041 | 0.0033 | Balance
4 EDD ‘D’ | 0.04 | 0.18 | 0.007 | 0.005 | 0.012 | 0.044 | 0.0034 | Balance

5.1.2 Grain Size

The microstructure of the four 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, 8.6, 10.3 and 16.7 um, respectively for EDD ‘A’, EDD ‘B’, EDD ‘C’
and EDD ‘D’ 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 um. They have concluded that, strain hardening exponent, n
and normal anisotropy, 7 increase with increase in grain size.
5.1.3 Strain Hardening Exponent

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

(n). The n values of four EDD steel sheets, determined by two methods are listed in Table 5.2.

By method-I, the value of n is taken equal to value of ultimate strain &, in true stress-
strain curve, following Murthy (2005) and Caddell (1980). In the method-II, the value of n is
calculated by using an empirical relationship given by Ravi Kumar (2002) and Schedin and

Melander (1987). This empirical relation i.e. Eq. (5.1) is given below.

& =0.28 — 0.2[C] - 0.25[Mn] — 0.44[Si] — 0.39[S] — 1.2 [N] (5.1)
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However, factors like grain size, heat treatment on which » greatly depends, are not taken
into account in this relation. This empirical equation (i.e. Eq. 5.1) has very limited applicability.
In the present work, only the value obtained from the true stress-strain curve is used. The
material EDD ‘A’ possesses a lower n value (0.145) indicating its inferior formability. Other

three materials have n values in the range of 0.185 — 0.234 and hence greater formability.

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

EDD-STEEL M}‘:ﬂ;‘;f'l Mgg."g.lll)by
EDD ‘A’ 0.145 0.134
EDD ‘B’ 0.234 0219
EDD ‘C’ 0.234 0.227
EDD ‘D’ 0.185 0215

5.1.4 Mechanical Properties

The mechanical properties of the EDD steel sheets for three different rolling directions
(RD), obtained from TATA steel, Jamshedpur are summarised below, in Table 5.3. From Table
5.3, it is observed that, except EDD “A’, 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. The results obtained from the tension tests in all three directions are
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 A.

The strain rate sensitivity index (m), 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 Tejedor et a/ (2008), Itabashi and Kawata (2000) and Swaminathan and
Padmanabhan (1991).
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Table 5.3 Mechanical properties of EDD steel obtained from TATA steel, Jamshedpur

EDD | Orientation | YS UTS Uniform Total SRS
steel w.rtRD (°) | (MPa) | (MPa) | elongation (%) | elongation (%) | index, m
0 293.59 | 387.12 15.6 29.69
EDD A’ 45 291.52 | 391.88 15.31 25.23
90 289.95 | 386.65 14.46 23.87 0017
Average 291.64 | 389.38 15.17 26.01
0 276.97 | 342.04 26.4 53
EDD 'B’ 45 279.22 | 348.45 24.89 44.93
90 274.32 | 339.04 22.29 40.55 0012
Average 277.43 | 344.50 24.62 45.85
0 245.41 | 330.043 26.4 55.19
EDD 'C’ 45 246.55 | 334.143 24.89 45.72
90 241.70 | 329.393 22.29 39.52 001
Average 245.05 | 331.93 24.62 46.54
0 180.74 | 381.93 20.23 29.5
EDD 'D’ 45 181.88 | 386.03 18.37 20.03
90 177.03 | 380.98 14.9 13.83 001
Average 180.38 | 383.74 17.97 20.85
Average, X = (Xo + 2Xys + Xoo)/4

5.1.5 Normal Anisotropy (;)

As given in Table 5.4, the productz 7, which is indicative of overall press performance
factor, is high for EDD ‘B’, EDD ‘C’ and EDD ‘D’. As expected, EDD ‘A’ has relatively low
value. However, according to Cada (1996) and Mellor (1981), this factor has little physical

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

Following ASTM E8M-11 (2011) and E517-00 (2010) standards, EDD ‘B’, EDD ‘C’ and
EDD ‘D’ steel sheet has relatively high formability than EDD ‘A’ steel sheet. However, from the

above study, it is very clear that the formability test is influenced by number of material
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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
Ravilson et al (2009), Hussain et al (2009), Jackson and Allwood (2009) and 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 several parameters are considered

to completely explain the formability limits.

Table 5.4 Press performance factor of three EDD steel materials

EDD-STEEL n o 45 790 7 nr
EDD 'A' 0.145 0.97 0.82 1.21 0.96 0.14
EDD 'B' 0.234 1.37 1.04 1.58 1.26 0.29
EDD'C' 0.234 1.47 1.21 1.83 1.43 0.33
EDD 'D' 0.185 1.57 1.29 1.99 1.54 0.28

r= (ry + 21y +1y)/ 4

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 Ravilson

et al (2009), Yoshihara (2005) and Ravi Kumar (2002).
5.2  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.

The ‘load drop technique’, mentioned by Ray (2010), Kulkarni (2005) and Kulkarni et 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
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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 reaches the 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.

(@) (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.
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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 before load drop
point and at load drop point, respectively. The fracture surface before load drop point in Fig 5.3
(a) 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 (b) 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.

(@) (b)

Fig 5.3 Fracture surface: (@) 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. The fracture surface observations present the

advantage of giving insight into the macro-mechanisms of damage ahead of crack tip.
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5.3 Validation of Cohesive Zone Model (CZM)

Specimen T1 was first analyzed. There are 2916 nodes and 2704 four nodded
quadrilateral continuum elements. The cohesive zone is modeled separately. It contains 272
nodes and 135 cohesive elements. The cohesive elements placed along the crack path with tie
constrained. Cohesive elements are taken to be square of side 0.1 mm. The continuum elements
around cohesive zone are taken to be squares of side 0.5 mm. Two more sizes, 0.3 mm and 1.0
mm, were also considered to examine the mesh sensitivity of the results. The loading pins were
modeled as rigid pins to avoid any severe local deformation at the contact points. The analysis
was done under displacement control; the displacement was applied at the center of the pin as

shown in Fig 5.4.

Cohesive elements

Continuum elements

Cohesive elements surrounded
Rigid pin )
by Continuum elements

Fig 5.4 Finite element model with cohesive layer for CT specimen
5.3.1 Traction-Separation Law and Cohesive Parameters

There are basically two potential approaches to develop a cohesive law: by experimental
measurements or by a phenomenological way with predefined functional assumption and
estimated parameters. Since there is no effective experimental method available to directly
measure the traction—separation relation, few researchers attempted experiments related to the

determination of cohesive laws [Tan 2005]. The commonly adopted approach assumes certain
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law of the traction—separation relation for the cohesive zone and the cohesive parameters are
treated as modeling constants which are determined by fitting the CZM simulation results to a set
of experimental data. The key features of a cohesive zone model include the shape of the

traction-separation curve and the value of the cohesive parameters.
5.3.1.1 Shape of traction-separation curve

Many variations of cohesive zone models have been proposed in literature and
successfully applied to predict fracture behaviours. The applications of the CZM mostly fall in
the range of exponential [Xu and Needleman 1994, Ortiz and Pandolfi 1999, Roy and Dodds
2001, Scheider and Brocks 2003, etc.], linear/bilinear [Qiu et.al 2001, Blackman etal 2003 a b&
¢, Turon 2006, Ortiz and Suresh 1993, etc.], and trapezoidal [Tvergaard and Hutchinson 1992,

etc.] forms of traction-separation laws. Fig 5.5 shows the representative cohesive law shapes.

The key cohesive parameters describing the CZM consist of the cohesive strength (oy),
defined by the peak value of the traction-separation curve; the cohesive energy (/), represented
by the area under the traction-separation curve, and maximum separation distance (Jy).
Calibration of theses parameters is discussed in subsequent topic (i.e. section 5.3.1.2). Among
the various forms of cohesive laws, there is one common feature, i.e. the magnitude of the
cohesive traction usually increases with accrued separation between the cohesive surfaces, and
after a critical peak value is reached, the traction drops towards zero with further separation.For
the ductile materials literature suggests (e.g., Jadhav and Maiti, 2010, Scheider and Brocks,
2006, Scheider and Brocks, 2003a) use of exponential or constant variation of normal traction
with the relative normal displacement. Scheider and Brocks, 2003a, used constant traction

separation law with 6; = 0.01drand 6, = 0.79.
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Fig 5.5 Different forms of the traction separation law

In the present case, the material used is high ductile material with load maxima is fracture
criteria. The constant traction law is chosen with J, = J (Fig 5.5d) and J; is related to cohesive
strength and cohesive stiffness (discussed in section 5.3.1.2). The analysis is done using linear,
exponential and proposed constant traction law and results are compared with the experimental
load vs. load line displacement curve (Fig 5.6). For simulation of this problem, load line
displacement is given as input. From Fig 5.6 it is observed that linear traction separation law
(Fig 5.5 (a)) underestimates the maximum load and literature says that [Turon (2006) and
Blackman ef al 2003 a b& c] it is used for brittle material/ linear elastic analysis. Exponential

law (Fig 5.5 (b)) is used for ductile materials but in present case it underestimates load line
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displacement. For example experimentally the maximum load observed at 1.58 mm load line
displacement where as exponential law gives maximum load at 1.22 mm. The results from
proposed constant traction separation law with J,= J, are found to be close to the experimental
observations; the maximum load is over—estimated only by 1.44% and corresponding J value at
crack initiation i.e. J;, based on load vs LLD is 2.14% more than experimental value. Thus the

proposed constant traction- separation law is considered for the further study.
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Fig 5.6 Comparison of load—LLD curves based on three cohesive laws with experimental data

5.3.1.2 Calibration of cohesive parameters

To describe the proposed constant traction—separation law, the cohesive parameters i.e.
cohesive strength (o), fracture energy (/) and critical separation distance (;) are required. Out
of these three parameters only two parameters are sufficient to describe the tration- separation
curve and third parameter can be evaluated from traction—separation curve. Additional parameter
i.e. 0; is relted to cohesive stiffness and cohesive strength (Fig 5.7). Subsequent paragraphs

discuss about fracture enegry, cohesive stiffness and cohesive strength.

A procedure for the determination of the cohesive parameters for normal fracture in
ductile materials has been proposed by Cornec et al 2003. According to this procedure, J; is
taken as a first approximation of the cohesive energy, I'y. For present study, J; is determined from

the fracture test of CT specimen (based on experimental load vs LLD curve) and using ASTM
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standard E1820-11 (2011) described earlier. Following this procedure, first approximation of
fracture energy is taken as J; calculated from experimental load vs LLD data, which is found to
be 204.38 N/mm. Few trials have been conducted to fit the CZM results to experimental
observations. The calculated value of fracture energy from proposed constant traction- separation
law is found to be 224.35 N/mm (Fig 5.7). The percentage difference of calculated J; from load
vs LLD curve based on CZM over J; based on experimental load vs LLD data is found to be

2.14%, and is acceptable.

1
A kp=% and 1"0=O'0><5_/.—E(70><51

Traction (MPa)

A 4

91 o
Displacement (mm)

Fig 5.7 Proposed constant traction- separation curve

As discussed earlier, the thickness of cohesive elements is close to zero, its stiffness
becomes infinite. Often this stiffness for the cohesive element is chosen as a penalty parameter.
It is reported [de Borst Rene, 2003] that a very high penalty stiffness sometimes creates
numerical error. Jadhav and Maiti (2010) used initial cohesive element stiffness same as the
continuum material stiffness. The small ratio of continuum material stiffness to initial cohesive
stiffness leads computational process unstable [Bonifaz, 2011]. In literature [Turon et al (2007),
Camanho et al (2003), Zou et al (2002), Falk et al (2001), Ruiz et al (2001), Camacho and Ortiz
(1996), Daudeville et al (1995), Rice and Beltz (1994), Rice (1992)] different guidelines are
proposed to define initial stiffness of cohesive materials. A more versatile cohesive law was
proposed by Schneider (2003) which fulfils the requirement that the initial stiffness of the

cohesive elements can be varied. An initial penalty stiffness is required for the intrinsic cohesive
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element formulation, i.e., where the cohesive elements are in the expected crack path. The
penalty stiffness has to be steep to generate an accurate pre-peak load versus CMOD response.
The penalty stiffness can only be increased to a certain limit since an excessively large value
may be detrimental to the convergence of the solution. While low penalty stiffness can reduce
the initial stiffness of the specimen’s load versus LLD curves. Therefore, as this quantity has no
direct relation with material properties such as the modulus of elasticity used on bulk elements in
the model, it should be determined by successive trials to obtain the highest penalty stiffness that

does not significantly compromise the convergence of the FE model.

For the present study, number of trials has been performed by choosing different values
of penalty stiffness and the results are compared with the experimental observations. For
demonstration purpose three different values of penalty stiffness 1) kp = 210e4 N/mm’ (i.e. kp is
equal to continuum material stiffness), 2) kp = 9000 N/mm’, 3) kp = 5000 N/mm’ are considered
(Fig 5.8). It is observed that high initial stiffness over estimates the load at all values of load line
displacement. Lower value of initial stiffness increases compliance between the cohesive and
continuum element interface. Since the system compliance is increased, the load values in elastic
part are underestimated. The moderate initial stiffness gives the load value close to experimental

results. For present case the initial stiffness for CZM is taken as 9000 N/mm’.
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Fig 5.8 Effect of penalty stiffness on load—LLD curve
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In present case, an isotropic hardening material with Young’s modulus (£) = 210 GPa
and yield strength (g,) = 293 MPa is used. The material separation process is characteristic of
atomistic separation and cleavage processes. Consequently, the cohesive strength is related to
Young’s modulus. i.e. oy = E/20 [Brinckmann and Siegmund, 2008]. The cohesive strength is
equal to 10.5 GPa. The ratio between cohesive strength and yield strength is oy/0, = 35.8. For
such conditions no crack propagation would occur even under monotonic loading conditions in a
framework of conventional plasticity. In most of the practical applications of CZM, the cohesive

strength is either related to yield strength or fracture strength.

According to Cornec et al 2003, the cohesive strength, oy, can be taken as the maximum
stress at fracture in a round notched tensile bar. Since round notched bars cannot be machined
from sheet metal and the respective failure mode (normal fracture) would be different from that
in the thin C(T) specimen (slant fracture). The cohesive strength is the maximum resistance to
fracture and is usually related to the yield stress of the material [Scheider and Brocks 2006, Chen
and Kolednik 2005, Chen and Kolednik 2003, etc.].

In order to determine cohesive stress, Chen et al (2002) reported two methods, 1)
Necking stress method: the cohesive stress equals to the necking stress and 2) Equal-Area
Method: the cohesive stress is selected to give the same area below the stress-strain curve. They
suggested that necking stress method is suitable for small scale yielding (SSY) whereas equal-
area method is used for large scale yielding (LSY). According to equal- area method, it is

realized that cohesive strength falls in between yield strength and ultimate strength.

Initially equal—area method is used to determine cohesive strength. The cohesive strength
is found to be equal to 425 MPa with the ratio of cohesive strength to yield strength is gy/o, =
1.45. 1t is observed that the results obtained by CZM with gy = 425 MPa overestimates the
experimental load values. As mentioned by Anvari et al (2006), Tvergaard (2001) and Siegmund
and Brocks (2000), the cohesive strength is directly related to stress triaxiality. Low stress
triaxiality lowers the cohesive stress value and vice versa. However in the present study,
predominating plane stress conditions and significant crack necking is observed which further
reduces the stress triaxiality ahead of the crack tip. Therefore the cohesive strength, oy = 425
MPa overestimates the experimental load values is because of significant crack necking and less

stress triaxiality ahead of crack tip.
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Therefore different strategy i.e. procedure by fitting simulation results to experimental
records is followed to determine cohesive strength [Zerbst et al (2009)]. Based on experimental
stress-strain data and the corresponding true stress-strain values, the true stresses corresponding

to yield point and fracture point are determined (Fig 5.9).
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Fig 5.9 Cohesive strength determination

For the present study number of trials has been performed by choosing different values of
cohesive strength and the results are compared with the experimental observations. For
demonstration purpose three different values of cohesive strength 1) o) = g, = 293 MPa (i.e. g//0,
=1), 2) 09 = 1.330,= 390 MPa (i.e. oy/o, = 1.33) and 3) oy = 1.640,= 481 MPa (i.e. oy/o, = 1.64)
are considered (Fig 5.10). It is observed that higher value of cohesive strength over estimates the
load where as lower value of cohesive strength, underestimates the load. The moderate value of
cohesive strength gives the load values close to experimental results. For the present case, the

cohesive strength for CZM is taken as 390 MPa.

In order to decide on a suitable element size around cohesive elements, results based on
three sizes (0.3 mm, 0.5 mm and 1.0 mm) are compared in Fig 5.11. The element size, 0.3 mm
and 0.5 mm give better results. Overall both the sizes (0.3 mm and 0.5 mm) were found to be

equally acceptable. Finally, element size of 0.5 mm was selected for further computations to take
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advantage of the fact that this leads to lower number of steps, hence less computational time for

an analysis.
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Fig 5.10 Effect of cohesive strength (gy) on load—LLD curve
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Fig 5.11 Effect of element size on load—LLD curve
5.3.2 Validation of the Other Cases
The traction- separation for fracture simulation using CZM is characterized by cohesive

parameters i.e. fracture energy, initial stiffness and cohesive strength. All three parameters are
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material constants, only fracture energy can be measured experimentally. The other two
parameters are difficult to determine and may be treated as penalty or fitting parameters. It can
be seen from the preceding sections that there is no hard-and-fast guideline for determining the
parameters of the traction- separation relationship — it is dependent on the problem under

consideration.

The remaining specimens i.e. T2 — T6 , N1 — N15, S1 — S8 and A1 — A4 were studied
using proposed constant traction separation law and 0.5 mm element size. The cohesive
parameters for each case are determined by using the calibration procedure as discussed in
preceding section. The comparisons of predicted load—LLD with the experimental results for two

cases are only shown in Fig 5.12. There is a good agreement in all the cases (Appendix C; Fig

C1 - Fig C33).
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Fig 5.12 Validation of CZM: Comparison of load—LLD curves with experimental data for two

cases

Table 5.5 to 5.8 shows the peak load values obtained from CZM and experimental
observations for thickness effect (specimen T2 — T6), Notch radius effect (specimen N1 — N15),
strain rate effect (specimen S1 — S8) and ay/W ration effect (specimen Al — A4) respectively.
The percentage difference between peak load from experimental data and peak load calculated
from CZM is found to be within 4%, thus the values of peak loads calculated from CZM are

acceptable.
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Table 5.5 Comparison of peak load values (Specimen T2 — T6)

Specimen Thickness Peak load, Peak load, o difference

code (mm) kN (Expt) kN (CZM)

T1 1.2 1.19 1.21 1.44
T2 1.3 1.31 1.34 2.14
T3 1.4 1.43 1.45 1.38
T4 1.5 1.57 1.58 0.57
T5 1.6 1.71 1.72 0.11
T6 1.7 1.78 1.81 1.49

Table 5.6 Comparison of peak load values (Specimen N1 — N15)

Specimen Notch Peak load, Peak load, o difference

code radius (mm) | kN (Expt) kN (CZM)

N1 0.07 2.49 2.55 2.58
N2 0.085 2.49 2.49 0.06
N3 0.1 2.49 2.55 2.43
N4 0.11 2.61 2.67 2.31
N5 0.12 2.54 2.54 0.06
N6 0.13 2.49 2.52 1.45
N7 0.14 2.48 2.56 2.85
N8 0.15 2.58 2.60 0.61
N9 0.16 2.59 2.66 2.69
N10 0.17 2.62 2.69 2.48
N1l 0.18 2.61 2.69 3.00
N12 0.25 2.71 2.72 0.32
N13 0.4 2.75 2.79 1.20
N14 0.6 2.85 2.86 0.17
N15 0.75 291 2.92 0.33
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Table 5.7 Comparison of peak load values (Specimen S1 — S8)

Specimen Strain r.ate Peak load, Peak load, o difference
code (mm/min.) kN (Expt) kN (CZM)
S1 0.1 0.972 0.998 2.66
S2 0.2 0.972 0.997 2.64
S3 0.3 0.972 0.997 2.60
S4 0.4 0.968 0.997 3.03
S5 0.6 0.960 0.990 3.17
S6 1 0.855 0.869 1.65
S7 1.5 0.821 0.849 3.49
S8 2.5 0.781 0.804 2.96

Table 5.8 Comparison of peak load values (Specimen Al — A4)

szgggen ap/w ratio ile\? lzéiff)’ i;aiqcl ;i% % difference
Al 0.5 2.07 2.12 2.30
A2 0.525 1.98 2.02 2.17
A3 0.55 1.78 1.84 3.18
Ad 0.575 1.62 1.64 1.28

Table 5.9 to 5.12 shows the J; values based on load vs LLD data obtained from CZM and
experimental observations for thickness effect (specimen T2 — T6), Notch radius effect

(specimen N1 — N 15), strain rate effect (specimen S1 — S8) and ay/W ratio effect (specimen Al

— A4) respectively.
Table 5.9 Comparison of J; values (Specimen T2 — T6)
Specimen Thickness | J-integral, | J-integral, | ,, ..
code (mm) N/mm N/mm /o difference
T1 1.2 204.38 208.75 2.14
T2 1.3 205.94 222.68 8.13
T3 1.4 224.26 233.31 4.03
T4 1.5 226.48 247.98 9.49
T5 1.6 250.85 261.12 4.10
T6 1.7 248.45 268.44 8.04
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Table 5.10 Comparison of J; values (Specimen N1 — N15)

N1 0.07 583.4743 584.0521 0.10
N2 0.085 532.1311 534.1619 0.38
N3 0.1 551.6413 556.0022 0.79
N4 0.11 525.4401 523.32 0.40
N5 0.12 539.8656 545.2823 1.00
N6 0.13 514.3757 520.3975 1.17
N7 0.14 558.381 565.8601 1.34
N8 0.15 541.1943 564.3308 4.28
N9 0.16 577.2952 571.0877 1.08
N10 0.17 597.8835 583.8503 2.35
NI11 0.18 598.6687 586.6515 2.01
N12 0.25 644.7871 658.2333 2.09
N13 04 666.6713 683.4738 2.52
N14 0.6 696.1426 725.7879 4.26
NI15 0.75 729.0518 770.0279 5.62

Table 5.11 Comparison of J; values (Specimen S1 — S8)

S1 0.1 355.51 369.21 3.85
S2 0.2 354.33 368.01 3.86
S3 03 353.15 366.81 3.87
S4 04 353.16 367.06 3.94
S5 0.6 325.58 342.19 5.10
S6 1 279.41 282.78 1.21
S7 1.5 268.80 270.73 0.72
S8 2.5 229.19 230.76 0.69

69




Table 5.12 Comparison of J; values (Specimen Al — A4)

szgggen ay/w ratio I E}ffgl’ ! E}ffgl’ % difference
Al 0.5 661.8276 674.0268 1.84
A2 0.525 652.0813 669.0236 2.60
A3 0.55 623.2651 643.8313 3.30
A4 0.575 613.2286 616.7742 0.58

The percentage difference between J; from experimental data and J; calculated from CZM
for specimens T2, T4 and T6 is found to be 8.13%, 9.49 % and 8.04% respectively which is
slightly higher. The reason would be there is a small slippage found during experiment (for
specimen T4) as well as more tuning of cohesive parameters (penalty stiffness and cohesive
strength) is required for specimen T2, T4 and T6 (Fig C2, Fig C4 and Fig C6). The percentage
difference between J; from experimental data and J; calculated from CZM for all other cases is

found to be within 5%, thus the values of J; calculated from CZM are acceptable.
54  Crack Frank Opening Angle (CFOA) Method

As discussed in methodology, CFOA method was used to determine plastic CTOD.
Fig 5.13 shows a superimposition of geometry of triangles used in PHM and CFOA. The plastic
CTOD using CFOA method (d,)croa depends on O'G and plastic load line displacement (V),),
whereas plastic CTOD using PHM (plastic hinge model) (J,)pum depends on OG and V).
Eq. (3.10) and (3.13) can be rewritten as Eq. (5.2) and (5.3), respectively.

(5pl)PHM = LVM = (C) sz (5.2)

0'G

(0, croa = mV,ﬂ =(x)r, (5.3)

In Eq. (5.2), C is dependent upon plastic rotational factor (r,), initial crack length (ay)
and unbroken ligament length (b) and is found to be constant having value 0.4313 for the given
geometry of CT specimen (except specimen Al to A4). Therefore, there is a linear relation
between (dp1) and Vp in PHM. In Eq. (5.3), X is variable because of variation in CFOA which is

due to change in V},. Therefore there is a non-linear relation between (dp1) and ¥, in CFOA.
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(5pl)PHM =A4B; GH=aqy

L(Op)croan=A'B"; CD=V,

Fig 5.13 Comparison of PHM and CFOA method.

In comparison, the PHM results on plastic CTOD are on lower side because of linear
relation between C7TOD and plastic load-line displacement (7)) as given by Eq. (5.2), which may
be applicable to a higher range of thickness, falling in LEFM and EPFM regime. According to
Toda et al (2008) and Wilson and Landes (1994), this model can be used for low deformation
ahead of crack tip. 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 also
degree of blunting at the crack-tip is very high and fracture behaviour fall in general yield
regime. The linear relation in between load-line displacement and CTOD cannot account for the
high degree of blunting. The suggested CFOA method accounts for the nonlinearity in between
load line displacement and CTOD. The CFOA method results are good in agreement with CZM
results. The CZM results are found slightly on higher side compared to CFOA method as FE

model is based on ideal assumptions.

For thickness effect the percentage difference in C7TODs determined from CFOA and
CZM is found to be within 3—7%. Whereas, the percent difference in between PHM and CZM is
found to be within 13-21% (Table 5.13). For notch radius effect the percentage difference in
CTODs determined from CFOA and CZM is found to be within 1-3%. Whereas, the percent
difference in between PHM and CZM is found to be within 6-8% (Table 5.14). For strain rate
effect the percentage difference in CTODs determined from CFOA and CZM is found to be
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within 3-5%. Whereas, the percent difference in between PHM and CZM is found to be within
6—10% (Table 5.15). For ay/W ratio effect the percentage difference in CTODs determined from
CFOA and CZM is found to be within 0.25-3%. Whereas, the percent difference in between
PHM and CZM is found to be within 13-25% (Table 5.16). The reason behind this is the
underestimation of plastic rotational factor considered in PHM for the general yield regime.
Thus, the CFOA method is found to be suitable for significant deformation ahead of crack tip in

case of EDD steel sheets in general yield situation.

Table 5.13 Thickness effect: % difference in critical CTOD values.

Thickness (5C)PHM (5C)CFOA (5C)CZM % difference % difference
(mm) (mm) (mm) (mm) (PHM vs CZM) (CFOA vs CZM)
1.2 0.574 0.649 0.678 18.132 4.485
1.3 0.590 0.671 0.713 20911 6.356
1.4 0.619 0.686 0.740 19.527 7.853
1.5 0.650 0.725 0.768 18.159 5.941
1.6 0.683 0.757 0.790 15.715 4.400
1.7 0.715 0.790 0.815 13.941 3.124

Table 5.14 Notch radius effect: % difference in critical CTOD values.

Notch (Oc)prm | (0c)croa | (Oc)czm % difference % difference
radius (mm) | (mm) (mm) (mm) | (PHM vs CZM) | (CFOA vs CZM)
0.070 2.056 2.160 2.209 7.431 2.258
0.085 2.056 2.160 2.214 7.707 2.521
0.100 2.057 2.165 2.196 6.763 1.437
0.110 2.058 2.165 2.219 7.859 2.503
0.120 2.059 2.170 2.218 7.763 2.226
0.130 2.059 2.173 2.220 7.830 2.149
0.140 2.059 2.175 2.218 7.727 1.957
0.150 2.059 2.180 2.214 7.552 1.558
0.160 2.091 2.183 2.247 7.443 2.938
0.170 2.104 2.200 2.257 7.277 2.596
0.180 2.116 2.222 2.267 7.126 2.016
0.250 2.186 2.290 2.348 7.389 2.512
0.400 2.300 2.430 2.464 7.137 1.426
0.600 2.486 2.580 2.647 6.460 2.581
0.750 2.590 2.720 2.773 7.072 1.954
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Table 5.15 Strain rate effect: % difference in critical CTOD values

Strain rate | (dc)pum | (Oc)croa | (Oc)czm % difference % difference
(mm/min.) | (mm) (mm) (mm) | (PHM vs CZM) | (CFOA vs CZM)
0.1 1.408 1.437 1.499 6.410 4.295
0.2 1.408 1.437 1.499 6.394 4316
0.3 1.408 1.436 1.499 6.400 4.344
0.4 1.408 1.436 1.499 6.420 4387
0.6 1.330 1.391 1.455 9.369 4.572
1 1.264 1.306 1.351 6.835 3.430
1.5 1.220 1.242 1.288 5.565 3.708
2.5 1.104 1.153 1.191 7.881 3.279
Table 5.16 ay/W ratio: % difference in critical CTOD values
ayw | (0c)pum | (Oc)croa | (0c)czm % difference % difference
ratio | (mm) (mm) (mm) | (PHM vs CZM) | (CFOA vs CZM)
0.5 2.479 2.732 2.824 13.905 3.374
0.525 | 2.202 2.591 2.654 20.521 2.456
0.55 2.076 2.518 2.591 24.775 2.897
0.575 | 1.996 2.494 2.500 25.258 0.253

5.5

Four different objectives i.e. thickness effect, notch radius effect, strain rate effect and
ay/W ratio effect have been considered to study and summarize the fracture behaviour of EDD
steel sheets in general yield regime. Critical CTOD is taken as fracture toughness parameter for
all the cases. Critical CTOD 1is evaluated using plastic hinge model (PHM), proposed CFOA

method and by using cohesive zone model (CZM). The results obtained are discussed in details

in subsequent topics.

Effect of VVarious Parameters on Fracture Toughness

5.5.1 Effect of Thickness on Fracture Behaviour

Specimens with different thicknesses are considered to predict the thickness effect on
fracture toughness. Table 5.17 shows elastic part of CTOD and plastic part of CTOD predicted
from experimental results (measured by using PHM and CFOA method). Table 5.17 also shows

elastic and plastic part of CTOD determined from CZM.
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Table 5.17 Thickness effect: Critical CTOD values evaluated from experiments (using PHM and
CFOA method) and CZM

Thickness | (0e)expt | (Opp)pum | (dc)prm | (Opr)croa | (Oc)croa | (Oedczm | (Op)czm | (Oc)czm
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
1.2 0.043 0.531 0.574 0.606 0.649 0.045 0.633 0.678
1.3 0.045 0.545 0.590 0.626 0.671 0.047 0.667 0.713
1.4 0.046 0.573 0.619 0.640 0.686 0.047 0.693 0.740
1.5 0.048 0.602 0.650 0.677 0.725 0.049 0.719 0.768
1.6 0.050 0.633 0.683 0.707 0.757 0.051 0.740 0.790
1.7 0.049 0.666 0.715 0.741 0.790 0.050 0.765 0.815

Fig 5.14 shows the variation of critical CTOD with thickness. The graph shows that as

thickness increases, the critical CTOD also increases. This fracture behaviour is unlike that for

thick plates, wherein the fracture toughness decreases as thickness increases as reported by
Heydari et al (2011), Kang (2005), Mahmoud and Lease (2003), Pandey et al. (1997) and

Srawely and Brown (1975). The reason behind the increase in fracture toughness with increase in

thickness is explained below.
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Fig 5.14 Variation of critical CTOD with thickness.

Castrodeza et al. (2004) have reported that, close to the free surfaces, material deforms in

plane stress condition and in the interior, plane strain condition exist. In some cases, degree of
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plane strain is higher than the degree of plane stress, whereas in other cases it is other way round,
depending on material as well as size. For EDD steel sheets, as mentioned by Kulkarni (2005)
that for the thickness range (1 — 3.2 mm), there exist a predominantly plane stress conditions in

the vicinity of crack tip.

Fracture toughness of thin sheets is mainly associated with the amount of energy required
to reduce the initial cracked specimen thickness (i.e. necking) which is frequently higher than the
energy needed for crack growth [Shahani e a/ (2010) and Pardoen et a/ (2004 & 2002)]. The
former depends on the initial specimen thickness [Broek (2002)]. As mentioned by Shukla
(2005), in thin sheets, the work of fracture and the degree of thickness necking can be very high,
so that the material is able to absorb energy and resist fracture. In the other words, fracture
resistance of thin metallic sheets is significantly dependent on the energy dissipated in crack tip
necking. It has already been proved by Wang et al (2008) that in the regime of general yield
amount of necking increased with the thickness. Also it is reported that in the vicinity of crack,
the state of stress is close to plane stress, the energy which causes thickness reduction and thus,

the fracture toughness is higher for thicker specimens in general yield regime.

In case of thick plates (EPFM regime) as mentioned by Shukla (2005) as the thickness
increases, the state of stress in crack tip field gradually changes to plane strain and less amount
of necking is observed. Stress triaxiality tends to increase at the crack tip for the thicker
specimen leading to higher rate of void growth and lower fracture strain and degree of crack tip
necking. It causes the fracture toughness to decrease. While according to Shahani et a/ (2010) in
thicker specimens, as the thickness increases, the input energy is dominantly spent on forming
new surfaces, and so growing the crack. Therefore, the crack growth occurs earlier than the
thinner specimens for which the major proportion of the input energy causes plastic zone

formation.

In the present work, crack surface from the broken ligament of specimens (T1 — T6), it is
found that the shear lips which can be considered as the indication of the predominating plane
stress state prevail on the total surface of specimens. Also a significant amount of crack tip
necking is observed in specimens (T1 — T6). Therefore the increase in fracture toughness with
increase in thickness is attributed to predominating plane stress conditions, localized necking,

and large plastic zone ahead of the crack tip in the regime of general yield.
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5.5.2 Influence of Notch Radius on Fracture Behaviour

Different notch root radii have been considered to predict the notch radius effect on

fracture toughness. Table 5.18 shows elastic part of CTOD and plastic part of CTOD predicted

from experimental results (measured by using PHM and CFOA method). Table 5.18 also shows

elastic and plastic part of CTOD determined from CZM.

Table 5.18 Notch radius effect: Critical CTOD values evaluated from experiments (using PHM

and CFOA method) and CZM
Notch radius | (de)expt | (p)pum | (Oc)prm | (Opi)croa | (Oc)croa | (Oedczm | (Op)czm | (dc)czm
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
0.070 0.032 2.024 2.056 2.128 2.160 0.033 2.175 2.209
0.085 0.032 2.024 2.056 2.128 2.160 0.032 2.183 2.214
0.100 0.032 2.025 2.057 2.133 2.165 0.033 2.163 2.196
0.110 0.035 2.023 2.058 2.130 2.165 0.037 2.183 2.219
0.120 0.033 2.025 2.059 2.137 2.170 0.033 2.185 2.218
0.130 0.032 2.027 2.059 2.141 2.173 0.033 2.187 2.220
0.140 0.032 2.027 2.059 2.143 2.175 0.034 2.184 2.218
0.150 0.034 2.024 2.059 2.146 2.180 0.035 2.179 2.214
0.160 0.034 2.057 2.091 2.148 2.183 0.036 2.210 2.247
0.170 0.035 2.069 2.104 2.165 2.200 0.037 2.220 2.257
0.180 0.035 2.081 2.116 2.187 2.222 0.037 2.230 2.267
0.250 0.038 2.148 2.186 2.252 2.290 0.038 2.310 2.348
0.400 0.039 2.261 2.300 2.391 2.430 0.040 2.424 2.464
0.600 0.042 2.444 2.486 2.538 2.580 0.042 2.605 2.647
0.750 0.044 2.546 2.590 2.676 2.720 0.044 2.729 2.773

The results on critical CTOD for different notch radii are presented in Fig 5.15. It shows
the variation of critical CTOD with notch radius (p = 0.07- 0.75). From Fig 5.15 it is observed

that there is an increase of 0.93% in fracture toughness in the notch radius range 0.07 mm to 0.15

mm. From practical point of view, this change in fracture toughness is negligible. Furthermore, it

is observed that there is a sharp increase in fracture toughness in the notch radius range 0.15 mm

to 0.75 mm.
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Fig 5.15 Variation of critical CTOD with notch radius.

Therefore, the notch radius of 0.15 mm is considered to be a critical notch radius value,
below which, fracture toughness remains almost independent of notch radius. According to
Mourad et al (2012 & 2005), Vratnica (2010), Srinivas and Kamat (1992) and Schindler (1991)
the fracture toughness beyond the critical notch radius is referred as apparent fracture toughness.
Available literature [Mourad and Aly (2011), Mourad (2008), Akourri etal (2000), Srinivas etal
(1994), Srinivas & Kamat (1992), Schindler (1991), Faucher efal (1990), Yoda (1987), Firrao &
Roberti (1982), Landes & Begley (1979)] shows a linear relationship between apparent fracture
toughness and notch radius. They have used J- infegral as a fracture toughness parameter. In the
present work, CTOD is used as a fracture toughness parameter and current results are in
agreement with the literature. The linear increase of apparent fracture toughness can be

approximately expressed by Eq. (5.4) for CFOA method.
CTOD ppp =0.94 p' + CTOD, (5.4)

where, p' = (p - pc). Eq. (5.4) is valid for notch radius (p), greater than or equal to critical
notch radius (p.). The approximate slope of line is 0.94 in this case. The value of critical CTOD
(CTOD.,) is equal to 2.18 mm. Therefore, the relation given by Eq. (5.4) becomes

CTOD, app = 0.94 (p - 0.15) +2.18 (5.5)
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Mourad and Aly (2011), Vratnica (2010), Srinivas and Kamat (1992) have given the
explanation for the increase in apparent fracture toughness with increase in notch radii.
According to them, the fracture toughness is proportional to the work done for fracture per unit
of ligament area. It is asserted that the existence of a finite notch root radius causes an increase in
the value of toughness, because an additional energy is used for plastic deformation in order to
increase the stress concentration at the notch root to an equivalent level at the crack tip. There is
a critical notch radius below which there is no significant effect of notch radius on fracture

toughness.

Kulkarni (2005) has studied stress triaxiality with notch radius for EDD steel sheets. He
found that peak values of stresses (o, 0, and o.) are located in the vicinity of notch radius for
smaller notch radii. However, in case of higher value of notch radii, peak value of stresses shift

away from notch radius.

In the present work the z- direction stress (i.e. along the thickness) is small indicating a
predominantly plane stress condition along unbroken ligament length. Stress in x—direction
assists the notch—tip to grow in x—direction (i.e. along unbroken ligament length). The stress in
y—direction assists the notch-tip to grow along y—direction for crack tip opening displacement.
For lower notch radii, the peak stress level is found to be in the vicinity (within 0.50 mm) of
notch-tip. It is also observed that there is a minor variation in the intensity of peak stress level
with increase in notch radius. However, with increase in notch radius it is observed that the
location of peak stress level is shifting away from the notch tip along the unbroken ligament

length.

From these observations, it is predicted that the stresses are localized in the vicinity of
crack tip for lower value of notch radii (0.05, 0.10, 0.12 and 0.15 mm). Therefore, crack

initiation occurs at lower critical load, due to high stress concentration in the vicinity of crack tip.

It is also observed that with increase in notch radii, there is increase in the plastic zone
size. The plastic zone is increasing gradually with notch radii and assists the degree of blunting.
There is hardly increase in plastic zone size up to 0.15 mm notch radius. Beyond 0.15 mm notch

radius, there is continuous increase in plastic zone size.
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In extra deep drawn steel sheet, it is observed that the critical CTOD is larger than the
notch radius. The reason may be high formability, smaller size of sheets, almost 100 % degree of
shear-lip and large plastic zone size. Fig 5.16 shows the degree of shear lip during complete
tearing of the specimen. Plastic zone has two parts: tensile and compressive. As observed from
Fig 5.17, the plastic zone touches the boundary of ligament. These features of EDD steel sheet
help to increase the deformation ahead of notch tip. Based upon these observations, it is
suggested that using notch is convenient instead of using fatigue crack for pre-cracking in case of

EDD steel sheets.

Shear lip

Fig 5.17 Plastic zone ahead of notch tip for specimen code N10 at crack initiation load

1.e. 2.62 kN in this case.

In the present work, 0.2 mm wire diameter is used to create a notch having 0.1 mm notch
radius. However, because of unavoidable heating during WEDM process, the maximum average
notch radius has gone up to 0.13 mm. This value is sufficiently below the critical value (0.15
mm) for the validity of the present fracture study. Otherwise it is a time consuming and costly

procedure for preparation of fatigue pre-cracked specimens.
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5.5.3 Effect of Strain Rate on Fracture Behaviour

The fracture behaviour of EDD steel sheets is studied for various strain rates, in order to
observe the effect of strain rate on fracture toughness if any. Table 5.19 shows elastic part of
CTOD and plastic part of CTOD predicted from experimental results (measured by using PHM
and CFOA method). Table 5.19 also shows elastic and plastic part of CTOD determined from
CZM.

Table 5.19 Strain rate effect: Critical CTOD values evaluated from experiments (using PHM

and CFOA method) and CZM

Strain rate | (0e)expt | (Op)pum | (Oc)pum | (Opr)croa | (Oc)croa | (Oer)czm | (Opr)czm | (Oc)czm
(mm/min.) | (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
0.1 0.022 1.386 1.408 1.415 1.437 0.024 1.475 1.499
0.2 0.022 1.386 1.408 1.414 1.437 0.024 1.475 1.499
0.3 0.022 1.386 1.408 1.414 1.436 0.024 1.475 1.499
0.4 0.022 1.386 1.408 1.414 1.436 0.024 1.475 1.499
0.6 0.022 1.308 1.330 1.369 1.391 0.023 1.432 1.455
1 0.017 1.247 1.264 1.289 1.306 0.018 1.333 1.351
1.5 0.016 1.204 1.220 1.226 1.242 0.017 1.271 1.288
2.5 0.014 1.090 1.104 1.139 1.153 0.015 1.176 1.191

The results on critical CTOD for different strain rates are presented in Fig 5.18. It shows
the variation of critical CTOD with strain rate (0.1- 2.5 mm/ min.). From Fig 5.18 it is observed
that the fracture toughness is almost constant up to the strain rate 0.4 mm/ min. Furthermore it is
observed that there is a sharp decrease in fracture toughness with increase in strain rate beyond
0.4 mm/min. Therefore, the strain rate 0.4 mm/min. is considered to be a critical strain rate value,

below which, fracture toughness remains almost independent of strain rate.
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Fig 5.18 Variation of critical CTOD with strain rate.

In the present work, only the general macroscopic behaviour involving strain rate is
considered. The effect of strain rate on fracture parameters shows very small difference in results
up to about 0.4 mm/min. However, beyond this strain rate level, it is found that EDD sheet has

considerable sensitivity at high strain rate even at room temperature.

The reason may be same as in case of strain rate effects on strength and ductility.
According to He ef al (2012), Verleysen et al (2011), Jie et al (2009), Bayraktar et a/ (2007), Qiu
et al (2005), Smith et al (2008) and Callister (2006), as strain rate increases, the tensile strength
of steel and other alloys increases, however, the ductility values tend to diminish. With high
strain rate, plastic deformation becomes a difficult process, as dislocation motion is restricted.
Dislocation movements through crystal lattice involve atomic diffusion and displacements under
the applied stress. When the strain rate increases, the atomic diffusion vis-a-vis the dislocations
motion becomes difficult because of short duration. In other words, process of deformation
becomes limited resulting in reduced plasticity and toughness. Elastic contribution towards J or
CTOD values is small indicating that the plasticity is the source of toughness. Therefore, it is
concluded that for higher formability, the forming of the EDD steel sheet should be done at
lower strain rates. The strain rate 0.4 mm/min is found to be critical strain rate in case of EDD
steel sheet. Beyond the critical strain rate, the results found are not good for the forming

operations.
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5.5.4 Effect of ap/W Ratio on Fracture Behaviour

In practice, steel components are too large in dimensions and too expensive to be tested
in their operating conditions for the characterization of fracture toughness. Therefore fracture
toughness is evaluated by using standard laboratory test procedures recommended by ASTM.
The advantage of following standard test procedures is the cost associated with the specimens
that can be tested in laboratories is less as well as low load capacity machines can be used for the
testing. However the fracture toughness data obtained from standard test procedures is
corresponding to plan strain fracture toughness (lower shelf fracture toughness) [Sun et al
(2011), Wang et al (2010)]. As per as design aspect is concern, the lower shelf fracture
toughness data is more conservative. Under large scale yielding the specimen boundaries affect
the crack tip stress field by relaxing the triaxial stress state. In such situations, fracture toughness
is strongly dependent on specimen size and crack depth. The fracture toughness values for
shallow cracks are higher than those determined from standard deep cracked test specimens. This
fact is referred as the constraint effect [Holtam et al (2010), Chen ef al (2007)]. Therefore, there
is a strong incentive to reduce excess conservatism in order to provide more realistic estimate of
remaining life of the components (Budden and Dean, 2007). For this purpose, the experimental
and numerical investigations are required to characterize the constraint quantitatively [Wang et

al (2010)].

For the present work, to investigate effect of ay/W ratio on fracture toughness, various
values of ay/W ratio have considered. CTOD is considered as a fracture parameter as discussed
earlier. It is observed from table 5.8, the critical load decreases with increasing values of ay/W
ratio. It is expected also because as ay/W ratio increases means length of unbroken ligament

reduces. For such case stiffness of plate reduced which further reduces the critical load.

Table 5.20 shows elastic part of CTOD and plastic part of CTOD predicted from
experimental results (measured by using PHM and CFOA method). Table 5.20 also shows elastic
and plastic part of CTOD determined from CZM.
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Table 5.20 ay/W ratio: Critical CTOD values evaluated from experiments (using PHM and

CFOA method) and CZM
ay/W ratio (OedExpt | Oppprm | (Oc)pum | (Fpr)croa | (Oc)croa | (Oedczm | (Op)czm | (Oc)czm
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
0.5 0.066 2.413 2.479 2.666 2.732 0.068 2.756 2.824
0.525 0.071 2.132 2.202 2.520 2.591 0.072 2.582 2.654
0.55 0.068 2.009 2.076 2.450 2.518 0.070 2.521 2.591
0.575 0.066 1.930 1.996 2.428 2.494 0.066 2.435 2.500

The results on critical CTOD for different ay/W ratios are presented in Fig 5.19. It shows
the variation of critical CTOD with ay/W ratio (0.5 — 0.575). From Fig 5.19 it is observed that the

fracture toughness decreases with ay/W ratio.

Li etal (2005), Sorem (1991), Shen (1978), Lewis etal (1975) have studied the effect of

ay/W ratio on fracture toughness for LEFM. They have found that fracture toughness increases

with decrease in ay/W ratio. Their experimental observations show that the fracture toughness

parameters for the short crack specimens (a/W -- 0.15 to 0.20) are 2-3 times greater than the deep

crack specimens (a/W = 0.50). They have reported that for shallow cracks, the hydrostatic stress

is lower than the deeply cracked specimens which develops a high level of crack tip constraint,

provides a lower bound estimate of toughness.

29 A
o
g 2.7 A
o 2.5 A + —0
Q ]
S 23 .
= —CFOA
O 21 A +
= + o CZM
2 19
= + PHM
© 7]
15
0.48 0.5 0.52 0.54 0.56 0.58
a,/W ratio

Fig 5.19 Variation of critical CTOD with a,/W ratio.
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Li etal (2005), Li (2003), Li etal (2002), Sorem (1991), Li & Shi (1991), Huang (1987),
Lin (1987), Li & Zhou (1986), Li & Zhou (1986), Cotferel etal (1985), Li (1985), Chipperefied
(1978) have shown that shallow cracks have greater COD and J-integral values at initiation than
deeply cracked specimens in EPFM regimes. Furthermore it has been reported that there is
considerably crack-tip blunting and larger plastic zones in the vicinity of crack tip present in the
short crack specimens than in the deep crack specimens. It has also been reported that for the
short crack specimens, the plastic zone (tension) extends to the free surface. They have found the
critical CTOD for the short crack specimens (a/W = 0.15) are aproximately 2.5 times larger than
critical CTOD for the deep crack specimens (a/W = 0.50).

The study of effect of a/W ratio revealed significant differences in fracture toughness for
small and large a/W ratios, the ASTM standard for CTOD testing restricts a/W ratios to 0.45-0.55
for plane strain fracture toughness test. For the present work four different ay/W ratios (0.5,
0.525, 0.55 & 0.575) have been considered. Although the chosen ay/W ratios do not indicate any
shallow crack (ay/W = 0.15-0.3), qualitatively comments on shallow cracks are demonstrated
here. As plastic zone forms at the vicinity of crack tip in general yielding, plastic hinge often
develops prior to failure. As ay/W ratio increases the location of plastic hinge shifts towards the
crack tip (table 5.21). As hinge points shifts towards crack tip, the size of tensile plastic zone is

reduced which decreases fracture toughness on increasing values of ay/W ratio (Fig 5.19).

Table 5.21 Variation of location of plastic hinge with ay/W ratio.

ay/W ratio Plastic lzgg(fn f;l;l(;m crack
0.5 11.62278
0.525 10.94527
0.55 10.28002
0.575 9.626676

For lower values of ay/w ratio, the drop in fracture toughness is sharp but at higher values
of ap/w ratio the drop in fracture toughness gradually reduced (Fig 5.19). The decrease in fracture
toughness for ap/w ratio values, 0.5 to 0.525 is more than 5%; however the drop in fracture

toughness for ay/w ratio values, 0.55 to 0.575 is just 0.95%. Further if we increase the ay/W
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ratio, fracture toughness would become independent of ay/W ratio however this is qualitative
comment. From present observations of effect of ay/W ratios on fracture toughness following

qualitative comments are derived.

If (W — ay) 1s not sufficiently large, the plastic zone size for determination of fracture
toughness is significantly affected by the close presence of a free surface (the back face of the
specimen).That is, the material is more resistant to crack growth when the crack is shallow. Also
it would be expected that if the notch was deep enough to prevent plastic work reaching the
surface, then the critical CTOD would be independent of the notch depth. For shallower notches
the plastic constraint would be less and the maximum stress attainable would be smaller than that
in a more deeply notched specimen strained to the same crack opening displacement.
Consequently the critical CTOD will be greater for shallow crack. However theoretical study on
constraint correction and the effect of ay/W on fracture toughness is necessary to find an
appropriate parameter(s) to characterize the crack tip stress—strain fields, so that fracture
toughness results can be transferred from one test geometry to another. Summary of results and

discussion is presented in chapter 6.
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CHAPTER- 6

CONCLUSIONS

6.1 Summary

The research work presented in this thesis is aimed to understand the fracture behaviour
of EDD steel sheets in general yield regime. EDD steel sheets are widely used among the most
important sheet metals in industrialized countries. From engineering and economic viewpoint, a
thorough understanding of fracture behaviour of EDD steel sheets and their products is essential
to steel manufacturers as well as industrial users (like automotive component manufacturer).
Four types EDD steel sheets are received from TATA Steel, which are named as EDD ‘A’, EDD
‘B’, EDD *C’ and EDD ‘D’ for the reference. The mechanical properties of EDD steel sheets are
obtained from TATA Steel. Presently the EDD steel sheets are characterized using a formability
approach. In the present work, formability point of view, the EDD steel sheets are studied based
on their mechanical properties. Fracture test are conducted using CT specimens. Cohesive zone
model is formulated to validate the experimental results. Suitable traction separation law is
implemented and procedure to calibrate cohesive parameters is presented. In order to
characterize the fracture behaviour, critical CTOD is considered as a fracture parameter. The
critical CTOD from experimental observations is calculated using PHM and proposed CFOA
method. The calculated values of critical CTOD using PHM and CFOA method are compared
with the critical CTOD values, calculated from CZM. Finally, the effect of various parameters
i.e. thickness effect, notch radius effect, strain rate effect and effect of ao/W ratio on fracture
toughness are studied to characterize the fracture behaviour of EDD steel sheets in general

yielding regime.
6.2  Critical Findings
The major outcomes of the present research work are:

The formability and fracture mechanics are the two approaches to understand the fracture
behaviour in EDD steel sheets. Using formability approach, intrinsic and simulative tests give
relative engineering index of formability. Because of complex interactions of material and

process variables, many factors are required to be considered for the crack initiation phenomena.
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However from literature, it is found that prevention of failure in EDD steel material during
forming operation currently requires fracture mechanics based design parameters. In order to
characterize fracture behaviour of EDD steel sheets in general yield regime, fracture criterion
(critical load at which crack initiates) and critical CTOD (as fracture toughness parameter) are
used. Analysis of formability parameters is important to understand the forming qualities of EDD
steel sheets. According to ASTM E8M-11 (2011) and E 517-00 (2010), the study of formability
shows that EDD ‘B’, EDD “C’ and EDD ‘D’ steel sheets have relatively high formability than

EDD ‘A’ steel sheet, based on normal anisotropy, stain hardening exponent and % elongation.

The precise determination of crack initiation event necessitates successive experimental
attempts. A ‘load drop technique’ or ‘load maxima’ is experimentally confirmed as fracture
criterion for EDD steel sheets, which assists in detecting the physical event of crack initiation.
Using load drop technique, precise determination of critical load is possible without any change

in experimental set up.

Cohesive zone models are suitable tool for the characterization of fracture behaviour in
the materials of interest. CZM concepts have been applied in order to study mode-I fracture in
pre-cracked CT specimens and verify experimental findings (like fracture criterion and critical
CTODs).

First, linear and exponential traction laws are used for simulation. It is observed that
linear traction separation law underestimates the maximum load approximately by 23% and it is
most suitable for LEFM regime i.e. brittle materials and linear elastic solids. Exponential law is
being used for ductile materials however in the present case it underestimates load line
displacement approximately by 22% and perhaps it is most suitable for EPFM regime. Therefore,
an alternative constant traction separation law is proposed to account for maximum load and
large load line displacements. The results from proposed constant traction separation law are
found to be close with the experimental findings. By using proposed traction separation law, the
maximum load is over- estimated only by 1.44% and corresponding J; based on load vs LLD is
2.14% more than experimental value. The proposed constant traction separation law is found

suitable for EDD steel sheets in general yield regime.
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This study clearly shows that there are no hard-and-fast guidelines for determining the
cohesive parameters of the traction-separation relationship. It is dependent on the problem under
consideration. It is recommended that the cohesive parameters estimated with the guidelines
presented in this thesis be assessed by first conducting simple benchmark simulations (for which
analytical and/or experimental results are available) before using them in actual models.
Furthermore, as some of the parameters estimated from one problem may not be valid for other

problems.

The CFOA model is proposed to find the plastic CTOD in addition to the existing Plastic
hinge model (PHM). The PHM results on plastic CTOD are found to be conservative because the
value of plastic rotational factor (PRF) in PHM depends only on initial crack length and
unbroken ligament length and the model does not account for non-linearity between plastic load—
line displacement and plastic CTOD. The suggested CFOA model accounts for this non-linearity.
In this model, the value of apparent axis of rotation depends upon the crack flank opening angle,
which in turn depends upon the thickness of specimen. CFOA model is found to be consistent
and well agreed with cohesive zone model. The suggested CFOA model can be easily applicable
to predict the effect of various edge—notched specimen geometry and loading configuration in

the general yield regime.

The effect of various parameters on fracture toughness of EDD steel sheets in general
yielding is studied. Few key features, which do not observe in LEFM and EPFM regime, are
found during experiment: large plastic zone size ahead of crack tip, high degree of shear lips,
pre—dominant plane stress condition, high degree of crack blunting and significant amount of
crack tip necking. The plastic zone in general yielding regime touches ligament boundary of
specimen and also increases with increase in specimen thickness. In addition to these
observations, effect of various parameters i.e. thickness effect, strain rate effect, notch radius
effect, and effect of ap/W ratio on fracture toughness are studied and discussed below.

The critical CTOD values are found to increase with increase in thickness, this
observation is found to be unlike that of thick plates (LEFM and EPFM regime). The reason is,
in lower range of thickness, the material is free to move in the plane of sheet because of
predominantly plane stress condition. Fracture toughness of thin sheets is associated with the

amount of energy required to reduce the initial cracked specimen thickness (i.e. necking) and
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energy needed for crack growth fracture resistance of thin metallic sheets is significantly
dependent on the energy dissipated in crack tip necking. In the regime of general yield, amount
of necking is observed to increase with increase in thickness. Therefore in case of the EDD steel
sheets, increase in fracture toughness with increase in thickness is attributed as predominating

plane stress conditions, localized necking and large plastic zone ahead of crack tip.

Experimental findings as well as CZM shows that the strain rate has no significant effect
on fracture toughness till the strain rate is 0.4 mm/min at room temperature; however, there is a
sharp decrease in fracture toughness beyond 0.4 mm/min. This may be because of the dislocation
motion restricted with high strain rate. Therefore, in order to have high formability, the forming

of the EDD steel sheets should be done at lower strain rates.

Influence of notch radius on fracture toughness has been studied with a wide range of
notch radii. The apparent fracture toughness is observed to increase linearly with increase in
notch radius. This observation is in agreement with the results available in literature. The critical
notch radius is found to be 0.15 mm. This study is essential to verify the validity of results of
notched specimens having notch radii in the range of 0.11-0.13 mm. The critical observation of
increase in apparent fracture toughness with increase in notch radius is attributed to the stress
triaxiallity which is low for high notch radius. With this study, it is recommended that fatigue
pre-cracking, which is a time consuming job, in case of EDD steel sheets is not essential. The

wire electric discharge machining (WEDM) process can be successively used for pre-cracking.

The effect of a/W ratio on fracture toughness of EDD steel sheets is studied. Similar to
EPFM, in general yielding, plastic zone forms at the vicinity of crack tip and plastic hinge often
develops prior to failure. It has been observed that as ay/W ratio increases the location of plastic
hinge shifts towards the crack tip (i.e. size of tensile plastic zone reduces), which reduces
fracture toughness. That is, the material is less resistant to crack growth when the crack is
deeper. For shallow notches the plastic constraint would be less and the maximum stress
attainable would be smaller than that in a more deeply notched specimen strained to the same
crack opening displacement. Consequently the critical CTOD will be greater for shallow crack.
However theoretical study on constraint correction and the effect of ao/W on fracture toughness
is necessary to find an appropriate parameter(s) to characterize the crack tip stress—strain fields,

so that fracture toughness results can be transferred from one test geometry to another.
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6.3

6.4

Specific Contribution

To simulate the fracture behaviour of EDD steel sheets with CZM, constant traction law
is proposed to verify fracture criterion and fracture toughness.

To formulate CZM for EDD steel sheets, calibration procedure is formulated to select the
cohesive parameters.

To measure the fracture toughness of EDD steel sheets in general yield regime, CFOA

method is suggested.
Recommendations

Formability study is important to know the forming characteristics of sheet material.

However, in order to understand the fracture behaviour in thin EDD steel sheet which fall into a

general yield regime, following recommendations are made.

1.
2.

6.5

Load drop technique can be used as a fracture criterion.

Higher formability can be achieved using lower forming rates.

Selection of EDD steel sheet with sufficiently high thickness may be used, if there are no
other design constraints as it will have more fracture toughness.

CZM with proposed traction separation law can be easily implemented and used to
simulate the fracture problem.

CFOA method is suitable and can be effectively used to determine fracture toughness
parameters.

To avoid dependency of ao/W ratio on the fracture toughness, higher values of ag/W (0.5
~ 0.6) ratio should be chosen.

Wire electric machining (WEDM) can be competently used instead of fatigue pre-

cracking to induce crack in the fracture test specimens.
Utilization of Research Outcome

The present research outcome will help steel manufacturers to design fracture test set up

and fracture simulation with the help of which they will be able to give fracture data apart from

the forming indices and mechanical properties. In turn, it will help the industrial customers (e.g.

automotive component manufacturer) to determine critical load and critical strain rate. There by
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industrial customers will be able to avoid trial and error methods and hence wastage of materials.
This research will also help academicians to understand fracture behaviour more in detail in the

developing regime of fracture mechanics.
6.6  Future Scope for Work

1. Present study is carried out at atmospheric temperature, however, low temperature and
high temperature effect on fracture toughness can be studied for specific applications.

2. As mode-I loading is a worse loading condition, in the present work, specimens were
loaded in mode-I and the crack direction was predefined. In practice, due to complex
loading mode and geometry, crack initiation and propagation usually does not follow a
predefined path. So it is required to develop mixed mode loading test setup to study the
fracture behaviour of thin sheets. Also CZM is required to develop for mixed mode
loading.

3. This study can be extended to light metal alloy sheets used for aerospace applications

which fall in general yield regime.
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APPENDICES

Appendix A

Tensile Test Data of EDD Steel Steels

A 1 Engineering stress — strain data: EDD ‘A’

sr. No. Strain Stress sr. No. Strain Stress
(mm/mm) (MPa) (mm/mm) (MPa)

1. 0.0000 0.00 16. 0.1260 378.31
2. 0.0011 237.47 17. 0.1440 383.55
3. 0.0013 265.79 18. 0.1560 387.13
4. 0.0013 278.47 19. 0.1860 387.06
5. 0.0014 293.59 20. 0.1980 385.21
6. 0.0240 335.09 21. 0.2040 384.41
7. 0.0300 345.44 22. 0.2100 383.62
8. 0.0360 351.39 23. 0.2160 381.20
9. 0.0540 352.58 24, 0.2220 380.43
10. 0.0600 356.16 25. 0.2280 378.86
11. 0.0660 360.92 26. 0.2460 375.40
12. 0.0752 363.30 27. 0.2586 372.91
13. 0.0868 369.26 28. 0.2712 371.90
14. 0.0960 375.22 29. 0.2840 369.83
15. 0.1140 377.12 30. 0.2969 367.11
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A 2 Engineering stress — strain data: EDD ‘B’

sr. No. Strain Stress Sr. No. Strain Stress
(mm/mm) (MPa) (mm/mm) (MPa)

1. 0.0000 0.00 25. 0.2039 309.14
2. 0.0008 167.86 26. 0.2100 314.13
3. 0.0009 188.83 217. 0.2160 316.71
4, 0.0010 209.79 28. 0.2220 318.32
5. 0.0012 245.41 29. 0.2280 321.20
6. 0.0013 259.19 30. 0.2460 326.11
7. 0.0015 261.61 31. 0.2600 329.56
8. 0.0016 263.48 32. 0.2640 330.04
9. 0.0180 264.30 33. 0.2820 328.27
10. 0.0240 266.95 34. 0.3000 327.14
11. 0.0300 270.43 35. 0.3180 326.42
12. 0.0360 273.38 36. 0.3360 325.15
13. 0.0540 275.58 37. 0.3540 324.80
14. 0.0600 278.15 38. 0.3720 323.10
15. 0.0660 283.92 39. 0.3900 322.46
16. 0.0752 284.30 40. 0.4080 321.40
17. 0.0868 288.27 41. 0.4260 320.15
18. 0.0960 289.21 42. 0.4440 319.14
19. 0.1260 291.11 43. 0.4620 318.24
20. 0.1341 294.29 44, 0.4799 317.16
21. 0.1440 296.56 45, 0.4980 316.43
22, 0.1560 299.12 46. 0.5160 315.23
23. 0.1860 302.13 47. 0.5340 314.10
24, 0.1936 307.12 48. 0.5519 312.97
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A 3 Engineering stress — strain data: EDD “‘C’

Strain Stress Strain Stress
Sr. No. Sr. No.

(mm/mm) (MPa) (mm/mm) (MPa)

1. 0.0000 0.00 25. 0.2039 330.15
2. 0.0011 231.29 26. 0.2100 331.13
3. 0.0011 241.22 27. 0.2160 333.71
4. 0.0012 255.93 28. 0.2220 335.32
5. 0.0013 266.36 29. 0.2280 337.20
6. 0.0013 272.53 30. 0.2360 339.09
7. 0.0013 276.97 31. 0.2400 341.56
8. 0.0015 278.61 32. 0.2640 342.04
9. 0.0016 279.48 33. 0.2820 340.27
10. 0.0180 284.30 34. 0.3000 338.14
11. 0.0240 289.95 35. 0.3180 336.42
12. 0.0300 290.43 36. 0.3360 335.15
13. 0.0360 293.38 37. 0.3540 332.80
14, 0.0540 295.58 38. 0.3720 329.10
15. 0.0600 298.15 39. 0.3900 327.46
16. 0.0660 301.92 40. 0.4080 326.40
17. 0.0752 305.30 41. 0.4260 325.15
18. 0.0868 307.14 42, 0.4440 324.14
19. 0.0960 309.12 43, 0.4620 323.24
20. 0.1260 314.12 44, 0.4799 322.90
21. 0.1341 316.70 45, 0.4980 322.43
22. 0.1440 318.33 46. 0.5160 321.73
23. 0.1560 321.20 47, 0.5239 321.12
24, 0.1860 326.09 48. 0.5300 320.45
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A 4 Engineering stress — strain data: EDD ‘D’

Sr. No. (rfg/?:]r:n) Stress (MPa) | Sr. No. (rr?rt:/?:]r:n) (S'\t/lrgzs)
1. 0.0000 0.00 19. 0.0766 320.00
2. 0.0002 48.89 20. 0.0847 330.19
3. 0.0005 101.86 21. 0.0996 345.06
4, 0.0007 150.91 22. 0.1056 350.15
5. 0.0009 180.74 23. 0.1122 355.04
6. 0.0038 190.60 24, 0.1202 360.13
7. 0.0135 200.21 25. 0.1287 365.02
8. 0.0187 210.07 26. 0.1398 370.12
9. 0.0253 220.59 27. 0.1535 375.00
10. 0.0289 230.16 28. 0.1606 377.04
11. 0.0327 240.14 29. 0.1756 380.10
12. 0.0370 250.13 30. 0.2030 381.93
13. 0.0416 260.11 31. 0.2081 381.32
14, 0.0462 270.09 32. 0.2082 381.12
15. 0.0513 280.28 33. 0.2106 380.71
16. 0.0567 290.26 34, 0.2122 380.51
17. 0.0626 300.04 35. 0.2142 379.89
18. 0.0693 310.02 36. 0.2152 379.69
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Appendix B

True Stress — Logarithmic Plastic Strain Data of EDD Steel Steels

B 1 True stress — logarithmic plastic strain data: EDD ‘A’

sr. No. Log Strain | True Stress Sr. No. Log Strain | True Stress

(mm/mm) (MPa) (mm/mm) (MPa)
1. 0.0000 294.00 14, 0.1428 447.52
2. 0.0221 343.13 15. 0.1684 459.06
3. 0.0279 355.80 16. 0.1785 461.48
4. 0.0336 364.04 17. 0.1834 462.83
5. 0.0508 371.62 18. 0.1884 464.18
6. 0.0565 377.53 19. 0.1934 463.54
7. 0.0621 384.74 20. 0.1983 464.89
8. 0.0706 390.62 21. 0.2032 465.24
9. 0.0813 401.31 22. 0.2177 467.75
10. 0.0897 411.24 23. 0.2278 469.34
11. 0.1060 420.11 24. 0.2377 472.78
12. 0.1166 425.98 25. 0.2477 474.87
13. 0.1324 438.78 26. 0.2577 476.12
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B 2 True stress — logarithmic plastic strain data: EDD ‘B’

st | bousian [ Trucses | gy | Lapstran | e s
1. 0.0000 245.70 23. 0.1938 385.13
2. 0.0001 259.53 24, 0.1986 388.99
3. 0.0003 262.00 25. 0.2035 394.44
4, 0.0003 263.90 26. 0.2180 406.32
5. 0.0165 269.04 27. 0.2291 415.24
6. 0.0224 273.35 28. 0.2323 417.18
7. 0.0283 278.55 29. 0.2464 420.83
8. 0.0340 283.23 30. 0.2604 425.29
9. 0.0512 290.46 31. 0.2740 430.22
10. 0.0569 294.85 32. 0.2876 434.41
11. 0.0625 302.66 33. 0.3010 439.79
12. 0.0710 305.68 34. 0.3142 443.30
13. 0.0817 313.28 35. 0.3272 448.22
14, 0.0902 316.98 36. 0.3400 452.54
15. 0.1171 327.80 37. 0.3527 456.54
16. 0.1242 333.75 38. 0.3652 460.84
17. 0.1329 339.25 39. 0.3776 465.27
18. 0.1434 345.79 40. 0.3898 469.38
19. 0.1689 358.33 41. 0.4018 473.99
20. 0.1753 366.59 42. 0.4138 477.90
21. 0.1838 372.19 43. 0.4256 481.84
22. 0.1888 380.09 44, 0.4372 485.71
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B 3 True stress — logarithmic plastic strain data: EDD “C’

Sr. No. Log Strain True Stress Sr. No. Log Strain True Stress

(mm/mm) (MPa) (mm/mm) (MPa)
1. 0.0000 277.34 22. 0.1985 409.76
2. 0.0002 279.03 23. 0.2034 414.09
3. 0.0003 279.93 24. 0.2099 419.13
4, 0.0164 289.41 25. 0.2131 423.53
5. 0.0223 296.91 26. 0.2322 432.35
6. 0.0282 299.15 217. 0.2463 436.21
7. 0.0340 303.95 28. 0.2603 439.59
8. 0.0511 311.54 29. 0.2740 443.40
9. 0.0568 316.05 30. 0.2876 447.77
10. 0.0624 321.84 31. 0.3010 450.62
11. 0.0709 328.26 32. 0.3141 451.54
12. 0.0816 333.79 33. 0.3271 455.17
13. 0.0901 338.80 34. 0.3400 459.58
14. 0.1170 353.71 35. 0.3527 463.68
15. 0.1241 359.16 36. 0.3652 468.06
16. 0.1328 364.16 37. 0.3775 472.57
17. 0.1432 371.32 38. 0.3897 477.88
18. 0.1688 386.75 39. 0.4018 482.98
19. 0.1751 393.36 40. 0.4138 487.76
20. 0.1837 397.48 41. 0.4190 489.37
21. 0.1887 400.66 42. 0.4230 490.30
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B 4 True stress — logarithmic plastic strain data: EDD ‘D’

oo, | Lensian [ Tresttes [y, | Lot [ e sues
1. 0.0000 180.89 17. 0.0932 379.44
2. 0.0029 191.32 18. 0.0986 387.14
3. 0.0124 202.91 19. 0.1045 394.89
4, 0.0175 214.00 20. 0.1116 403.44
5. 0.0239 226.17 21. 0.1191 412.00
6. 0.0273 236.80 22. 0.1288 421.85
7. 0.0310 248.00 23. 0.1407 432.56
8. 0.0351 259.38 24, 0.1468 437.58
9. 0.0395 270.94 25. 0.1597 446.85
10. 0.0439 282.58 26. 0.1826 459.47
11. 0.0486 294.66 27. 0.1868 460.67
12. 0.0537 306.72 28. 0.1870 460.48
13. 0.0592 318.80 29. 0.1889 460.87
14, 0.0654 331.51 30. 0.1903 461.27
15. 0.0721 344.50 31. 0.1919 461.28
16. 0.0796 358.16 32. 0.1927 461.39
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1.

Appendix C

Validation of Cohesive Zone Model (CZM)

Thickness effect: validation of cohesive zone model (CZM)

14 -
12 A
l .
é 08 -
s
o 06 -
-
04 1 Calibrated cohesive parameters
02 1 Iy = 224.35 N/ mm; K = 9000 N/mm?®; ¢, = 390 MPa
0
0 0.2 0.4 0.6 08 1 12 14 16 18
LLD (mm)
Fig C 1 Thickness effect (Specimen code T1; B=1.2 mm)
16 -
14 A
12 A
z 1]
=
= 08 -
(18]
o
—1 06
04 Calibrated cohesive parameters
02 I, = 245.8 N/ mm; K = 9000 N/mm?; 5, = 418 MPa
0 .
0 0.2 0.4 0.6 0.8 1 12 14 16 18
LLD (mm)

Fig C 2 Thickness effect (Specimen code T2; B=1.3 mm)
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Load (kN)

1.6 -
1.4 A
121 —EXPT
°o CZM

0.8 1

0.6 . .
° Calibrated cohesive parameters

0.4 A
Iy = 255.79 N/ mm; K = 9000 N/mm?; 5, = 418 MPa

0.2 A

LLD (mm)

Fig C 3 Thickness effect (Specimen code T3; B=1.4 mm)

Load (kN)

1.8 1
1.6 A
1.4 A

1.2 A

0.8 A

06 1 o Calibrated cohesive parameters

04 A
Iy =273 N/ mm; K = 9000 N/mm?; g, = 435 MPa

0.2 A

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2

LLD (mm)

Fig C 4 Thickness effect (Specimen code T4; B=1.5 mm)
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Load (kN)

1.8 A
1.6 A
1.4 A
1.2 A

0.8 1

0.6 - Calibrated cohesive parameters

0.4 A
I, =281.94 N/ mm; K = 9000 N/mm?; 5, = 435 MPa

0.2 1

LLD (mm)

Fig C 5 Thickness effect (Specimen code T5; B=1.6 mm)

Load (kN)

1.8 A
16 A
1.4 A
1.2 A

0.8 A

0.6 Calibrated cohesive parameters
04
0.2

Iy = 283.57 N/ mm; K = 9000 N/mm?; 5, = 418 MPa

0 0.2 0.4 0.6 0.8 1 1.2 14 16 1.8 2

LLD (mm)

Fig C 6 Thickness effect (Specimen code T6; B=1.7 mm)
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2.

Notch radius effect: validation of cohesive zone model (CZM)

Load (kN)

3 -
25 -
5
15 A
119 Calibrated cohesive parameters
05 i I, =698.3 N/ mm; K = 10000 N/mm?®; ¢, = 350 MPa

0 0.5 1 15 2 2.5 3 35 4 4.5 5 55

LLD (mm)

Fig C 7 Notch radius effect (Specimen code N1; 0=0.07 mm)

Load (kN)

3 -
25
5
15 A
Y Calibrated cohesive parameters
05 1 I, =653.84 N/ mm; K = 10000 N/mm?; o, = 350 MPa

0 0.5 1 15 2 25 3 3.5 4 4.5 5 55

LLD (mm)

Fig C 8 Notch radius effect (Specimen code N2; 0=0.085 mm)
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Load (kN)

2.5 -
2 1 EXPT
o CzZM
15 A
117 Calibrated cohesive parameters
0.5 Iy =665 N/ mm; K = 10000 N/mm?; g, = 350 MPa
0 . . T . . . : . : . .
0 0.5 1 15 2 2.5 3 35 4 45 5 5.5
LLD (mm)

Fig C 9 Notch radius effect (Specimen code N3; p=0.1 mm)

Load (kN)

3 -
25
2
15 A
1 A Calibrated cohesive parameters
05 I, = 636.58 N/ mm; K = 3000 N/mm?; o, = 350 MPa
0 05 1 15 2 25 3 35 4 45 5
LLD (mm)

Fig C 10 Notch radius effect (Specimen code N4; p=0.11 mm)
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Load (kN)

3 -
25 A
5
15 A
L Calibrated cohesive parameters
05 A I, =653.16 N/ mm; K = 10000 N/mm®; o, = 350 MPa
0 05 1 15 2 25 3 3 4 45 5 55

LLD (mm)

Fig C 11 Notch radius effect (Specimen code N5; p=0.12 mm)

Load (kN)

3 -
25
2 7 EXPT
o CzZM
15 A
1 Calibrated cohesive parameters
0.5 1 I, =626.71 N/ mm; K = 10000 N/mm?; 6, = 350 MPa
0 0.5 1 15 2 25 3 35 4 45 5
LLD (mm)

Fig C 12 Notch radius effect (Specimen code N6; p=0.13 mm)
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Load (kN)

15 A

EXPT
o CZM

Calibrated cohesive parameters

I, =673.81 N/ mm; K = 10000 N/mm?; 5, = 350 MPa

15 2 25 3 3.5 4 4.5 5 55

LLD (mm)

Fig C 13 Notch radius effect (Specimen code N7; p=0.14 mm)

Load (kN)

15 A

EXPT
o CzZM

Calibrated cohesive parameters

Iy =661.43 N/ mm; K = 10000 N/mm?; 5, = 350 MPa

15 2 25 3 3.5 4 4.5 5 55

LLD (mm)

Fig C 14 Notch radius effect (Specimen code N8; p=0.15 mm)
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Load (kN)

2.5 -
2 -

15 A
o Calibrated cohesive parameters

05 1 I, =697.3 N/ mm; K = 3000 N/mm?; o, = 350 MPa

LLD (mm)

Fig C 15 Notch radius effect (Specimen code N9; p=0.16 mm)

Load (kN)

3 -
25
—EXPT
2 .
o CZM
15 A
17 Calibrated cohesive parameters
05 A Iy =705.9 N/ mm; K = 3000 N/mm?; ¢, = 350 MPa

0 0.5 1 15 2 2.5 3 3.5 4 4.5 5 55 6

LLD (mm)

Fig C 16 Notch radius effect (Specimen code N10; p=0.17 mm)
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Load (kN)

EXPT
o CzZM
Calibrated cohesive parameters
I, =708.74N/ mm; K = 3000 N/mm?; 5, = 350 MPa
0 05 15 2 25 3 35 4 45 5 55 6

LLD (mm)

Fig C 17 Notch radius effect (Specimen code N11; p=0.18 mm)

Load (kN)

15 A

Calibrated cohesive parameters
Iy =753.2 N/ mm; K = 6000 N/mm?; ¢, = 350 MPa
0 05 15 2 25 3 35 4 45 5 55 6

LLD (mm)

Fig C 18 Notch radius effect (Specimen code N12; 0=0.25 mm)
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Load (kN)

Calibrated cohesive parameters

Iy = 763.03 N/ mm; K = 6000 N/mm?; &, = 350 MPa

LLD (mm)

Fig C 19 Notch radius effect (Specimen code N13; p=0.4 mm)

Load (kN)

35 1

Calibrated cohesive parameters

I, =791.21 N/ mm; K = 6000 N/mm?; 6, = 350 MPa

LLD (mm)

Fig C 20 Notch radius effect (Specimen code N14; p=0.6 mm)
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Load (kN)

3.5 1

15 A

EXPT
o CZM

Calibrated cohesive parameters

Iy =822 N/ mm; K = 6000 N/mm?; 4, = 350 MPa

2 25 3 3.5 4 4.5 5 55 6 6.5

LLD (mm)

Fig C 21 Notch radius effect (Specimen code N15; p=0.75 mm)

3. Strain rate effect: validation of cohesive zone model (CZM)

Load (kN)

1.2 H

0.8 A

0.6 A

0.4 A

0.2 A

Calibrated cohesive parameters
I, =515.47 N/ mm; K = 8000 N/mm?; 5, = 350 MPa
0 0.5 15 2 25 3 35 4
LLD (mm)

Fig C 22 Strain rate effect (Specimen code S1; 0.2 mm/min.)
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Load (kN)

1.2 H

0.8 A

0.6 A

0.4 A

0.2 A

EXPT
o CZM

Calibrated cohesive parameters

I, =514.58 N/ mm; K = 8000 N/mm?; 4, = 350 MPa

LLD (mm)

Fig C 23 Strain rate effect (Specimen code S2; 0.2 mm/min.)

Load (kN)

1.2 H

0.8 1

0.6 A

0.4 A

0.2 A

Calibrated cohesive parameters

I, =513.69 N/ mm; K = 8000 N/mm?; 5, = 350 MPa

1 15 2 2.5 3 3.5 4

LLD (mm)

Fig C 24 Strain rate effect (Specimen code S3; 0.4 mm/min.)
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Load (kN)

1.2 H

0.8 A

0.6 A

0.4 A

0.2 A

Calibrated cohesive parameters

I, =512.8 N/ mm; K = 8000 N/mm?; 5, = 350 MPa

LLD (mm)

Load (kN)

1.2 A

0.8 A

0.6 A

0.4 A

0.2 A

—EXPT
o CZM

Calibrated cohesive parameters

Iy =479.64 N/ mm; K = 8000 N/mm?; 5, = 350 MPa

0.5

15 2 2.5 3 3.5 4

LLD (mm)

Fig C 26 Strain rate effect (Specimen code S5; 0.6 mm/min.)
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Load (kN)

0.8 A

0.6 A

0.4 A

0.2 A

Calibrated cohesive parameters

I, =451.04 N/ mm; K = 8000 N/mm?; 5, = 350 MPa

3 35

LLD (mm)

Load (kN)

0.8 A

o
o

o
~
L

0.2 A

Calibrated cohesive parameters

I, = 440.98 N/ mm; K = 8000 N/mm?; 5, = 350 MPa

0.5

1 15 2 25 3 35

LLD (mm)

Fig C 28 Strain rate effect (Specimen code S7; 1.5 mm/min.)
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Load (kN)

0.8 A

0.6 A

0.4 A

0.2 A

Calibrated cohesive parameters

I, =389.18 N/ mm; K = 10000 N/mm?; 5, = 350 MPa

1 15 2 2.5 3

LLD (mm)

Fig C 29 Strain rate effect (Specimen code S8; 2.5 mm/min.)

ay/W ratio effect: validation of cohesive zone model (CZM)

Load (kN)

25 1

15 A

0.5 1

Calibrated cohesive parameters
I, =708.02 N/ mm; K = 1500 N/mm?; 5, = 270 MPa
0 1 2 3 4 5 6 7 8
LLD (mm)

Fig C 30 ay/w ratio effect (Specimen code Al; ay/w =0.5)
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Load (kN)

1.8 A
1.6 A
1.4 A
1.2 A

0.8 A
0.6 A
0.4 A
0.2 A

Calibrated cohesive parameters

I, =716.39 N/ mm; K = 1500 N/mm?; 5, = 290 MPa

Fig C 31 ay/w ratio effect (Specimen code A2; ay/w =0.525)

Load (kN)

1.8 A
1.6 A
1.4 A
1.2 A

0.8 1
0.6 1
0.4 A
0.2 1

Calibrated cohesive parameters

I, =646 N/ mm; K = 3000 N/mm?; 5, = 300 MPa

3 4 5 6 7 8

LLD (mm)

Fig C 32 ay/w ratio effect (Specimen code A3; ay/w =0.55)
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Load (kN)

1.8 ~

1.6 A

14 1
1.2 1

0.8 A

0.6 1

0.4 A

0.2 A

Calibrated cohesive parameters

Iy =623.03 N/ mm; K = 3000 N/mm?; &, = 300 MPa

Fig C 33 ay/w ratio effect (Specimen code A4; ay/w =0.575)

Appendix D

Measurement of notch radius using a micrograph (100X)
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Appendix E
Specifications of machines and equipments used for the thesis work

Computerised Universal Testing Machine

Make FIE, Kolhapur (INDIA)

Model UTS S10

Capacity 100 kN

CMOD Gauge

Make WAZAU, Germany

Model WAC 07.02.01 (for CT type specimens)

Specifications Measuring range 3-13 mm

Microscope

Make KYOWA GETNER

Specifications Trinocular Inverted Metallurgical Microscope with 1200X with

Material plus Image analysis software

Polishing Machine

Make PYROMATIC

Specifications Cutt-off Machine- 100mm cut off wheel Dia 6"/ 8" 3 HP Motor
Polishing Machine- 10" Dia double Disc 0.5 HP Dc Motor
Mounting Press- Dia 32 mm 5Ton capacity with pressure guage
Belt Grinder- 500 X 100 mm wet and dry type 0.25 HP Ac Motor

Chemical Analyser

Make Worldwide Analytical System WAS, USA
Model Model Foundry Master

Gas Analyser

Make LECO Corporation, USA

Model CS-244
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