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ABSTRACT 

 
DOCTORAL THESIS 

 

Fracture toughness analysis of automotive steel in plane stress 

 

Sunilkumar M R 

 

University of Pardubice 

Faculty of Transport Engineering 

Department of Mechanics, Materials and Machine Parts 

Supervisor: Prof. Ing. Eva Schmidová, Ph.D. 

 2021 

 Determination of fracture toughness of the automotive steels in the plane stress 

dominant condition (thin sheets) using essential work of fracture methodology is the research 

work's objective. The lack of proper international standards and complicated testing 

methodology has forced us to search for an easy and reliable alternative method. Most of the 

existing international standards to measure fracture toughness are primarily designed based on 

plane strain dominant condition (thickness constraint). A comprehensive literature survey has 

been done on the essential work of fracture (EWF) method, and the parameters affecting it are 

studied. The essential work of fracture (EWF) methodology has been successfully used to 

determine the fracture toughness of dual-phase (DP450) steel and Interstitial free steel. The 

feasibility of the EWF methodology in mode-2 and mixed-mode is tested. The effect of notch 

tip radius on the fracture toughness in the EWF methodology is analysed. Using the EBSD 

analysis, comprehensively all material parameters affecting the fracture toughness are studied. 

Fractographic analyses of the fractured surfaces after the EWF test is done using a scanning 

electron microscope (SEM). Local strain during the essential work of fracture methodology has 

been studied for the DP450 and the IF steel. Forming limit diagrams (FLD) and fracture forming 

diagrams (FFD) are constructed for the DP450 and the IF steel. A hole expansion test is also 

done for the DP450 steel and the IF steel. Finally, a thorough comparison is made between all 

the parameters mentioned above.   

Keywords: Fracture toughness, EWF, Dual-phase steel, DP450, Interstitial free steel, Plane 

stress, FLD.  
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 2021 

Cílem výzkumné práce bylo stanovení lomové houževnatosti ocelí pro aplikace na 

karoserie automobilů v podmínkách dominantní rovinné napjatosti (tenké plechy) hodnocením 

energie spotřebované rozvojem lomu. Nedostatek vhodných mezinárodních standardů a 

komplikovaná metodologie testování byly motivací pro hledání spolehlivé alternativní metody. 

Většina stávajících mezinárodních norem pro měření lomové houževnatosti je primárně 

navržena na základě dominantního stavu rovinné deformace. Proveden byl komplexní průzkum 

metod, založených na přímé evidenci energie při rozvoji lomu a studovány parametry, které ji 

ovlivňují. Pro stanovení lomové houževnatosti dvoufázové oceli (DP450) a oceli bez intersticí 

(IF) byla úspěšně použita metoda „Essential Work of Fracture” (EWF). V práci je ověřena 

aplikovatelnost metody  EWF v různých režimech zatížení – tah, smyk, kombinovaný mód; 

analyzován je vliv poloměru vrubu na lomovou houževnatost.  

Pomocí krystalografických analýz (EBSD) jsou komplexně studovány všechny parametry 

materiálu ovlivňující lomovou houževnatost. Fraktografické analýzy lomových ploch po EWF 

testu jsou provedeny pomocí rastrovacího elektronové mikroskopie (SEM). Pro oceli DP450 a 

IF byla studována lokální deformace vyvolaná během rozvoje lomu. Mezní diagramy 

tvařitelnosti (FLD) a diagramy meze destrukce (FFD) jsou konstruovány pro DP450 a IF ocel 

a doplněny o vyhodnocení zkoušek rozšiřování otvoru. Finálně je provedeno komplexní 

srovnání a analýza provázanosti výše uvedených parametrů. 

Klíčová slova: lomová houževnatost, EWF, dvoufázové oceli, DP450, oceli bez intersticí, 

FLD, rovinné napětí.  
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1 INTRODUCTION 

Automotive manufacturing has been a significant contributor to the rapid economic 

growth of most countries on earth since the 19th century. A faster mode of transportation helps 

in moving goods and people from one place to another at a higher speed in comparison to 

traditional methods. Lack of infrastructure and automotive technology in developing and 

underdeveloped countries have failed to transport goods and people from one place to another 

place quickly, which led to slower economic progress. The automotive industry has made 

significant and progressive changes from the initial days, and it is a never-ending process. 

Today, the automotive industry is going through unprecedented changes such as electric 

vehicles, hybrid vehicles, autonomous driving, hydrogen fuel cell vehicles, and many more.  

In the dawn of the automotive industry era, manufacturing a vehicle was a mammoth 

task, and vehicles were produced in small batches. Later, in the mass production assembly-line 

era, manufacturers' interest shifted towards speed, comfort, efficiency, reliability, quality, cost, 

robustness, etc. Today, extensive competition and strict norms from the government forced the 

automotive industry to produce more efficient and safer cars. The vehicle's weight has a 

significant effect on the vehicle's efficiency, and the safety of the cars is equally essential. 

Increased safety norms from the government and higher crash safety rating expectations from 

customers are constantly growing. Both efficiency and crash test performance of the vehicles 

are significantly dependent on the material used for vehicle manufacturing. To reduce gross 

weight and simultaneously to increase the strength of the vehicle, automakers have started to 

use advanced high strength steels (AHSS) in the last few decades. These advanced high-strength 

steels have higher strength than ordinary steel and have a significantly higher strength-to-

weight ratio. 

AHSS steels are expected to have good manufacturability, formability, weldability, corrosion 

resistance, durability, and cost-effectiveness. Ordinary low carbon steel has good ductile 

properties; however, it has relatively lower strength. Advanced high-strength steels are 

developed with different microstructural phases and alloying elements. Generally, these steels 

have very high yield strength and ultimate strength. Some of the advanced high strength steels 

used in the automotive industry are dual-phase (DP) steel, martensitic steel, complex steel, 

ferrite-bainitic steel, transformation induced plasticity (TRIP) steel, twinning induced plasticity 
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steel, and many more. Generally, these steels have yield strength of more than 550 MPa (not a 

strict definition). Based on strength, fatigue, toughness, cost, and stiffness, these steels are used 

in various automotive components. Extensive research is needed on these steels in all areas to 

understand their mechanical properties entirely.  

Fracture toughness parameters are critical for automotive steel. Fracture toughness has a direct 

influence on crashworthiness, formability, crack growth, and many more aspects. The majority 

of international Standards that measure fracture toughness are valid in plane strain conditions, 

i.e., for relatively thicker materials. A large portion of the automotive vehicle is made up of thin 

sheets. Determination of fracture toughness for thin sheets in-plane stress dominant condition 

is complicated, and there are no suitable and consistent international standards available.  

Study and analysis of fracture toughness and microstructure of a few automotive steel 

sheets in plane stress dominant condition are among the primary focus of this research work. 

Dual-phase steel and interstitial free steel were chosen for the research work. These steels are 

extensively used in the automotive industry.  

The essential work of fracture (EWF) method is used in this research work to find out 

fracture toughness of thin sheets in plane stress dominant condition. The EWF method and the 

parameters affecting it will be analysed. Double edge notched tension (DENT) samples with 

fatigue pre-cracks are used. The EWF experiments are conducted in a universal tensile testing 

machine in assistance with ARAMIS digital image correlation (DIC) technique. The tested 

samples are analysed in an optical and electronic microscope for fractographic study. Electron 

backscatter diffraction (EBSD) analysis is done for the tested samples. Finally, fracture 

toughness of the dual-phase steel and the interstitial free steel are analysed, and their 

microstructural behaviours are studied using the EBSD analysis.  
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1.1 Automotive steels  

 Since the beginning of the automotive industry, steel has been a primary choice of 

material for automobiles. Steel has excellent formability, weldability, strength, availability, and 

economic advantages. In the beginning, the automotive industry's primary focus was 

technological advancement rather than the vehicle's safety or efficiency. During the twentieth 

century's second half, due to increased road accidents, higher pollution caused by automobiles, 

and increased fuel prices forced the government in western countries to adopt standards on 

safety, emission, and efficiency. High strength steel (HSL) usage was limited due to a lack of 

technological development for mass-production and stamping-related problems. 

In comparison to mild steels, high strength steels have low ductility, less formability, low 

fracture toughness, higher cost, and difficulty to stamp. Initially, high strength low alloy 

(HSLA) was the choice of material for higher strength due to manufacturing and technological 

problems associated with high strength steels like dual-phase and martensitic steels [1]. A trade-

off between strength and formability was the deciding factor in the material selection of some 

complex components; they require extreme high stretching, which is fulfilled at the cost of 

strength.   

In a crash, the material should absorb as much energy as possible and direct the crash forces in 

a controlled manner. The vehicle's design also plays a crucial role in distributing the energy and 

maximising the contact area during the crash. A controlled deformation of the crumple zone 

during the crash helps keep the structural integrity of the passenger cabin. Mechanical 

properties of the material play a dominant role in energy absorption, which intern depends on 

the microstructure of the material [2].  

Mild steel is being used in the automotive industry extensively from the automotive industry 

dawn till now. Although the constant increase in usage of high strength steels (HSS) and new 

generation advanced high strength steels (AHSS), mild steel has its advantages. Some complex 

parts, exterior body parts, and sharp designs for styling purposes require high formability, often 

met by mild steel. Mild steel is relatively cheaper, easy to manufacture, and has good forming 

properties. The corrosive nature of mild steel is often suppressed by hot-dip galvanizing (zinc 

coating). The ferromagnetic nature of mild steel helps in easy sorting and recycling.    

Interstitial free (IF) steel is another important type of steel used in automobiles, mainly for 

the door, fenders, sunroof, tailgate, and interior floor. Extreme low content of carbon (<0.005 
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weight percentage) and nitrogen in interstitial free steel makes an ideal choice for deep drawing 

applications. Vacuum degassing technology helps in keeping the carbon content below 30 ppm. 

Titanium and niobium are also added to form carbides and nitrides, further reducing the 

interstitial carbon and nitrogen atoms. IF steel yield strength is around 140 to 150 MPa, and 

ultimate strength of up to 280 MPa. The addition of solid solution strengthening elements such 

as manganese and silicon will significantly improve the strength of IF steel additionally up to 

100 MPa but at the cost of formability. Cold-rolled and annealed sheets are widely used in the 

automotive industry. A strong texture {111}|| normal direction (ND) (γ-fibre) is desirable to get 

high formability and increase in carbon content or solid solution strengthening elements is 

detrimental to the {111}/{100} ratio (decreases). Along with the formation of carbides and 

nitrides, Niobium helps stabilize the formation of {111}|| normal direction crystallographic 

orientation of iron atoms[3].    

Bake hardened (BH) steel can be any steel whose strength will be increased by strain 

hardening and subsequent thermal paint baking. Bake hardened steel has very low carbon 

content, which helps in forming complex parts. Later, during paint baking, the carbon atoms 

will be pinned with dislocations created during the forming. Combined work hardening and 

paint baking increase the strength of the material up by 100 MPa. However, non-uniform 

dislocations generated due to complex shapes in forming vary strength across the component. 

During paint baking, along with dislocation pinning of carbon atoms, precipitation hardening 

of carbides also increases the material's strength. Aluminium-killed and interstitial free steels 

can be bake hardened to increase dent resistance, fatigue resistance, and formability[4].   

High strength low alloying (HSLA) steel entered the automotive industry in the 70s after the 

global oil crisis. HSLA steels met the requirement of reducing the vehicle's weight to increase 

efficiency due to their easy availability and cost-effectiveness. HSLA steels are a category of 

steels characterised by their unique mechanical properties rather than chemical compositions. 

HSLA steels have strength ranging from 260 to 520 MPa. HSLA steels are low carbon steels 

having alloying elements such as Titanium (Ti), Niobium (Nb), and Vanadium (V). HSLA 

steels increase their strength and fatigue resistance by grain refinement, precipitation hardening, 

and inclusions. A good balance between formability and strength is the critical property of this 

steel[5].  

 Dual-phase (DP) steel usage is constantly increasing in the automotive industry, and it is 

expected to grow higher in the future. Dual-phase steel has both ferrite and martensite phases; 
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the ferrite phase gives ductility to the steel, while the martensite enhances the strength. The 

strength of dual-phase steel is ranging widely from 400 to 1200 MPa. Both high formability 

and strength are the main advantage of dual-phase steel; also, it has good strain hardening 

ability, dent resistance, impact resistance, and bake hardenability. Generally, DP steel strength 

increases with an increase in the volume fraction of the martensite. The size, shape, and 

distribution of the martensite significantly influence the dual-phase steel's mechanical 

properties. Grain refinement and solid solution strengthening of the ferrite phase also help 

improve the strength of the material. Coarser distribution of the martensite is detrimental to 

fracture resistance, and extreme hardness of the martensite can be reduced by post quench 

tempering[6].   

Advanced high strength steels (AHSS) are characterised by their microstructural multi-phases 

and high strength ranging from 550 MPa to 1200 MPa (non-standard). Steels such as dual-phase 

(DP) steel, complex steel (CP), transformation induced plasticity (TRIP) aided steel, twinning 

induced plasticity (TWIP) steel, and martensitic steels are classified as advanced high strength 

steels. Complex phase (CP) steels have ferrite and bainite microstructure phases along with a 

small amount of martensite and residual austenite. CP steel has a higher yield strength than 

dual-phase steel but has similar tensile strength. Some of the excellent properties of CP steel 

are high-energy absorption, good formability, and stretch flange-ability. Transformation-

induced plasticity is an effect in which residual austenite transforms into martensite upon plastic 

deformation and thereby increasing the strain hardening effect. TRIP-aided steels have bainite 

and martensite in desired proportion to vary strength and elongation. TRIP-aided steels have 

high strain hardening rates and sustain high work hardening until enormous strains, enabling a 

good combination of strength and formability. TWIP steels have a high amount of manganese 

(15-25%) which helps in stabilising austenite at room temperature. A combination of low 

stacking fault energy and mechanical twinning inside the grain helps in achieving high strain 

hardening as well as excellent forming. The maximum strength of 1000 MPa can be achieved 

without significantly losing formability. Martensitic steels have a very high strength of up to 

1800 MPa. The extreme strength is a result of the sizeable martensitic phase transformed from 

the sudden cooling of austenite. A small quantity of ferrite and bainite is also present. Hot 

forming is ideally suitable because of its high strength and low elongation. Post quenching 

tempering helps to increase ductility, toughness and reduce extreme hardness.   

  



21 

 

1.2 Stamping problems  

The new era of advanced high-strength steels (AHSS) is entering the automotive 

industry to increase fuel efficiency, reduce emissions, and better crash performance. AHSS 

having better strength and formability, is an excellent replacement for conventional high 

strength steels. Figure 1.1 shows the strength versus ductility diagram of automotive steels. 

Steels such as interstitial free steel, mild steel, and bake hardened steel have excellent forming 

properties but have low strength. In contrast, the AHSS, such as dual-phase steel, TWIP steel, 

TRIP aided steel, complex phase steel, and martensitic steels, have a wide range of strength and 

ductility characteristics.      

 

Figure 1.1 Strength versus ductility diagram for various automotive steels.[7] 

  

Figure 1.2 2013 Ford Fusion Body-In-White steel usage.[8] 

Figure 1.2 shows the usage of various steels in the 2013 Ford Fusion. The use of AHSS is 

constantly increasing in the automotive industry. To meet the new norms, automotive 

manufactures increase the share of AHSS in every successive model. Steels that are upgraded 

from the previous generation with a slight change do not affect manufacturability significantly. 

However, new steel for a component often has many stamping-related problems like spring 

back effect, edge cracks (formed during shearing, trimming, and piercing), wrinkling of pressed 
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parts, and wavy stamped parts. Edge fractures appear during stamping for various reasons like 

abnormal die clearance, improper and worn-out tools, higher forces on dies and punches, and 

many more stamping-related parameters. 

In contrast, conventional HSLA steels, mild steel, and interstitial free steels have low yield 

strength and strain hardening, making them easier for trimming, blanking, and shearing of 

sheets without local edge failures. High yield strength, high strain hardening, and hard phases 

like martensite in AHSS make them prone to edge fractures more often than conventional steels 

used in the automotive industry[9]. Figure 1.3(a) shows a typical edge fracture in DP980 steel 

after forming, and Figure 1.3(b) shows four general zones of sheared steel sheet across the 

thickness. Conventionally, a burr height of 10% of the material thickness is a limiting factor to 

check the quality of sheared edge. This conventional technique no longer applies to AHSS; 

AHSS are more prone to edge cracks than traditional steels.  

       

Figure 1.3 (a) An edge crack appeared in DP980 after forming; (b) Zones of the sheared edge. [7] 

Forming limit curves (FLC) help identify a global failure limit caused during stamping (necking 

is the failure criteria). Edge fracture is a result of local failure of material rather than global 

failure. Two ways primarily cause edge fracture; first, issues related to stamping tools, dies, 

clearances, and second, problems related to the material. Excessive work hardening at the 

sheared edge and voids formation in martensite and ferrite interface during trimming is a source 

for edge fracture initiation. Edge fracture causes a considerable amount of scrap generation in 

AHSS. Fracture toughness of the material directly influences the edge crack formation and 

crack growth in subsequent forming processes. Measuring the fracture toughness of these steels 

would help in identifying the material's ability to resist the edge cracks. Fracture toughness of 

material would play a decisive role in material selection. In section 1.3, standard fracture-

toughness measurement tests are discussed in detail.      
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1.3 Applicability of fracture toughness tests  

The fracture toughness of a material is characterised in two ways, that are, single value 

and resistance curve methods. In the case of the single value method, parameters like K (stress 

intensity factor), J (J-integral), and CTOD (crack tip opening displacement) are used to define 

the critical point during crack growth. While in the case of the resistance curve method, the 

same parameters mentioned above are plotted against the crack growth. To determine the 

material's fracture toughness in a single value, generally, the material must have a flat resistance 

curve and follows cleavage fracture. Ductile materials often have a raising-resistance curve, 

which makes it challenging to characterise in a single value. In the raising-resistance curve, 

crack growth happens from a coalescence of micro-voids and consumes more energy as the 

crack grows (ductile fracture). American Society for Testing and Materials (ASTM), 

International Organization for Standardization (ISO), and many international organizations 

have developed standards for measuring fracture toughness. ASTM standards are widely 

accepted and used in the fracture mechanics’ field. In 1970, ASTM first published the ASTM 

E399 standard to measure critical stress intensity factor K1C in plane strain dominant condition. 

Later, ASTM published standards for various fracture toughness parameters and upgrading 

previous standards after every few years to reduce variations in the experimental results.  

ASTM E399[10] standard test method for linear-elastic plane-strain fracture toughness K1C of 

metallic materials is intended to determine the critical stress intensity factor K1C of materials in 

linear elastic condition. To define the fracture toughness of a material using stress intensity 

factor K1C, the material behaviour should be linear-elastic and plastic deformation around the 

crack tip should be sufficiently small. The word 'linear elastic' is recently added to the 

standard's title (after 2013). The concept of plane-strain fracture toughness was always 

associated with the thick sections and plain-stress with thin sections. However, the plane stress 

and the plane strain conditions exist in all sections proportional to thickness. The updated E399 

standard has less restriction on thickness compared to the previous E399 standards. Compact 

tension (C(T)) and single edge notch bent (SEN(B)) are widely used shapes in K1C testing. For 

the C(T) specimen, the thickness requirement is 2 ≤ W/B ≤ 4 (W is the width of the specimen 

and B is the thickness), the thickness of the specimen is dependent on the width, which intern 

depends on the ability to produce the most miniature sample to conduct the test successfully. 

To reduce the variation of K1C, the ratio of crack length (a) to the specimen's width is kept 

between 0.45 to 0.55 (0.45 ≤ a/W ≤ 0.55). The value of provisional stress intensity factor KQ 

calculated using the following equation.  
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𝐾𝑄 =
𝑃𝑄

𝐵√𝑊
𝑓(𝑎

𝑊⁄ ) (1.1) 

PQ is the load (not peak load) at which unstable crack growth begins, and it is determined by 

various methods depending on the load-displacement curve of the tested sample. 𝑓(𝑎
𝑊⁄ ) is 

the dimensionless geometric factor based on specimen shape, crack length, and width of the 

specimen. To validate the provisional stress intensity factor, the ligament length should satisfy 

equation 1.2.  

(𝑊 − 𝑎) ≥ 2.5 (
𝐾𝑄

𝜎𝑌
)

2

 (1.2) 

Materials having high strength and low toughness are better suitable for this standard. In other 

words, higher toughness material or the material exhibit raising resistance to crack growth are 

unable to characterise using the K1C.  

ASTM E1820[11] Standard Test Method for Measurement of Fracture Toughness is primarily 

used to determine J-integral (J1C) and crack tip opening displacement (CTOD). J-integral is a 

path-independent line integral around the crack tip and equivalent to energy release rate (G) for 

linear elastic materials. There are two methods to calculate critical J-integral (J1C), the basic 

method and the resistance curve method. In the basic method, crack growth is not monitored, 

and many samples are loaded up to a varying amount of deformation. The value of the J-integral 

is calculated based on the initial ligament length. The J-integral is divided into two parts elastic 

and plastic. The elastic part of the J-integral is the first part of equation 1.3.   

𝐽 =
𝐾2(1 − 𝜇2)

𝐸
+ 𝐽𝑝𝑙 

(1.3) 

Where E is the young's modulus, and µ is the poisons ratio. The stress intensity factor value is 

calculated using similar equations (Eq. 1.1) mentioned in the ASTM E399. The plastic section 

of the J-integral is calculated using equation 1.4. 

𝐽𝑝𝑙 =
𝜂𝐴𝑝𝑙

𝐵𝑏𝑜
 

(1.4) 

Where η is the dimensionless constant (η=1.9 for SE (B) and η=2+0.522bo/W for CT(T) 

specimen), Apl is the plastic area under the force-displacement curve, and bo is the ligament 

length at the beginning of the test. The J-integral value is plotted against the initial crack lengths 

(of the different samples) to find the critical J-integral (Figure 1.4). Unlike the E399 (for KIC), 

the value of J1C cannot be determined from a specific critical load (PQ). An exclusion line is 
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drawn from a 0.2 mm crack extension with a slope of 2. The curve's horizontal limit is an 

intersection of the 1.5 mm exclusion line and the plotted data curve. The vertical limit of the 

curve is given by equation 1.5. 

𝐽𝑙𝑖𝑚 =
𝑏𝑜𝜎𝑌

7.5
 

(1.5) 

Where σY is the average of yield and the ultimate strengths, the value of J1C (critical J-integral) 

is chosen at the intersection of the 0.20 mm exclusion line and power-law regression line 

(Figure 1.4).  

 

Figure 1.4 J-integral versus crack extension to determine JIC. [11] 

In the J-R curve testing method, the crack growth must be monitored, and the value of (W-a) is 

updated at several intervals. Crack growth is monitored from the unloading compliance method, 

potential drop method, or normalization method. In the unloading compliance method, the 

specimen is unloaded partially at several intervals before the final fracture. The value of (W-a) 

is calculated at each partial unloading cycle using compliance. The ASTM has given a 

polynomial equation to relate compliance and crack growth for standard specimen shapes. The 

potential drop method uses a change in the material's electrical resistance to find the crack 

growth, and the normalization method is used in dynamic tests. The J-integral value is 

calculated at several points (generally, equal to the number of partial unloading), and the (W-a) 

value is updated at each point. The elastic part of the J-integral is calculated like the basic 

method, and the plastic part is calculated from the following equations. 

𝐽𝑝𝑙(𝑖) = [𝐽𝑝𝑙(𝑖−1) + (
𝜂𝑝𝑙(𝑖−1)

𝑏(𝑖−1)
) (

𝐴𝑝𝑙(𝑖) − 𝐴𝑝𝑙(𝑖−1)

𝐵𝑁
)] × [1 − 𝛾𝑝𝑙(𝑖−1) (

𝑎(𝑖) − 𝑎(𝑖−1)

𝑏(𝑖−1)
)] (1.6) 
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Where η and γ are dimensionless constants, (𝐴𝑝𝑙(𝑖) − 𝐴𝑝𝑙(𝑖−1)) is the area under the load-plastic 

displacement curve between two consecutive points.  

ASTM E561[12] Standard Test Method for K-R Curve Determination published by the ASTM 

to determine stress intensity factor versus crack growth for thin sheets having a raising R-curve. 

Both the ASTM E399 and the ASTM E1820 restrict thickness or indirectly on the specimen's 

width. Most automotive body components are made up of rolled thin sheets; hence, they do not 

meet thickness constraints for the standard stress intensity factor (K1C) and the J-integral (J1C) 

tests. Thin sheets of ductile materials have a raising R-curve because of slant fracture, crack 

growth by coalescence of microvoids, and plane stress dominant crack-tip stresses. The point 

of instability on the R curve is dependent on the crack driving force, and hence, single point 

value toughness will be influenced by geometry and loading conditions. Generally, compact 

tension (C(T)) and middle tension (M (T)) specimens are widely used and accepted. Middle 

tension (M(T)) specimen is suitable for low strength and high toughness materials. During the 

testing, crack growth must be monitored either by optical measurement technique or 

compliance method. Due to the low thickness, the crack front variation across the thickness is 

low, and optical crack measurement is enough. The compliance technique uses two ways, which 

are compliance by partial unloading and compliance determined directly from the load-

displacement curve. The actual crack length is inferred from compliance at the point of 

measurement using ASTM standard equations. The value of K is determined from equation 1.1. 

Generally, anti-buckling plates are used to keep the loading conditions in mode-1. Unlike the 

K1C or J-R curve, the effective crack length is used instead of the actual crack length for the 

resistance curves. The effective crack length is calculated from Irwin plastic zone correction or 

secant compliance method. Iterative substitution of the K and the a is done until values 

converge. To verify the elastic nature of the un-cracked ligament, the length of the un-cracked 

ligament at any point must be equal to or greater than eight times the Irwin first order plastic 

zone, and it is given by equation 1.7 

(𝑊−𝑎𝑝) ≥
4

𝜋
(

𝐾𝑅

𝜎𝑌𝑆
)

2

 (1.7) 

ASTM E561 K-R values depend on the material property and the thickness of the sample to be 

tested. A material with higher toughness may exhibit size-dependent values, and the sample 

size can be too large to meet the standard validity (Eq. 1.7). Unlike the K1C and the J1C, the K-R 

curves do not have a single critical value, and the transfer of values to an actual structure can 

be difficult and require extensive testing of a large variety of samples.   
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2 OBJECTIVE AND AIM OF THE RESEARCH 

WORK 

2.1 Problem definition  

Components used in automotive body-in-white are primarily hot or cold stamped steel. 

Ultra-high strength components are often hot-stamped, while components like the door, fender, 

roof, tailgate, etc., are often cold stamped. Cracks that appeared during stamping constitute a 

significant problem in sheet metals. Components with larger (visible) cracks are scrapped 

immediately; however, the microscopic cracks of length in orders of micrometers may grow in 

successive forming processes or in-service life. Forming limit diagrams (FLD) are used to set 

the limit for unstable plastic deformation during stamping. During stamping, the global failure 

of components by necking is identified using Forming limit curves (FLC) and simulation of 

stamping. However, edge cracks formed in stamping are a local formability failure, which 

cannot be characterised by FLC. The usage of advanced high-strength steel (AHSS) is 

constantly increasing in the automotive industry. The AHSS are more likely to be damaged by 

edge cracks than traditional mild steel or interstitial free steel. As edge cracks are non-repairable 

and non-reversible, components with edge cracks are often scraped instead of rework. Higher 

importance is being given to the maintenance of stamping tools to avoid the edge cracks of 

AHSS. Material selection is critical in preventing edge cracks, as it has the most significant 

influence on the formation of edge cracks. Fracture toughness of the material is an important 

parameter, which helps in characterising the crack resistance ability of the material during 

stamping as well as service life. Material having lower fracture toughness is more susceptible 

to edge cracks. Fracture toughness of material will depend on microstructural parameters like 

phase, grain size, the orientation of crystallography, inclusions, alloying elements, work 

hardening, etc. Determination of fracture toughness of the material in its original thickness 

is essential for material characterisation. Standard fracture-toughness measurement tests 

have direct or indirect restrictions on thickness, while the thickness of the sheet metal is 

determined by rolling (fixed sheet metal thickness).  

2.2 Scope of the research work  

 Fracture toughness is a vital property of material, which helps select better the material 

for stamping applications. International standards for the measurement of fracture toughness 
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use parameters like stress intensity factor (KIC), J-integral (JIC), and crack tip opening 

displacement (CTOD), for the determination of fracture toughness. However, in all the 

standards, plain strain dominant condition (thicker sample) is utilised to avoid the effect of 

geometry and excessive plastic deformation. Determining the fracture resistance of a material 

in its original cross-section is essential and vital for material selection. Automotive outer body 

components are made up of thin sheets of thickness in orders of millimetres. Fracture 

toughness of material in plane stress dominant condition (thin sheets) is an important 

parameter to be determined. The fracture toughness of the material determines the material's 

ability to resist the formation of edge cracks and avoid further growth during the service life. 

Several steels are used in the automotive outer body components based on the requirement, 

cost, manufacturability, corrosion resistance, weight, strength, and many more factors. 

Advanced high-strength steels are replacing conventional steels to improve strength and reduce 

the weight of an automobile. A more simple and effective method is essential for the 

measurement of fracture toughness of sheet metals. International standards like ASTM, ISO, 

etc., are expensive, tedious, and inappropriate for thin sheets. B. Cotterell first proposed the 

essential work of fracture (EWF) technique, and J. K. Reddel is relatively simple, and samples 

are prepared in their original thickness. European Structural Integrity Society (ESIS) has 

accepted the method for testing polymers. A small volume of research has been done on the 

method, especially for metals.  

Dual-phase steel and interstitial free steel are widely used in the automotive industry. While 

interstitial free steel is being used for a long-time, dual-phase steel usage is continuously 

increasing.     

2.3 Objective of the research work  

• Study and analysis of Essential Work of Fracture (EWF) methodology for automotive 

body thin sheet metals.  

o Theoretical study of the methodology and application on sheet metals.  

• Determination of fracture toughness using essential work of fracture (EWF) 

methodology for automotive body steels like dual-phase steel and interstitial free steel. 

o DENT specimens prepared from laser cutting and Electrical discharge 

machining (EDM) are used to determine fracture toughness in plane stress 

prevailing conditions. 
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o Utilization of digital image correlation (DIC) technique to determine the local 

and global strain distribution during the EWF tests.  

o Microstructure and fractographic analyses using SEM and EBSD.  

o Comparison of the fracture toughness between the interstitial free steel and the 

dual-phase steel.    

o Determination of fracture toughness in mode-2 and mixed-mode.  

• Optimization of geometrical parameters for a simplified method of testing.  

o Parameters like the sample's geometry, sample preparation method, fatigue 

crack, etc., are optimised for better results.  

o The consequence of notch tip radius and fatigue crack on the results are studied. 

• Construction of Forming limit diagrams based on necking as well as the fracture. 

o Fracture forming limit (FFL) lines constructed from the same EWF tested 

samples.  

2.3.1 Organization of report  

Chapter 1 is about the problem with sheet metals' stamping and how standard fracture toughness 

tests cannot solve the problem. Chapter 2 is about the scope, need, and objectives of the research 

work. Chapter 3 is about the fundamentals of fracture mechanics. Chapter 4 is about the theory 

of essential work of fracture (EWF) methodology and its parameters. Chapter 5 is about forming 

limit diagrams (FLD). Chapter 6 is about the materials used and the methodology of 

experimentation. Chapter 7 is about the results and discussion of the EWF experiments. In 

chapter 8, microstructural analysis using EBSD and fractographic analysis in SEM are done. 

Chapter 9 is about strain analysis during the EWF test by DIC techniques, FLD results, and the 

Nakajima test results. Chapter 10 is about the conclusion of the research work.      
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 3 FRACTURE MECHANICS 

  Researchers and engineers started their interest in fracture mechanics in the first half of 

the 20th century. In the beginning, materials selected for constructions, machines, and 

transportation, were based on the concept of strength alone. The fracture was not a crucial issue 

back then, because most materials used were wood, stone, and sand. At the beginning of the 

20th century, Inglis first showed stress distribution in an elliptical hole and derived equations 

for stress concentration. Later, Griffith used thermodynamics laws to prove that energy 

available for crack growth is released from the strain energy stored in the body, which 

overcomes the surface energy of the material to propagate a crack. Series of Liberty ships were 

damaged during the second world war while sailing in the Atlantic sea and during docking. The 

ship's hull was welded instead of riveting to increase the pace of production during the war. 

Even though ductile material was chosen for the ship body, the hull broke into two parts in 

some cases. This incident triggered the research in fracture mechanics at the naval research 

laboratory lead by Irwin. Later, Paris, Westergaard, Rice, and many more researchers 

contributed to fracture mechanics development.  

3.1 Linear Elastic Fracture Mechanics  

Concepts developed in fracture mechanics before 1960 mainly focused on linear elastic 

materials. These concepts are only applicable to materials having linear elastic behaviours. 

However, with a slight modification, it will also be applied to ductile materials having low 

toughness. Elastic-plastic fracture mechanics (EPFM) and dynamic fracture mechanics are also 

developed on the extension of linear elastic fracture mechanics (LEFM) concepts. The study of 

basic concepts such as Griffith energy balance, Inglis concept, and stress intensity factor is vital 

in understanding fracture mechanics.  

3.1.1 Stress Concentration factor by Inglis 

 The theoretical strength of a material is far higher than its experimental strength. 

Theoretically, materials will only fail when the atomic level's stress is more than the cohesive 

force. In reality, stresses at the atomic level are magnified by the presence of inclusions, cracks, 

and flaws. The ratio of local stress (at flaws) to nominal stress (far-field stress) is called the 

stress concentration factor (Kt). Inglis explained the stress concentration effect in a wide plate 

containing an elliptical hole, shown in figure 3.1. The ellipse's major axis is 2a, the minor axis 
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is 2b, and forces are applied perpendicular to the major axis. Stress at the point ‘A’ (Figure 3.1) 

is given by 

𝜎𝐴 = 𝜎 (1 +
2𝑎

𝑏
)                                                              (3.1) 

Where 𝜎 is nominal stress, if a=b, the ellipse will become a circle and crack tip stress will be 

three times the nominal stress, i.e. 𝜎𝐴 = 3𝜎. For convenience, Inglis added radius of curvature 

ρ for the case of sharp crack. 

 

Figure 3.1 Stress concentration due to an elliptical hole.[13]  

𝜎𝐴 = 𝜎 (1 + 2√
𝑎

𝜌
)                                                       (3.2) 

𝜌 =
𝑏2

𝑎
                                                                 (3.3) 

For a sharp crack, a>>b, we can write the above equation as  

𝜎𝐴 = 2𝜎√
𝑎

𝜌
                                                            (3.4) 

As ρ decreases, the value of 𝜎𝐴 will continue to increase. For a sharp crack, ρ is close to zero 

and the 𝜎𝐴 will become infinite. No material would withstand infinite stress, and hence, this 

theory can't be applied to engineering problems. Inglis concept did not help to establish solid 

mathematics to solve the fracture problems; however, it did help in understanding the 

importance of a sharp crack[14].   
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3.1.2 Griffith energy balance  

 Griffith used the laws of thermodynamics to express energy associated with crack 

growth. For a crack to appear or an existing crack to grow, the total energy associated with the 

system remains the same, and the net change in energy is zero. Potential energy available in the 

system is utilised for crack growth. The potential energy supplied by the system must be higher 

than the surface energy of the material for a crack to grow. Consider a thorough crack in an 

infinite wide plate shown in figure 3.2 subjected to remote tensile stresses. ‘2a’ is the length of 

the crack, B is the thickness of the plate[15].  

 

Figure 3.2 Crack in an infinite wide plate with remote tensile stresses.[13] 

The net change in energy during an incremental crack growth is given by  

𝑑𝐸𝑡

𝑑𝐴
=

𝑑𝜋

𝑑𝐴
+

𝑑𝑊𝑠

𝑑𝐴
= 0                                                                (3.5) 

Where Et is the total energy of the system, π is the potential energy, A is the surface area of the 

incremental crack growth and 𝑊𝑠 is the work required to create a new surface.  

−
𝑑𝜋

𝑑𝐴
=

𝑑𝑊𝑠

𝑑𝐴
  (3.6) 

The potential energy of the system is supplied by strain energy and external forces applied. The 

change in potential energy during the crack growth can be written as 

𝜋 = 𝜋0 −
𝜋𝜎2𝑎2𝐵

𝐸
                                                          (3.7) 

Where 𝜋0is the potential energy of the un-cracked plate, and the second term is the lost in 

potential energy during the incremental crack growth. The loss in potential energy for the 

incremental crack growth is given by 

−
𝑑𝜋

𝑑𝐴
=

𝜋𝜎2𝑎

𝐸
                                                          (3.8) 
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Work done to create two of the new surfaces is given by  

𝑊𝑠 = 4𝑎𝐵𝛾𝑠                                                                 (3.9) 

Where 𝛾𝑠 is surface energy and work done per incremental crack growth is given by 

𝑑𝑊𝑠

𝑑𝐴
= 2𝛾𝑠                                                      (3.10) 

Equating equations 3.6, 3.8, and 3.10,  

𝜎𝑓 = (
2𝐸𝛾𝑠

𝜋𝑎
)

1/2

                                                             (3.11) 

𝜎𝑓 is failure stress, and the above equation can be used to solve engineering problems. However, 

Griffith's theory is most suitable for brittle materials. Along with surface energy, plastic 

deformation and heat dissipation also consume energy during crack growth. Irwin modified 

Griffith's equation to accommodate the plastic deformation and is given by 

𝜎𝑓 = (
2𝐸(𝛾𝑠+𝛾𝑝)

𝜋𝑎
)

1/2

                                                (3.12) 

Where 𝛾𝑝is the plastic energy per unit area and equation 3.12 applies to metals having linear 

elastic behaviour and plasticity should be confined to a small area around the crack tip and 

should not increase during crack growth. Also, Irwin expressed fracture resistance of material 

as energy release rate G (Gc-critical energy release rate) instead of surface energy or work of 

fracture.   

3.1.3 Stress intensity factor 

 The stress intensity factor approach to crack growth is an extension of the Inglis concept. 

A single parameter, stress intensity factor (K1), is enough to define the stress field around the 

crack tip. Consider figure 3.3, which describes the stress field around a crack in a polar 

coordinate system.  

 

Figure 3.3 Crack tip stress field.[13]  
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Stresses in the ‘x’ and the ‘y’ directions at θ=0 are given by 

𝜎𝑥𝑥 = 𝜎𝑦𝑦 =  
𝐾1

√2𝜋𝑟
                                                           (3.13) 

Where K1 is the stress intensity factor (mode-1), stresses 𝜎𝑥𝑥 and 𝜎𝑦𝑦 vary singularly with 1/√𝑟. 

As r approaches zero, the value of the stress tends to infinity. These stress components are valid 

only for linear elastic, isotropic material and only near the crack tip, where 1/√𝑟  singularity 

dominates. Stresses far from the crack tip are dependent on remote boundary conditions. Stress 

intensity factor (K1) can be determined by remote load and specified standard geometry. It is 

given by 

𝐾1 = 𝜎√𝜋𝑎 𝑓(𝑎
𝑊⁄ )                                                              (3.14) 

Where 𝜎 is the nominal remote stress, 𝑎 is the half-crack length and 𝑓(𝑎
𝑊⁄ ) is the dimensional 

function of the geometry. At fracture,  𝐾1 = 𝐾1𝑐, where 𝐾1is the crack driving force and 𝐾1𝑐is 

the material resistance. 𝐾1𝑐 is the fracture toughness of the material, which can be determined 

by the testing standard geometric samples. Stress intensity factor (K1) can be related to the 

energy release rate. 

𝐺 =
𝐾1

2

𝐸
                                                                     (3.15) 

3.2 Elastic-Plastic Fracture Mechanics  

 Linear elastic fracture mechanics (LEFM) is only valid for linear elastic materials, and 

non-linearity should be restricted only to a small area around the crack tip. Most of the 

engineering materials (metals) have nonlinear behaviour due to plastic deformation and strain 

hardening, making LEFM no longer valid for the most vital portion of engineering materials. 

Elastic-plastic fracture mechanics (EPFM) applies to materials having nonlinear deformation 

behaviour. Crack tip opening displacement (CTOD) and J-integral are two parameters used to 

describe the fracture toughness of material in the EPFM. Both the parameters are independent 

of specimen size and accommodate relatively large crack tip plasticity.  

3.2.1 Crack tip opening displacement  

While measuring the fracture toughness of high toughness materials, Wells observed a 

different crack tip behaviour. Which is, the crack's faces were moved apart, and the crack tip 

was blunted before the fracture. Crack blunting is mainly due to the plastic deformation around 
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the crack tip and is proportional to the material's toughness. Later, Wells defined CTOD as a 

parameter of fracture toughness.  

 

Figure 3.4 Blunting of a crack due to plastic deformation.[13]  

CTOD can be defined as displacement at crack tip perpendicular to the crack plane, as shown 

in figure 3.4. For small-scale plasticity, it is possible to define CTOD in terms of K and G.  

𝛿 =
4𝐾1

2

𝜋𝜎𝑦𝐸
                                               (3.16) 

𝛿 =
4𝐺

𝜋𝜎𝑦
                                                 (3.17) 

Where 𝛿 is the crack tip opening displacement. CTOD for through crack is given by (strip yield 

model) 

𝛿 =
𝐾1

2

𝑚𝜎𝑦𝐸
=

𝐺

𝑚𝜎𝑦
                                                    (3.18) 

Where m is a dimensional constant. To determine CTOD, G is replaced with J-integral in 

ASTM E1820. The ASTM E1290 and many international standards are used to measure the 

CTOD of metallic materials. 

3.2.2 J-Integral  

 J-integral is one of the most important fracture toughness parameters for elastic-plastic 

materials. The non-linear behaviour of the elastic-plastic material is idealised with non-linear 

elastic materials to define J-integral. Both non-linear elastic materials and elastic-plastic 

materials will have a similar kind of deformation behaviour unless unloaded; only during 

unloading or cyclic loading, the material behaviour is different. Deformation theory of plasticity 

is used to define J-integral. J-integral can be used as both energy parameter and stress parameter 

at the crack tip. J-integral can be defined as the energy absorbed by the material to grow a unit 

crack length and is obtained by a contour line integral around an arbitrary path of a crack[16]. 

J-integral is given by  
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𝐽 = ∫ (𝑤𝑑𝑦 − 𝑇𝑖
𝜕𝑢𝑖

𝜕𝑥
𝑑𝑠) 

.

Γ
                                     (3.19) 

Where 𝛤 is an arbitrary contour line, w is strain energy density, 𝑇𝑖  is traction vector components, 

and 𝑑𝑠 is the incremental length along the contour.  

 

Figure 3.5 Crack tip contour path.[13] 

Stress and strain components near the crack tip can also be expressed with the help of J-integral 

and are given by 

𝜎𝑖𝑗 = 𝑘1 (
𝐽

𝑟
) 

1

(1+𝑛)                                                    (3.20) 

𝜖𝑖𝑗 = 𝑘2 (
𝐽

𝑟
)

𝑛

(𝑛+1)
                                                      (3.21) 

k1 and k2 are proportionality constants, r is the distance from the crack tip (polar coordinate), 

and n is the strain-hardening coefficient. 
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4. ESSENTIAL WORK OF FRACTURE 

4.1 Fracture toughness dependence on thickness  

Most international standards that measure fracture toughness are designed on plane 

strain dominant conditions. The primary reason is the large plastic deformation near crack-tip 

in plane stress prevalent condition (thin sheets). In thin materials, the plastic zone's size near 

the crack tip is larger than the thickness of the material. The plain strain tri-axial stress condition 

is relatively minimal in the case of thin materials. In the case of thin materials, the proportion 

of slant fracture is much more significant. In thick sections, due to the larger tri-axial stress 

zone, a significant portion of the triaxial stress state will come outside the plastic zone, except 

near the in-plane surfaces. This high tri-axial stress (in thick sections) will help in flat fracture 

and smaller shear lips near the surfaces.  

 

Figure 4.1 Transverse stress versus specimen thickness.[13] 

Figure 4.1 shows the variation of stress σzz (stress in the thickness direction) at a crack tip in the 

z-direction. In thicker sections, at z=zero position, the crack tip stresses are in a maximum tri-

axial stress state along the x-direction. As z increases (closer to the in-plane surface), the tri-

axiality zone will become smaller and closer to the crack tip and falls inside the plastic zone 

near the in-plane surface. Near the surface, plane stress will prevail (σzz≈0) that leads to slant 

fracture and higher energy consumption. In the centre region, the triaxiality will prevail, which 

leads to flat cleavage fracture (microvoid coalescence is also possible), and the energy 

consumption is relatively low. This tri-axial stress state behaviour has a significant influence 

on fracture toughness measurement. The tri-axial state of stress at the crack tip helps in creating 

the weakest link and keeps the plastic zone smaller, which makes a thicker section ideal for 

geometry independent fracture toughness measurement. In thin specimens, the hydrostatic 
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stress (tri-axial stress state) varies with thickness. The sample thickness should be large enough 

so that the plane stress state will be a lot smaller than the thickness.   

 

Figure 4.2 K versus specimen thickness.[17] 

Figure 4.2 shows the critical stress-intensity factor dependence on the thickness of the 

specimen. In a very low thickness range, the stress intensity factor slightly increases with an 

increase in thickness, and later, it starts decreasing significantly as the thickness increases. The 

stress intensity factor will be insensitive to the thickness of the specimen after the critical 

thickness. To assess the fracture toughness as a truly geometry independent material property, 

the specimen thickness must be larger than the critical thickness. Due to the reason mentioned 

above, the measurement of fracture toughness for thin sheets is complicated. The closest 

international standard that helps measure the fracture resistance for thin material is the ASTM 

E561 Standard Test Method for K-R Curve Determination.  

4.1.2 Plane stress fracture toughness: Confusion, misleading, and facts  

Conventionally, the fracture toughness of a material is called plane stress and plane 

strain fracture toughness based on the thickness of the material. The fracture toughness of 

material in a thin section is higher than the thicker section of the same material. Beyond critical 

thickness, fracture toughness will be asymptotic with further increase in thickness. This 

thickness independent fracture toughness was traditionally called plane strain fracture 

toughness. At the same time, the fracture toughness of the thin material was called plane stress 

fracture toughness. ASTM E399 was called Standard Test Method for Plane-Strain Fracture 

Toughness of Metallic Materials. The advancement in three-dimensional finite element analysis 

gave a clear picture of stress triaxiality at the crack tip (clearly explained in section 4.1). In 

current ASTM standards, the term linear elastic is added to the heading to avoid confusion. 
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Even in thin sheets, the plane strain triaxiality exists, but only at the very vicinity of the crack 

tip. In thick sections, the pure plane stress state exists only at the surface of the sample. Whether 

it is a wide section or a thin section, both the plane strain triaxiality and the pure plane stress 

conditions exist in the material in relative proportions. Generally, high crack-tip triaxial stresses 

in the plane strain conditions lead to flat fracture, while the plane stress state leads to shear 

lipped fracture. If the sample thickness increases, it does not change the stress state completely 

from plane stress to plane strain. Instead, the stress state will change only in relative proportions. 

The conventional classification of plane strain fracture toughness and plane stress fracture 

toughness based on the thickness is somewhat misleading. The name of this proposed doctoral 

thesis is ‘Fracture toughness analysis of automotive steel in plane stress.’ The word plane stress 

may also be misleading in the above context. The word plane stress means plane stress 

dominant stress state in this report. All the materials used in this research work are thin steel 

sheets (less than 1 mm). These sheets will have a dominant plane stress state at the crack tip; 

hence, the name plane stress is used and must not be confused with plane stress fracture 

toughness.    
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 4.2 Essential Work of Fracture theory  

K.B. Broberg[18] introduced the concept of crack tip regions and explained the 

hypothesis of an autonomous end region near the crack tip. According to Broberg, using regular 

fracture mechanics theories based on stress and surface energy concepts, it is irrelevant to 

explain the crack tip autonomous region, leading to singularity. This small autonomous crack 

tip region is the material property, and the plastic region outside this autonomous zone is not a 

material property. The plastic deformation around the autonomous region is dependent on 

geometry and loading conditions.  

 

Figure 4.3 Schematic representation of fracture zones (mm).[19] 

B. Cotterell and J. K. Reddel[20] extended Broberg's concept and proposed essential work of 

fracture concept (EWF). The authors divided the crack tip deformation zone into two separate 

zones, the fracture process zone (FPZ) and the outer plastic deformation zone. The fracture 

process zone (FPZ) in ductile materials is independent of geometry or loading conditions, and 

it can be characterised as true material property.  

In brittle materials, plastic deformation is minimal, and linear elastic fracture mechanics 

theories are enough to characterise the fracture behaviour. Generally, ductile materials have 

sizeable plastic deformation, and energy consumption increases as the crack grow. In plane 

strain prevailing conditions, the amount of energy distributed to the fracture process zone and 

the plastic deformation zone is almost constant throughout the crack growth. However, in the 

case of plane stress dominant loading conditions, energy distributed for the plastic deformation 

is constantly increasing as the crack grows. As the crack extends, a more considerable portion 

of the energy is spent on the plastic deformation, while the amount of energy consumed in the 
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fracture process zone is constant. This rising energy consumption for plastic deformation will 

make linear elastic fracture mechanics inappropriate for thin sheets. Figure 4.3 shows the 

schematic representation of a Double Edge Notched Tension (DENT) specimen with FPZ and 

outer plastic deformation zone.  

In the EWF method, the total energy absorbed by a specimen to fully fracture the 

specimen is taken as an output measurement. The energy consumed by the specimen is 

calculated by the area under the load-displacement curve and is given by   

𝑊𝑓 = ∫ 𝑃𝑑𝑣
𝑉𝑓

0
                                                               (4.1) 

Wf is the total energy consumed by the specimen to break completely, vf is the displacement at 

fracture, and P is the load. This total energy is divided into two parts, the first part is the energy 

consumed by the fracture process zone (FPZ) near the crack tip (We), and the second part is the 

energy consumed for the plastic deformation around the crack tip (WP).  

𝑊𝑓 = 𝑊𝑒 + 𝑊𝑃                                                                                             (4.2)  

These energies are called essential energy and non-essential energy, respectively. The essential 

energy is the energy consumed by the fracture process zone, and it is proportional to the 

ligament area. The non-essential energy is the energy consumed by the outer plastic 

deformation, which is a function of volume.  

  𝑊𝑓 = 𝑤𝑒𝐿𝑡 + 𝑤𝑝𝐿2𝑡𝛽                                                     (4.3) 

Where we is specific essential work of fracture, wp is specific non-essential work of fracture, L 

is the ligament length, t is the thickness of the sheet, and β is the plastic zone shape factor. The 

plastic zone shape factor is 𝜋𝑎
4𝑏⁄ , where a and b are the major axis and minor axis of the ellipse. 

For a circular shaped plastic zone, β will become 𝜋 4⁄  . If the whole equation (Eq. 4.3) is divided 

by the area of the ligament. Then, 

    𝑤𝑓 =
𝑊𝑓

𝐿𝑡
⁄ = 𝑤𝑒 + 𝑤𝑝𝐿𝛽                                                      (4.4) 

Where wf is specific work of fracture, it is a linear function of the ligament length with a slope 

of  𝑤𝑝β. Testing samples of different ligament lengths can calculate the value of we. Plot the 

results of wf versus the ligament length L, and then we will be the intersection at zero ligament 

length. The wf values are extrapolated to zero ligament length using a linear regression curve. 

Specific essential work of fracture is constant for a material thickness. Generally, specific 
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essential work of fracture increases with an increase in thickness[21]. Some basic requirements 

must be met during the experiments to validate the essential work of fracture methodology. The 

ligament should be fully yielded before the crack growth begins, and the ligament must be in a 

state of plane stress dominant condition. The crack growth before the complete yielding of the 

specimen leads to a contradiction of the methodology's fundamental principle. To keep the 

ligament in plane stress condition, the lower ligament length should be higher than three times 

the sample's thickness. The sample's upper ligament is restricted to less than one-third of the 

total sample width or Irwin's second-order plastic zone. The upper limit is to avoid the formation 

of two individual plastic zones. Inside the ligament, a quasi-plane strain condition will prevail 

at the crack beginning on either end. Equation 4.5 depicts the ligament length limits of the 

DENT sample for the EWF test. Figure 4.4 shows the variation of specific essential work of 

fracture against ligament length. The lower limit of the ligament length is governed by quasi 

plane strain conditions, while the upper limit is restricted by forming two independent plastic 

zone.   

3𝑡~5𝑡 < 𝐿 <
𝑊

3
                                                            (4.5) 

 

Figure 4.4 Specific essential work of fracture versus ligament length.[21]  

B. Cotterell and J. K. Reddel also attempted to find out crack tip opening displacement (CTOD) 

using elongation at fracture in the EWF test. Crack tip opening displacement is a fracture 

toughness parameter mainly used in elastic-plastic materials. However, standard CTOD 

measurement has strict regulations on the sample's thickness to limit the size of plastic 

deformation. Several researchers have made attempts to calculate CTOD by considering the 

effect of plastic deformation. The specific essential work of fracture at the crack tip should be 

larger than the product of CTOD and average stresses at the crack tip. 
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𝑤𝑒 > 𝜎𝛿                                                               (4.6) 

Where σ is average stresses near the end region, and δ is crack tip opening displacement. B. 

Cotterell and J. K. Reddel used Tetelman and McEvilly[22] concept of maximum extension 

near the crack tip is similar to the general extension from the tensile test for that thickness and 

is given by 𝛿 = 𝜖𝑓𝑡. The we can also be expressed in terms of total elongation and yield strength. 

𝑤𝑒 > 6.7 × 10−4𝜎𝑦𝜖𝑓𝑡                                                 (4.7) 

Where 𝜎𝑦 is yield strength and 𝜖𝑓is failure strain obtained from a uniaxial tensile test, and t is 

the thickness of the sample. Elongation at fracture vf is a linear function of the length of the 

ligament and is defined as follows, 

𝑣𝑓 = 𝛿𝑐
𝑒 +

𝜓𝑒

2
𝐿                                                          (4.8) 

Where 𝑣𝑓is the extension of the specimen at fracture, 𝛿𝑐
𝑒is experimentally determined crack tip 

opening displacement, 𝜓𝑒is experimentally determined crack tip opening angle, and L is 

ligament length. Theoretical background and related experiments of EWF methodology are 

found in the literature[23–30].  
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4.3 Essential Work of Fracture parameters  

4.3.1 Fracture Energy  

 B. Cotterell and J. K. Reddel[20] were the first researchers to define the essential work 

of fracture (EWF) methodology and defined the essential work of fracture as true material 

constant. During the test, the maximum load is reached after the yielding, and this should be 

proportional to ligament length within limits and is expressed as  

𝑃𝑚𝑎𝑥 = 𝑘𝐿𝑡                                                                       (4.9) 

Where k is proportionality constant, for ligament lower lengths (<3t), the above equation is not 

valid because of the shift of stress state towards the quasi-plane strain condition. The work of 

fracture defined as follows 

𝑊𝑓 = 𝛾𝑘𝐿𝑣𝑓 = 𝑤𝑒𝐿𝑡 + 𝑤𝑝𝐿2𝑡      (4.10) 

Where 𝛾 is the shape factor for load-displacement curves. Generally, the area under the load-

deformation curve is used to calculate work of fracture using direct integration. The second 

term in equation 4.10 is not a popular method to calculate the work of fracture.  

Y. Marchal and E Delannay[31] have worked on the influence of various parameters on the 

essential work of fracture methodology and established a particular relation among those 

parameters. They also discussed the consistency, applicability, and limitations of the 

methodology. They replaced k in equation 4.9 by 𝜎𝑎(mean stress) over the ligament length. The 

value of  𝜎𝑎 can be used as an indicant of stress limits for upper and lower ligament lengths. 

Marchal observed the behaviour of the plastic deformation in different ligament lengths. In the 

smaller ligament lengths, the plastic deformation shape is circular and becomes more elliptical 

for the larger ligaments. After plotting the height of the plastic deformation perpendicular to 

the ligament length ℎ versus the ligament length L for a sample thickness of 1.3 mm, the 

following power-law expression is established  

ℎ = 𝑘𝐿0.69                                                                (4.11) 

Where k is a constant. Marchal defined the shape factor used in equation 4.4 as 𝛽 =
𝜋𝑎

4𝑏
 . For 

elliptical plastic deformation, a is the height of the plastic deformation, and b is ligament length. 

Marchal conducted the experiments of essential work of fracture on zinc alloy sheets. Marchal 

performed the experiments under varying parameters like the sheet's thickness, deformation 



45 

 

rate, grain size, and direction of rolling.  As the thickness increases, the specific essential work 

of fracture also increases, with a slight reduction in the ligament's average stress. Finer 

recrystallized grains have higher specific essential work of fracture 𝑤𝑒 than the courser grains. 

Higher deformation rates (high strain rates) will increase the specific work of fracture in his 

experiments.   

B. Cotterell et al.[21] described two new terminologies within the fracture process zone, which 

are the necking and the final separation energies. During the testing, a reduction in thickness 

will happen independently of the specimen thickness. The height of the fracture process zone 

depends on the thickness of the sample. The energy absorbed in the fracture process zone's 

necking is directly proportional to the square of the sample's thickness, and final separation 

energy is directly proportional to the thickness of the sample. Specific essential work of fracture 

in terms of necking and final separation can be written as  

𝑤𝑒 = 𝛤0 + 𝑤𝑛𝛽𝑡                                                    (4.12) 

  Where 𝛤0is work of final separation, 𝑤𝑛is work of necking, and 𝛽 is the shape factor based on 

the shape of plastic deformation in the ligament.  

The fundamental hypothesis of EWF methodology is that Crack initiation happens after full 

yielding of the specimen. Several researchers[24,25,31] have divided the total energy consumed 

by the sample Wf into two entities, which are the work of crack initiation Wi and the work of 

crack propagation Wt.  

𝑊𝑓 = 𝑊𝑖 + 𝑊𝑡     (4.13) 

Figure 4.5 shows the schematic representation of the force-displacement diagram in an EWF 

test, along with the indication of crack initiation. According to Y.W. Mia and B. Cotterell[24], 

the specific energy consumed till the point of crack initiation is independent of the ligament 

length; this is because of lower crack tip opening displacement at initiation than 

propagation[32]. Unlike the specific work of fracture wf, specific work of initiation wi is not a 

linear function of ligament length. Generally, the amount of energy consumed to begin the 

crack, i.e., Wi, is smaller than the work of crack propagation Wt.  
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Displacement  

Figure 4.5 Schematic representation of force-displacement diagram in EWF test.   

4.3.2 Experimental validation parameters  

At the beginning of crack propagation, the state of stress will be quasi-plane strain 

dominant. However, as the crack propagates, the stress state will change into a plane stress-

dominant state. This change of stress state condition will happen in all the ligament lengths. 

The change of stress state will affect energy consumption as crack propagate. Due to this shift 

of stress state, lower ligaments will have less specific work of fracture than higher ligament 

lengths, leading to a slight off-setting of values when plotted against the ligament length. The 

length of the stress transition (transitional length) is proportional to the thickness of the sample 

used for testing (𝐿 ≫ 𝑙𝑡𝑟𝑎𝑛𝑠). Generally, the transition length will be the same as that of the 

sample thickness. The lowest ligament length must be several times higher than the transition 

length so that the offsetting of Wf value for lower ligament lengths will be minimum. For the 

lowest ligament in the EWF test, a thumb rule of more than three to five times the specimen 

thickness is widely used. For the higher ligament lengths, the length of the ligament must be 

smaller than twice the second-order Irwin's plastic zone rp, and it is given by   

𝑟𝑝 =
𝐺𝑐𝐸

𝜋𝜎𝑦
2                                                                       (4.14) 

The energy release rate will be asymptotic to specific work of fracture. The upper limits of the 

ligament length are given by 

  𝑙𝑚𝑎𝑥 <
2𝐸𝑤𝑓𝑚𝑎𝑥

𝜋𝜎𝑦
2                                                                    (4.15) 

Where 𝐺𝑐 is critical energy release rate (plane stress), it is replaced by specific work of fracture 

in equation 4.15[21].  
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Peak stress in the ligament during the essential work of fracture experiments gives important 

information about the stress state. Hills[33] performed an experimental analysis of plane plastic 

stress and expressed maximum stress in the ligament in terms of yield strength of the material, 

which is given by 

𝜎𝑚𝑎𝑥 = 1.15𝜎𝑦     (4.16) 

Where 𝜎𝑚𝑎𝑥 is the maximum stress in the ligament and 𝜎𝑦 is the yield strength of the material. 

Equation 4.16 is an empirical relation used by various researchers to verify the state of plane 

stress. E.Q. Clutton[26][27] used the above relation in his work on the essential work of fracture 

for polymers. E.Q. Clutton observed that the maximum stress in the ligament was decreasing 

as ligament length increases. This change in maximum stress values is used for selecting upper 

and lower ligament lengths for the validity of plane stress conditions. J.G. Williamson et al.[34] 

used the statistical approach to validate the stress state as well as results. Instead of yield stress, 

the average of maximum stresses is used as the deciding parameter. The maximum stress values 

in the ligament should be in the range of 1.1𝜎𝑎𝑣𝑔- 0.9𝜎𝑎𝑣𝑔. The standard deviation of specific 

work of fracture wf versus ligament length L is used in expressing the experimental variation 

and accuracy of the results. The basic distinction of J.G. Williamson's approach is usage of 

same experimental data rather than standard parameter like yield stress. Figure 4.6 shows the 

maximum stress versus ligament length, used by J.G. Williamson et al. to validate the 

experimental results. A pattern of stress behaviour is seen, i.e., decreasing of maximum stress 

as ligament length increases.    

 
Figure 4.6 Maximum stress versus ligament to validate stress state.[34] 
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Y. Marchal et al.[35] used a statistical approach to validate the experimental results for lower 

ligament lengths connected with plane stress conditions. The values of specific work of fracture 

(wf1, wf2, wf3,....wfi) for cent percent confirmed (plane stress) ligament lengths (L1, L2, L3,…..Li) are 

first plotted. Later, the wfi+1  value for Li+1 is added to the plot, where Li+1< Li. If the addition of 

a value does not change the linear regression of (wfi and Li) significantly, then the ligament is 

in plane stress, and the result is valid. A probabilistic variable value ‘p’ is used to indicate the 

linearity of each newly added value. If the p-value is greater than 0.05, then the ligament values 

are considered valid (no mixed mode). If two consecutive points fall outside the regression line, 

the lower limit is set before the first point. The same statistical procedure can be used to set the 

upper limit of ligament length also. The loss of linearity in specific work of fracture wf is the 

deciding factor for validating the ligament lengths. Y. Marchal conducted EWF experiments 

for zinc, aluminum, and low-density polyethylene (LDPE). The lowest possible ligament 

lengths in terms of thickness are 2.6t, 4.5t and 6-7t, respectively. The Thumb rule suggested by 

B. Cotterell and J. K. Reddel[20] for ligament lengths is suitable for metals, not for polymers. 

Hence, the plane stress state depends on material properties also rather than thickness alone. Y. 

Marchal et al.[35] used the finite element method to find out the mean triaxiality for aluminum. 

Mean triaxiality stress is the average ratio of mean stress to von mises stress across the ligament. 

Unsurprisingly, the smaller ligaments show high triaxiality than the longer ligaments.  

The number of samples (sample data) in EWF experiments plays a vital role in vital 

parameters like specific essential work of fracture and crack tip opening displacement. Y. 

Marchal et al.[35] conducted the essential work of fracture experiments for aluminum, zinc, 

and LDPE. The standard deviation of specific essential work of fracture Δwe is plotted against 

the number of data points (Figure 4.7). The graph demonstrates that as the number of data points 

increases, variation of the specific essential work of fracture decreases. The aluminum and the 

zinc sheets require a smaller number of specimens to get more precise specific essential work 

of fracture we compared to the LDPE. The exact number of specimens required to get precise 

we is not constant and depends on various factors. Metals do require a smaller number of 

samples to get precise values in comparison to polymers. A higher value of work of fracture 

and uniform stress field along the ligament helps in achieving precise we in the metals. The 

standard deviation of specific essential work of fracture Δwe depends on the dispersion of 

individual results, material property, machine accuracy, specimen quality, and we value. The 

recent literature works [36,37] on essential work of fracture suggests that a sample size of six 

to eight is sufficient for metals.  
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Figure 4.7 Specific essential work of fracture's standard deviation against data points.[35]  

4.3.3 Crack Tip Opening Displacement (δ) of EWF method 

 The primary aim of essential work of fracture methodology is to find out specific 

essential work of fracture; however, several parameters can also be determined from the EWF 

tests. The total elongation at fracture 𝑣𝑓 in the EWF test is a linear function of ligament length. 

Equation 4.8 gives the relationship between elongation at fracture 𝑣𝑓 and the ligament length 

L. In a plot of elongation at fracture 𝑣𝑓 in the y-axis versus ligament length L in the x-axis, the 

zero ordinate intercept will be the crack tip opening displacement (CTOD)𝛿𝑐
𝑒. This CTOD is 

the distance between the sides of a propagating crack at the fracture process zone (FPZ). 𝜓𝑒is 

the crack tip opening angle (CTOA); it is the angle between the sides for a propagating crack. 

The conventional CTOD in fracture mechanics δc is different from the EWF CTOD 𝛿𝑐
𝑒. While 

the former is defined with limited plastic deformation and plane strain dominant conditions.   

B. Cotterell and J. K. Reddel[20] defined the relations between elongation at fracture and 

specific work of fracture. The energy consumed by the specimen during the test is determined 

by the area under the load-displacement curve, and it can be expressed in terms of elongation 

at fracture as  

𝑊𝑓 = 𝛾𝑃𝑚𝑎𝑥𝑣𝑓                                                              (4.17) 

Where 𝛾 is a shape factor for the load-displacement curve and 𝑣𝑓 is elongation at fracture 

(displacement determined from crosshead or extensometer). Above equation can be related to 

equation 4.3 and 4.9, which was discussed in section 4.2 and 4.3.1 respectively.   

𝑊𝑓 = 𝛾𝑘𝐿𝑡𝑣𝑓 = (𝐿𝑡𝑤𝑒 + 𝐿2𝑡𝑤𝑝)                                            (4.18) 
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𝑣𝑓 = (𝑤𝑒 + 𝐿𝑤𝑝)/𝛾𝑘                                                     (4.19) 

From the above expression, we can plot the fracture elongation as a function of ligament length 

L. Assuming a hypothetical condition of zero ligament length, the fracture elongation will equal 

the crack tip opening displacement. This crack tip opening displacement will be the zero 

intercepts of elongation at fracture versus ligament length plot. The crack tip opening 

displacement obtained from the above method will be depended on the fracture process zone, 

unlike the standard CTOD measurements. 

The total elongation at fracture 𝑣𝑓can further be divided into two parts, viz, elongation at yield 

(crack initiation) and tearing elongation (tearing displacement).  

𝑣𝑓 = 𝑣𝑖 + 𝑣𝑡       (4.20) 

Where vi is the elongation or displacement at yielding or initiation (if crack begins after full 

yielding) and vt is displacement due to tearing.  

Cotterell et al.[21] modelled the necking of FPZ, the height of the fracture process zone can be 

estimated by considering the shape of the necking as trapezoidal and neglecting the transition 

lengths at the notch tip caused by stress state change, 

ℎ𝑓 = 𝛿𝑐
1−𝜖𝑛+𝑡𝑓 𝑡⁄

1+𝜀𝑛−𝑡𝑓 𝑡⁄
                                                         (4.21)   

Where ℎ𝑓  is the height of the fracture process zone, 𝛿𝑐 is critical crack opening displacement, 

𝜖𝑛 is the strain at the neck region and 𝑡𝑓 is the thickness of the sample after necking and final 

fracture.   

4.3.4 Miscellaneous parameters 

Several groups conduct round-robin experiments with ESIS[26]. The round-robin experiments' 

primary focus was to identify the accuracy, repeatability, and variables in essential work of 

fracture methodology. The first set of Ethylene propylene polymer samples of 100 µm thickness 

was prepared by a single group, i.e., similar specimen dimensional parameter.  experiments on 

the EWF method and parameters affecting the EWF method. Appendix A.1 shows the parameters 

and results of the first set of samples. The first set of Ethylene propylene polymer samples of 

100 µm thickness was prepared by a single group, i.e., similar specimen dimensional parameter. 

Appendix A.2 shows the parameters and results of the second set. In the second set, individual 

groups prepared the samples. 
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 shows the parameters and results of the first set of samples. Appendix A.2 shows the 

parameters and results of the second set. In the second set, individual groups prepared the 

samples. The sharpness of the notch in the first set is not high. In the second set, individual 

groups prepared the notches, and quality varies among the different groups. In which h is the 

height of the sample between the grips and S is the standard deviation. The number of samples 

and test speed is almost similar in both sets. The material's yield strength is similar in all groups, 

and 27.4 MPa is the average value. The value of maximum stress in the ligament σmax varies 

from 28 to 32 MPa. The value of we for the first set of samples is relatively high, which can be 

attributed to the notches' low sharpness. At the same time, the value of βw for both sets of 

samples is similar. In the first set of samples, groups 1, 7, and 8 have a higher standard deviation 

and Pearson correlation coefficient R2 of less than 0.98. Meanwhile the specific essential work 

of fracture we is also away from the mean value for these groups. The average value of we for 

the first set is 44.3 kJ/m2; group 1, 7, and 8 values are not close to the average value. In the 

second set of samples, it isn't easy to analyses the results as the notch quality significantly 

affects the results. Group 3, 4, and 6 have low standard deviation and Pearson 

correlation coefficient R2 close to one. However, the values of specific essential work of 

fracture we is not similar. Standard deviation S is an excellent parameter to indicate the variation 

of experimental results. Since the actual value of we is unknown, it is extremely hard to validate 

the experimental results based on standard deviation alone. The value of σmax is the least affected 

in all results. Based on the above results, the validation of results based on σmax alone is not a 

safe approach. A combination of quality samples, similar testing conditions, low standard 

deviation, multiple samples (high sample data), and stress validity would give specific essential 

work of fracture close to real value.     

Notch tip radius and the notches' quality significantly influence fracture toughness of 

material[38]. Experimental work conducted by V.V. Chaudhari et al.[39] and M. Faccoli et. 

al.[40] showed that fracture toughness of material increases as the crack tip radius increases. 

V.V. Chaudhari et al. conducted the standard ASTM E399 fracture toughness tests on cold-

rolled low carbon steels with varying notch tip radius. Both the critical load and the crack tip 

opening displacement increased with an increase in the notch tip radius. M. Faccoli et al. 

conducted fracture toughness experiments on twinning induced plasticity (TWIP) steel, dual 

phase (DP) steel and Quenching & partitioning (QP) steel to determine J-integral using DENT 

specimen. The critical J-integral Jc increased with increasing in the notch-tip radius ρ. For the 

TWIP steel, Jc will be independent of ρ below the critical value of notch-tip radius ρc. M. Faccoli 
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used the DENT specimens and thinly rolled sheets, hence, critical notch-tip radius ρc concept 

may be valid for EWF tests also. ESIS TC4[26] round-robin experiments are conducted on PET 

(Polyethylene terephthalate) to assess the effect of notch tip radius and notch quality on specific 

essential work of fracture. Individual groups prepared notches using different methods. 

Appendix A.2 shows the type of notch, the notch-tip radius, and their specific work of fracture 

we. It is clear from the data that sharpest notch will have the lowest we. Group number 1 and 9 

managed to produce 1 µm notch tip radius and have the lowest we. Group number 17 and 18 

used razors to produce the notch and have relatively high we. It is evident from Appendix A.2 

data that both notch quality as well notch-tip radius significantly affect specific work of fracture 

we. There is no standard formula or established relationship between fracture toughness and 

notch tip radius. The intensity of the effect of notch-tip radius on fracture toughness depends 

on material properties, loading conditions, fracture strain etc.  

Table 4.1 Effect of notch quality and notch-tip radius on we.[34]  

Laboratory  Type of notch Notch radius  

(approximate) 

we (kJ/m2) 

1 Scalpel  ~1µm 20.1 

Die punch 50 µm 58.3 

5 Sliding razor  <10 µm 31.2 

9 Jig cut + razor  ~1 µm 22.2 

Scissors cut - 63.3 

16 Razor  - 23.3 

17 Razor  25 µm 40 

18 Razor  ~5 µm 34.3 

The geometry of the specimen (width and height) does not have a significant influence on the 

results of essential work of fracture methodology. Double edge notched tension (DENT) 

specimens have been used by almost all researchers for EWF tests. DENT specimens do not 

need any anti-buckling supports, as the stress between ligaments is entirely transverse. There 

has been no standard to define the width and height of the sample. If the specimen's width is at 

least more than three times the ligament length, there will be no variation in results. Generally, 

as a thumb rule, the specimen's height is more than three times the width of the sample. 

According to the author's knowledge, no attempts have been made to conduct an EWF test other 

than DENT and SENT (single edge notched tension) samples.  
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4.3.5 Relationship between essential work of fracture and J-integral 

Essential work of fracture (EWF) methodology and J-integral are developed based on 

two completely different hypotheses. The main result of the EWF methodology is the specific 

essential work of fracture we; it is the specific energy consumed in the fracture process zone 

(FPZ) to create two new surfaces. J-integral is the energy consumed by the material for a unit 

crack growth. Ji is the J-integral at the crack initiation, and J1c is the critical J-integral (0.2 mm) 

during crack growth. Specific essential work of fracture we is the average value calculated over 

complete crack growth, while Ji and J1c are calculated at the beginning and over a small length, 

respectively. Even though both the parameters are defined on an entirely different basis, several 

researchers have tried comparing them. Y.W. Mia et al.[24] and Marta Rink et al.[41] compared 

specific essential work of fracture we and Ji, as well as slopes of J-R curve and wf versus L curve. 

Rice[16] defined J-integral as follows, 

𝐽 = −
1

𝐵
(

𝑑𝑈

𝑑𝑎
)

𝑣
      (4.22) 

B is the thickness of the sample, U is the input energy till v, a is the crack length, and v is the 

displacement.  Equation of a linearly varying J-R curve (assumption) can be defined as  

𝐽 = 𝐽𝑖 +
𝑑𝐽

𝑑𝑎
∆𝑎         (4.23) 

Equating equations 4.22 and 4.23 and then integrating the resulting equation, the following 

relationship can be obtained 

𝑈

𝐵𝐿
= 𝐽𝑖 +

1

4

𝑑𝐽

𝑑𝑎
𝐿      (4.24) 

Equations 4.24 and 4.4 are similar; the first term of both equations represents the specific work 

of fracture. According to equations 4.24, specific essential work of fracture we and Ji should be 

identical, as well as the slope of the J-R curve 
𝑑𝐽

𝑑𝑎
 will be equivalent to 4βwp. However, βwp is 

the energy density consumed by the sample to plastically deform outside of the fracture process 

zone and 
𝑑𝐽

𝑑𝑎
 is the incremental energy consumed by the material to grow a crack. Marta Rink et 

al.[41] determined J-R curve for three different types of polymers using Bergy-Landes method 

for DENT specimens. Values of the we and the Ji are comparable, but the slopes of the J-R curve 

and the wf vs. L curves are entirely different. Y.W. Mia et al.[24] also have similar results, that 

the Ji and the we were comparable and expressed their interest in comparing slopes of J-R curve 

and wf vs. L curves in their future works. In the Bergy-Landes method, first, specimens having 
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different ligament lengths are loaded up to fracture, and load, displacement, and crack growth 

are monitored. A hypothetical constant crack length curve is interpolated from the load-

displacement curves. A plot of strain energy versus crack length is constructed for constant 

displacement. Differentiation of the stain energy versus crack length curves gives J integral 

values for displacement (Equation 4.22). Finally, J vs. crack extension a and wf vs. L plots are 

compared.  

Another method for determining the J integral for DENT specimens is using the conventional 

fracture mechanics method without considering thickness restriction. The ASTM E1820 has 

specific restrictions towards the sample's width and thickness to keep plane strain dominant 

condition. The current ASTM E1820 standard does not have direct restrictions on the thickness, 

unlike previous standards. The width to thickness ratio suggested for CT(T) specimen is 2 ≤ 

W/B ≤ 4. If the thickness constraint is neglected, the J-integral can be calculated for the DENT 

samples from conventional fracture mechanics formulas. Researchers have used both the basic 

procedure method and resistance curve methods to determine J-integral[25,32,42]. J-integral 

for the DENT specimen is given by Rice[43] as follows 

𝐽 =
𝐾2

𝐸
+

1

𝑡𝐿
(2 ∫ 𝑃𝑑𝑢𝑝 − 𝑃𝑢𝑝)     (4.25) 

‘K’ is the stress intensity factor and is given by equation 4.26, and up is plastic displacement.  

𝐾 =
𝑃√𝜋𝑎

2𝑡𝑊√1−
𝑎

𝑊

[1.122 − 0.561 (
𝑎

𝑊
) − 0.205 (

𝑎

𝑊
)

2

+ 0.471 (
𝑎

𝑊
)

3

− 0.190 (
𝑎

𝑊
)

4

]     (4.26) 

Equation 4.25 can be used in the basic procedure method to determine J integral using multiple 

specimens. In the basic procedure method, multiple specimens are loaded to varying levels of 

crack growth. A J-R curve is constructed from the data obtained from the multiple specimens, 

and critical values are determined. However, to construct a J-R curve from a single specimen, 

equation 4.25 is not applicable, and crack growth must be monitored. An incremental J-integral 

can be calculated using the load-plastic displacement curve from the following equation.  

𝐽𝑛 = 𝐽𝑛−1 +
2(𝐴𝑝𝑙(𝑛)−𝐴𝑝𝑙(𝑛−1))

𝑡(𝑙𝑛−1+𝑙𝑛)
+

2(𝐾𝑛
2𝑙𝑛−𝐾(𝑛−1)

2 𝑙(𝑛−1))

𝐸(𝑙𝑛−1+𝑙𝑛)
    (4.27) 

Where Apl is the plastic area under the load-plastic displacement curve. D. Frómeta et al.[25] 

have calculated the J-R curve for DENT and CT(T) specimens for a single specimen(Figure 

4.8). The values of Ji and J1c have yet to be verified for multiple ligament lengths.  
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Figure 4.8 J-R curve for automotive dual-phase steel.[25] 

4.3.6 EWF in mode-II and mixed-mode 

The concept of essential work of fracture can also be extended to mode-2 and mixed-

mode loading conditions. Several attempts have been made[44–46] to extend the EWF concept 

to mode-2 and mixed-mode. B. Cotterell et al.[44] used staggered double-edge notched 

specimen to produce the mixed-mode stress state in the EWF test and successfully found the 

results. In mode-2 and mixed-mode samples, the specific work of fracture is a linear function 

of ligament length. João P. Magrinho et al.[45] have successfully used the ASTM Standard 

B831-11[47] to produce mode-2 samples and staggered samples for the mixed-mode condition. 

Figure 4.9 shows the different types of EWF samples used by João P. Magrinho et al.[45] to get 

various stress states. The state of stress during crack initiation will be different from crack 

propagation. The state of stress in mode-2 and mixed-mode conditions may be better verified 

using finite element analysis. Specific essential work of fracture ‘we’ and specific plastic work 

of fracture wp are higher for staggered DENT and mode-2 samples. In the staggered DENT 

samples, the values of we and wp increase with the increase in the angle between notches. In the 

mode-2 sample, the values of we and wp are highest among all types of EWF tests.     
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Figure 4.9 EWF samples for different modes of loading: (a) Mode-I; (b) Mixed Mode ; (c) Mode-II.[45] 
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5. FRACTURE FORMING DIAGRAMS  

5.1 Forming limit diagram 

Sheet metal's stamping failures occur in various forms such as necking, wrinkling, 

tearing, Luders bands, flange failures, folding, traces, corner fractures, orange skin surface, 

etc.[48]. These problems will not be solved by Forming limit diagram (FLD) alone, while the 

FLD's major focus is identifying necking in global behaviour. Parameters affecting forming can 

be classified into three ways, which are the material properties, the process parameters, and the 

strain-related parameters. Parameters like necking, deep drawing, spring back, stretching, strain 

localization, hole expansion, stretch flange ability, and tearing are related to the strain bounding 

parameters. Forming Limit Diagram (FLD) is a referential diagram constructed for an 

individual material to determine the limits of forming in sheet metals. FLD was first developed 

by S. Keeler for the first quadrant (tension-tension) in principal strain space[49]. Later, M. 

Goodwin extended the FLC curve for the second quadrant (tension-compression) of principal 

strain space[50]. FLD has Forming Limit Curve (FLC) to identify the point of failure by 

necking. Forming Limit Diagrams (FLD) are used in tool manufacturing for stamping, material 

selection for various forming applications, assess material quality for specific applications, etc. 

In the forming limit evaluation, the component's strain after forming is compared against the 

standard FLC of that material. The fundamental goal of FLD evaluation is to find out the 

maximum achievable straining of material for any major and minor strains without necking. 

FLD is not exclusive material property; it depends on the testing machine, test samples, analysis 

techniques, loading conditions, etc. Figure 5.1 shows the schematic representation of forming 

limit diagram with major strain in the y-axis and minor strain in the abscissa. Loading in 

uniaxial tension (ε1>0 & ε2<0) with positive major strain and negative minor strain can be 

achieved by a standard tensile test specimen. Plane strain condition(ε1>0 & ε2=0), biaxial 

tension(ε1>0 & ε2>0) and equi-biaxial tension(ε1=ε2>0) strain states are obtained from different 

specimen width in Nakajima test.   

 



58 

 

 

Figure 5.1 Schematic representation of Forming Limit Diagram (FLD). 

5.2 Fracture Forming Limit curve  

Forming limit curve (FLC) has been extensively used in many forming applications, 

including the automotive industry. In FLC, the point of necking in the strain loading path is 

considered as the limit of forming, and fracture limit was never a point of interest. During 

forming, after plastic instability by necking, the material will undergo rapid thinning with the 

decrease in load, and finally, fracture happens. The post necking behaviour and the fracture 

have gained the interest of several researchers in recent times. The complicated procedure and 

difficulties in identifying necking have shed interest in the fracture also. The general 

consideration of obvious necking before the fracture is not always true for all strain paths. In 

single point-incremental forming (SPIF), fracture happens without prior necking. Identifying 

the fracture limits have advantages in deep drawing, stretched parts, and high straining 

applications. The standard Fracture Forming limit (FFL) curve is plotted on major versus minor 

strain space, and it is falling from left to right with the slope of ‘-1’[51]. The condition to define 

the FFL is the maximum allowable thickness reduction before the fracture in mode-1. Like the 

FFL, the shear fracture forming limit (SFFL) curve is constructed in mode-2 fracture. The 

condition to define the SFFL is the maximum plastic in plane shear work per unit volume[52]. 

The SFFL is plotted in the second quadrant of principal strain space with a slope of ‘+1’. Figure 

5.2 shows the schematic representation of FLC, FFL, and SFFL in principal strain space. Dotted 

lines at the end of the FFL and the SFFL indicate the threshold fracture; below the curved lines, 

the fracture will not happen. FLC is constructed from the standard ISO 12004-2, while FFL has 

no standard and can be constructed using tensile, Nakajima, and bulge tests. DENT specimens 

in tension are also used to construct the FFL, mainly in the intersection of FFL and SFFL 
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regions. Double edge notched shear specimens, and torsion specimens are used in the 

construction of SFFL[45,52]. In figure 5.2, WLC stands for wrinkling limit curve, which is 

constructed in compression strain path and helps in wrinkle analysis of formed components.   

 

Figure 5.2 Schematic representation of forming limit curve (FLC), fracture forming limit (FFL), and shear 

fracture forming limit (SFFL) curve in principal strain space.[45]  

Isik K. et al.[52] and João P. Magrinho et al.[45] have worked on FFL and SFFL in connection 

with ductile damage, fracture modes, void coalescence, and plastic instability. The critical 

damage criteria 𝐷𝑐𝑟𝑖𝑡 of void coalescence based on stress and strain till fracture in mode-1 is 

given by[53] 

𝐷𝑐𝑟𝑖𝑡 = ∫
𝜎𝑚

�̅�

�̅�𝑓

0
𝑑휀 ̅      (5.1) 

Where 휀�̅� is the effective strain till fracture, 𝜎𝑚 is the mean hydrostatic stress and 𝜎 is the 

effective von mises stress. The same critical damage criteria can be expressed in terms of major 

휀1𝑓 and minor  휀2𝑓 fracture strains, 

𝐷𝑐𝑟𝑖𝑡 =
(1+𝑟)

3
(휀1𝑓 + 휀2𝑓)     (5.2) 

Where r is the average plastic anisotropic coefficient. The position of FFL in the principal space 

is the straight-line falling from left to right with a slope of ‘-1’. 

Critical damage criteria of void coalescence in shear mode 𝐷𝑐𝑟𝑖𝑡
𝑠  is given by 

𝐷𝑐𝑟𝑖𝑡
𝑠 = ∫

𝜏

𝜎

�̅�𝑓

0

𝑑휀 ̅
(5.3) 
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Where 𝜏 is shear stress. The same shear damage criteria can be explained in terms of major and 

minor fracture strains as follows  

𝐷𝑐𝑟𝑖𝑡
𝑠 =

1

2

(1+𝑟)

(1+2𝑟)
(휀1𝑓 − 휀2𝑓)      (5.4) 

SFFL is a straight line from right to left with a slope ‘+1’ and intersects FFL orthogonally.    

5.3 Fracture strain 

Strain paths of material till fracture in plane stress prevailing conditions are dependent 

on the stress field. Different strain fields can be obtained from varying sample shapes. G. 

Gruben et al.[54] have defined stress triaxiality 𝜎∗ and lode parameter µ using strain fields on 

the sample from  digital image correlation (DIC) techniques. Figure 5.3 shows three different 

sample shapes used by G. Gruben to get different strain fields. Simple tensile specimen (figure 

5.3(a)) has positive major and negative minor in-plane strains. At the same time, the shape of 

specimens in Figures 5.3 (b) and (c) are designed to produce plane strain and pure shear strain 

fields, respectively.  

 

 

Figure 5.3 Geometry of the specimens (mm): (a) simple tension; (b) plane strain tension and; (c) pure shear 

strain.[54]  

The logarithmic effective strain in the sample in terms of major and minor in plane strains can 

be explained as  

휀𝑒 = √
4

3
(휀1

2 + 휀1휀2 + 휀2
2)      (5.5) 
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Where 휀𝑒 is the effective logarithmic strain. Under proportional loading conditions, equivalent 

strain 휀�̅� will be the same as effective logarithmic strain.   

Stress triaxiality σ* is the ratio of mean hydrostatic stress 𝜎𝑚 to equivalent von mises stress 𝜎. 

The stress triaxiality can be expressed in terms of strain increments as  

𝜎∗ =
√3

3

𝛽+1

√𝛽2+𝛽+1
      (5.6) 

Where 𝛽 is the ratio of incremental minor strain to major strain (𝛽 ≡
∆𝜖2

∆𝜖1
⁄ ). Similarly, the 

load parameter µ can also be expressed in terms of  𝛽. Load parameter is the stress deviator's 

third invariant and is given by 

𝜇 = {
3

𝛽+1

𝛽−1
 for − 2 < 𝛽 ≤ − 1

2⁄

3𝛽

𝛽+2
   for   − 1

2⁄ < 𝛽 ≤ 1    
     (5.7) 

Figure 5.4 shows the strain paths calculated from DIC measurements for various strain fields 

(previously mentioned). Equivalent strain 휀�̅�, triaxiality 𝜎∗ and load parameter µ are calculated 

from major and minor in-plane strains from DIC.  

 

Figure 5.4 In-plane principal stresses calculated from DIC measurements for different strain fields.[54] 
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6. MATERIALS AND METHODOLOGY 

6.1 Materials 

Dual Phase (DP) steel  

 One of AHSS to first enter the auto industry is dual-phase steel or DP steel, developed 

in the mid-twentieth century and gained the most attention in the recent decade for various outer 

body and safety parts. DP steel has relatively simple thermomechanical processing and fewer 

alloying elements (quantity), making it more suitable for large-scale production. Primarily, 

dual-phase steel consists of ferrite and martensite phases with occasional bainite, residual 

austenite, and some carbides. The ferrite phase gives ductility, toughness, and formability. 

Meanwhile, the martensite phase gives high strength and strain hardenability. During plastic 

deformation, the ferrite undergoes much higher deformation in comparison to the martensite. 

Although inhomogeneous deformation at the phase level, macroscopically, DP steel has even 

deformation without any Luders band effect[55]. The volume fraction of the martensite 

influences the strength of DP steel. Generally, the bigger the martensite content, the higher will 

be the strength of the material. Along with the martensite volume fraction, various other factors 

also influence the strength of the dual-phase steel, which are the distribution of martensite 

(morphology), the grain size of the ferrite, geometric dislocations, alloying elements, and 

crystallographic orientation. The ferrite grain size also affects overall strength; more refined 

ferrite grains lead to higher strength and strain hardenability[56]. Dual-phase steel is better 

suited for outer body stamped components because of its high ultimate strength (attributed to 

martensite) to low yield strength (attributed to the presence of ferrite), and high initial strain 

hardening, which makes it ideal for forming applications. Generally, DP steel sheets are 

produced by both cold rolling and hot rolling based on application. In automotive DP steel, 

ferrite-pearlite or ferrite-bainite is first cold-rolled and subjected to the continuous cooling 

process. It consists of heating them to a temperature between A1 and A3 temperatures, followed 

by quenching below the martensite start temperature. Lower strength DP steels are used in the 

roof, door, side body, fender, floor panel. High strength DP steels, which are generally hot-

rolled, are used in the B-pillar, seats, roof rails and other structural parts. G. Ingarao et al.[57] 

have worked on spring-back effects of dual-phase steels (DP1000 & DP600) using the finite 

element method. W. Mocko et al.[58] have worked on the effect of pre-fatigue and strain rate 

on DP500 steels and found that yield strength increases with an increase in initial loading 
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cycles. Anindya Das et al.[59] have worked on strain rate sensitivity of DP600 and DP800 steels 

and found that both yield and ultimate strength increase with the increase in the strain rate. 

Research work related to the dual-phase can be seen in the following literature [60–62]. 

DP450 steel is taken here for the analysis, which is a relatively lower strength dual-phase steel. 

The chemical composition of DP450 steel used in our research work is given in Table 6.1. 

Figures 6.1 and 6.2 show the microstructure of the DP450 steel in both optical microscope and 

scanning electron microscope, respectively. The martensite is mainly present along the grain 

boundary and relatively smaller in size compare to the ferrite. The shape of the martensite and 

the ferrite are not uniform. It has a carbon percentage of 0.06-0.015 wt.%, which helps the 

formation of the martensite, manganese helps stabilize the austenite and strengthening the 

ferrite. Good weldability is expected due to the low carbon content. A relatively high portion 

of the manganese helps in grain refinement also[63]. Silicon helps to transform the ferrite, and 

chromium helps to avoid the formation of bainite or pearlite during quenching. 

Table 6.2 shows the mechanical properties of the DP450 steel from standard tensile tests. The 

ultimate strength is almost the same in all directions, and it is 500 MPa. The plastic anisotropy 

is relatively low, and it is maximum along the rolling direction (RD). Figure 6.3 shows the 

engineering stress-strain curves for the DP450 steel. Section 6.2.1 explains the detail of the 

standard tensile test. Continuous yielding and absence of any visible yield point are 

characteristic of the curve. The DP450 steel deformed uniformly after initial strain hardening 

without significantly changing the stresses. The elongation at fracture is maximum along the 

rolling direction and minimum along the 45º to rolling direction.    

Table 6.1 Chemical composition of DP450 in weight percentage.  

Sample C Mn Si P S Cr Ni Cu Al Ti Fe 

DP450 0.083 1.72 0.026 0.021 0.0049 0.209 0.0097 0.014 0.056 0.163 ~97 % 
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         (a)                                                      (b) 

Figure 6.1 Optical microscope micrographs of DP450 steel at different magnification: (a) 250; (b) 1000. 

        
(a)                                                                                (b) 

Figure 6.2 SEM microstructure of DP450 steel at different magnification: (a) 3000; (b) 10000. 

Table 6.2 Mechanical properties of tested DP450 steel from standard tensile tests. 

Angle to RD 𝝈𝒚(MPa) 𝝈𝒖(MPa) Ag% A50% n rp 

0º 
308 499 19.46 30.48 0.18 0.83 

299 499 19.69 29.28 0.19 0.67 

45º 
262 504 19.03 26.68 0.18 0.52 

327 502 16.67 20.81 0.17 0.66 

90º 
308 499 18.62 27.06 0.18 0.47 

309 499 18.95 30.07 0.18 0.68 
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Figure 6.3 Engineering stress versus strain curves for DP450.  

 

Interstitial free (IF) steel  

Ultra-low carbon and other solute elements in the IF steel make it an excellent choice 

for forming applications. Low yield and ultimate strengths coupled with higher plastic 

anisotropy value (rp) are characteristics of the IF steel. In low carbon steels, solute atoms such 

as nitrogen and carbon help strain localization and reduce dislocation density[64]. In the low 

carbon steels, the solute nitrogen and carbon atoms are pinned to dislocations, which leads to 

the formation of Luders band. Hence, IF steel is a good alternative for low carbon steel. The 

strength of IF steel can be increased by solid solution strengthening, and the steel is called IFHS 

(Interstitial free high strength) steel. Cold rolling followed by recrystallisation helps in 

achieving better formability and a good rp-value. Increased carbon content in the IF steel is 

detrimental to the {111}/{100} ratio and thereby reducing the rp value[65]. Nitrogen content 

also has a similar effect on crystallographic orientation in the IF steels. Titanium and niobium 

are added to reduce the carbon and nitrogen by forming carbides and nitrides, respectively. The 

niobium also suppresses the formation of {100} texture by lowering the austenite 

recrystallization temperature. A small amount of Sulphur helps in the formation of carbo-

sulfides before the titanium carbides, which helps for recrystallization in {111} texture[3]. 

Alloying elements such as manganese, copper, chromium, and phosphorus can also be added 

to increase the IF steel's strength, and manganese is a highly preferred choice. However, 

excessive addition of the manganese will be deleterious to texture in the {111} direction[66] 

(all the above crystallographic direction is mentioned with respect to normal direction).  

  .   .  .   .  .   .  .  
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Table 6.3 shows the chemical composition of elements by weight percentage of the IF steel 

used in this work. As expected, shallow carbon and nitrogen contents are present and low 

strength is attributed to the absence of solute elements. Figure 6.4 and Figure 6.5 show the IF 

steel's microstructure in both optical microscope and scanning electron microscope, 

respectively. Table 6.4 shows the mechanical properties of the IF steel from a standard tensile 

test. The higher rp value is characteristic of good formability. Figure 6.6 shows the engineering 

stress versus strain curves for the IF steel. The continuous yielding and the absence of any 

visible yield point are characteristics of the curves. However, the 45º to the rolling direction 

sample has a rough transition during yielding. The elongation at fracture is maximum along the 

rolling direction and minimum along the 90º to rolling direction.    

   
          (a)                                      (b) 

Figure 6.4 Optical microscope micrographs of IF steel at different magnification: (a) 250; (b) 500. 

   
(a)                                                                                (b) 

Figure 6.5 SEM microstructure of IF steel at different magnification: (a) 500; (b) 750. 
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Figure 6.6 Engineering stress versus strain curves for IF steel. 

Table 6.3 Chemical composition by weight % of the IF steel used in this work. 

Sample C Mn Si P S Cr Ni Cu Al Ti Fe 

IF steel 0.0018 0.110 0.024 0.0062 0.0076 0.033 0.036 0.026 0.051 0.056 99.58 

Table 6.4 Mechanical properties of tested IF steel from a standard tensile test. 

Angle to RD 𝝈𝒚(MPa) 𝝈𝒖(MPa) Ag% A50% n rp 

0º 
168 290 26.76 46.85 0.24 1.44 

157 286 26.19 47.24 0.24 1.44 

45º 
165 281 25.24 47.65 0.20 1.43 

160 282 26.28 45.68 0.21 1.34 

90º 
187 285 24.38 41.94 0.21 1.74 

166 281 24.87 44.37 0.23 1.93 

  

  .  .  .  .  . 
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6.2 Design of experiments   

 The fundamental aim of this research work is to find out fracture toughness of the 

DP450 and the IF steels in plane-stress dominant (thin sheet) conditions, validation of EWF 

method, determination of microstructural influence on the fracture toughness, local strain 

distribution during the EWF test, and comparing the EWF results with standard tests.  

DENT specimens are used in this work, and the test is carried out on a universal tensile testing 

machine. Material properties are determined using a standard tensile test. The steels' (DP450 

and IF) chemical composition is determined using a spark atomic emission spectrometer. 

Fracture toughness of the material in mode-I is determined using EWF methodology. 

Determination of the fracture toughness in mode-II and mixed-mode is also tried using the EWF 

methodology. Microstructure characterization is made using Electron Back Scattered 

Diffraction (EBSD) technique. Local strain analysis is done using a digital image correlation 

(DIC) technique. Fractured surface analysis is done using a Scanning Electron Microscope 

(SEM).  

6.2.1 Tensile test  

 

Figure 6.7 Zwick Z030/TH2A tensile testing machine used for the tensile test and EWF test. 

The standard tensile test of material helps determine tensile strength, ductility, strain 

hardening, plastic anisotropy, and yield strength in ideal conditions. Properties of the material 

in real-world condition may be different and depends on various factors like environment, 

temperature, and many other factors. However, the tensile test results help compare different 

materials, material selection, design, and development of new materials. The ASTM 
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E8/E8M[67] is used as a standard reference in our work to conduct the tensile test. The 

experiments are conducted at a specified room temperature of 10-38 ºC. Since rolled sheets are 

used in this work, tensile strength is determined in three directions, which are, rolling direction, 

90º to the rolling, and 45º to the rolling directions. Two samples are prepared in each direction 

for better results. The experiments are conducted in ZWICK/Roell Z030/TH2A tensile testing 

machine (Figure 6.7). Force on the specimen during the test is measured using an in-built load 

transducer. Displacement of the specimen in longitudinal (elongation) and lateral directions 

(reduction in width) are recorded using in-built extensometers at 50 Hertz. Figure 6.8 shows 

the standard dimensions of the tensile test specimen used in this work. ASTM E8/E8M flat plate 

standard specimen having 12.5 mm width is selected. According to the standard, 40 mm wide 

samples can only be used for materials having more than 5 mm thickness, and a sub-size 

specimen of 6 mm width is too small to fit the extensometer. The standard strain rate 휀̇ across 

all tensile tests is 0.002-1s. The samples are prepared using a CNC milling machine without any 

burrs, notches, or groves, and with smooth finishing. Parameters like yield strength, ultimate 

strength, elongation at fracture, elongation at maximum load, strain hardening co-efficient n, 

and plastic anisotropy coefficient rp are determined.  

 

Figure 6.8 Standard tensile test sample with dimensions (mm). 

6.2.2 EWF test  

Essential work of fracture (EWF) methodology has been used to find out the fracture 

toughness of the DP450 and IF steel sheets. Section 4.2 explains the theory and methodology 

behind the EWF methodology. Double edge notched tension (DENT) specimens prepared from 

laser cutting, and EDM technology are used for the EWF test. Details of the sample preparation 

are explained in section 6.3. Figure 6.9 shows the DENT specimen with magnified notch-tip 

dimensions prepared from the laser and EDM cutting. In the EWF test, the sample is loaded in 

a universal tensile testing machine and pulled uniformly until the final fracture. Gauge length 
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is difficult to identify in DENT specimens; hence, the crosshead speed is considered a reference 

rather than strain rate. A uniform crosshead speed of 1 mm/minute is used in all the EWF tests. 

The area under the load-displacement curve is the output of the test. The force and displacement 

are recorded by the inbuilt load transducer and extensometer, respectively. The stress across the 

ligament in the EWF test is tensile; hence, no anti-buckling supports are needed. Grips on either 

end of the DENT specimen is free of speckle pattern for better gripping. A gripping length of 

approximately 25 mm is used in all the samples. For notched samples, original ligament length 

is considered for specific essential work of fracture we calculation. For fatigue precracked 

samples, the actual ligament length is used, i.e., fatigue precrack is subtracted from the original 

ligament length. The fatigue crack is measured in a scanning electron microscope after the EWF 

test. The validity and applicability of EWF methodology in mode-II and mixed-mode are 

examined using double-edge notched shear and staggered specimens, respectively. The concept 

of mixed-mode and mode-II loading in EWF methodology is discussed in section 4.3.6. Figure 

6.10 shows the geometry of double edge notched shear specimen with dimensions. Double edge 

notched shear specimen produces in-plane shear strains when loaded in tension. The ASTM 

standard B831-19[47] Standard Test Method for Shear Testing of Thin Aluminium Alloy 

Products is used as a reference to design the double edge notched shear specimens. Figure 6.11 

shows the geometry of the staggered double-edge notched tension specimen with dimensions. 

Cotterell et al.[44] designed the specimens for the mixed-mode loading, and the angle between 

the notches is selected as 30º in this work.        

  
Figure 6.9 Double-edge notched tension (DENT) specimen prepared from laser and EDM technology (mm). 

Laser  EDM  
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Figure 6.10 Double-edge notched shear specimen with dimensions (mm). 

 

Figure 6.11 Staggered double-edge notched tension specimen (30º) with dimensions (mm).  

6.3 Sample preparation  

 The DP450 and IF steel sheets of dimensions roughly 500*300 and 300*210 mm are 

collected before the stamping. The average thickness of the DP450 and IF steels are 0.565 and 

0.685 mm, respectively. There are no international standards published on the dimensions of 

the EWF test sample. E. Q. Clutton[26&27] conducted several round-robin experiments on the 

essential work of fracture methodology. European structural integrity (ESIS) has published 

some guidelines for sample preparation.  Based on various research articles and the ESIS 
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guidelines, a width of 45 mm and a height of 150 mm are chosen. According to B. Cotterell and 

J. K. Reddel[20], the ligament's lowest length should be more than three to five times the 

thickness. A more conservative approach is applied to the lowest length, and 5 mm is chosen. 

The ligament's highest length is limited to 13 mm; nine different samples with ligament lengths 

ranging from 5 to 13 mm are selected. A schematic representation of the sample is shown in 

Figure 6.12. For the essential work of fracture methodology, the sample's notch-tip radius 

should be as minimum as possible. A lower notch radius helps in creating fatigue cracks 

quickly; by increasing the stress concentration. Two different technologies are used to cut the 

sheet and create the notch, which are, high intensity laser and electrical discharge machining 

(EDM). 

  

Figure 6.12 Schematic diagram and actual picture of specimen for EWF test (mm). 

6.3.1 Laser cutting 

 A high-intensity pulsed laser beam generated by electrical discharge or lamp source is 

reflected inside a laser source until it gets high energy. The high-intensity monochromatic 

coherent light is directed using optics on the smallest possible surface area to be cut. The source 

of laser can be CO2 excimer gas laser or solid-state laser. The laser head is attached to a 

computer numerically controlled (CNC)  machine or G-code for better precision.  The power 

of the laser beam is varied based on the sheet thickness. The laser's intensity depends on the 

laser source, the focal length of lenses, the laser beam mode (variation across the laser cross-

section), the laser beam's wavelength, and the focal position of the laser head. Pressurized gas 
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is used to blow away the melted material. Oxygen, nitrogen, and other inert gases are used as 

cutting gases. Gases such as nitrogen and argon don’t produce any combustion. In contrast, the 

oxygen makes an exothermic reaction and produces high temperatures near the base material. 

Figure 6.13 shows a simple schematic representation of laser cutting. The thickness of the 

material is less than a millimetre; hence, the cutting speed can be relatively fast. Because of the 

high-intensity laser and lower sheet thickness, the notches are cut in a single go. Figure 6.14 

shows the sample prepared from laser cutting technology along with notch tip dimensions. 

Notch tip radius is a crucial parameter for the essential work of fracture testing, as it influences 

stress concentration, and thereby cracks propagation. The lowest possible laser beam width is 

created for the lowest possible notch-tip radius. A notch tip radius of 55 µm is achieved. 

 

Figure 6.13 Schematic representation of laser cutting[68]. 

             
                   (a)        (b)  

Figure 6.14 (a) EWF testing sample prepared using laser cutting; (b) Notch tip dimensions from laser cutting.  
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The laser cutting's primary objective might be a sharp notch tip; however, the effect of heat 

generated during the laser cutting operation also needs to be considered. Though the heat-

affected zone is relatively smaller than a standard welding or flame cutting, it is necessary to 

estimate the change in properties due to the laser cutting.  

6.3.2 Electrical discharge machining (wire EDM) 

 In electrical discharge machining, the material is removed by creating an electric 

discharge between two electrodes in a dielectric medium: the workpiece and the tool act as 

electrodes. In this work, wire EDM technology is used to prepare the sample. In the wire EDM, 

a constantly moving wire acts as one electrode and the tool, and the workpiece to be cut as 

another electrode. Generally, de-ionized water is used as a dielectric medium, and it also serves 

to flush. Dielectric medium cools down the workpiece and the tool and flushes out the debris 

from the machining process. Due to the dielectric breakdown of water, an electric discharge is 

created between the wire and workpiece, which helps in removing the material. There isn’t any 

contact between the workpiece, and the tool (wire), the spark generated between them melts the 

workpiece. Figure 6.15 shows a schematic representation of metal removal using wire-EDM. 

The constant changing wire during operation helps in the longevity of the tool (wire). An 

electric power supply (DC) is given for the tool to create an electric potential difference between 

the tool and the workpiece. A CNC-plotter helps in achieving better accuracy and creating 

complex shapes. Hard metals can also be cut using EDM, which is difficult in conventional 

mechanical processes. The absence of physical contact and fast cooling by di-electric medium 

helps achieve the low residual stress in the material. The change in material properties on the 

workpiece due to EDM is significantly lower than laser cutting. A smaller heat-affected zone 

and low residual stresses are expected in the notch tip[69–71]. A notch tip radius is 150 to 180 

µm is achieved in this work. Figure 6.16 shows the sample prepared using the wire EDM 

process. Figure 6.17 shows the notch tip dimensions of the sample created by the wire EDM 

process. The notch tip radius is significantly larger than the laser cutting sample.   
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Figure 6.15 Schematic representation of a wire-EDM process.  

 

Figure 6.16 EWF testing sample created by wire EDM. 

 

Figure 6.17 Notch tip dimensions of the sample prepared using wire EDM.   

1 Wire (tool). 2 Electrical discharge (Electric arc). 3 Power supply. 4 Workpiece 

180 µm 
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6.3.3 Fatigue precrack  

 The fundamental objective of a fracture toughness test is to find out the resistance of a 

material against crack growth. Any sharp notch produced by machining will not simulate an 

actual crack[11]. Fatigue crack generated from cycling loading is used in most of the research 

works. The count of cycles needed to initiate a crack is hard to predict and depends on factors 

like material properties, load, notch radius, and quality of notch. In this work, two different 

notch starters are present, one set of samples prepared from the laser cutting has a sharp starter 

notch of 55 µm radius, and the other has 150~180 µm prepared from the EDM. The primary 

requirement of fatigue crack for a DENT specimen is that the crack length on either side should 

be the same, and the crack should propagate straight forward on either side. Fatigue crack 

initiation can be controlled either by force or displacement. According to the ASTM E1820 

standard, the maximum stress intensity K1max during fatigue precrack should not exceed 70% of 

critical stress intensity factor K1C. The ratio of minimum to maximum force R during the fatigue 

precrack is suggested as 0.1 for faster initiation of crack.  The crack length should be more than 

0.2 mm on either side (in this work). It is challenging to keep the length of fatigue cracks 

constant in all specimens. At least, to keep the same fatigue precrack on either notch of the 

DENT specimen, the sample is rotated after a few thousands of cycles regularly. Crack on either 

side of the ligament must be equal for simultaneous crack initiation and growth. For both the 

laser cutting and the wire samples, high cycle fatigue cracks are generated. The maximum load 

during fatigue crack generation is less than the yield strength of the material.(Fatigue precrack 

was prepared with the help of COMTES FHT a.s., Dobřany, Czech Republic)   

6.4 Digital image correlation technology 

 Generally, strain and displacement obtained during the essential work of fracture (EWF) 

testing from an extensometer or a crosshead have only global data. Information obtained from 

the extensometer and crosshead is the sample's average deformation without considering local 

deformation. Digital image correlation (DIC) is a non-contact optical measurement technique, 

which utilizes a series of images and computation to give exact deformation at every location 

on a sample[72]. One or two cameras are used to capture images at several intervals during the 

test. One or two polarised LED lights are used for better illumination of the pattern. A 

commercial software having robust algorithm and post-processing helps in full-field 

measurement of deformation on the surface. To create the information on the sample, to 
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digitally analyse the images, a pattern is created. The pattern can be grids, dots, lines, random 

arrows, and speckle patterns. A characteristic of a good pattern is to have a high amount of 

information (pixel), no preferred orientation, and a non-repetitive (non-periodic) pattern for 

easy analysis[67.68]. ARAMIS commercial DIC (Figure 6.18) is used in this research work. 

The sample is first sprayed entirely with a white synthetic spray, and later a black spray is used 

to create a distinct stochastic pattern. Figure 6.19 shows the stochastic pattern on the sample.  

 

Figure 6.18 Aramis 3D digital image correlation (DIC) experimental setup. 

 

Figure 6.19 Stochastic patterns of DIC sample.  

Cameras  

Polarised Lights  

Specimen   
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6.5 Electron backscatter diffraction  

  Electron backscatter diffraction (EBSD) is an additional material characterisation 

technique associated with SEM. It helps in analysing grain size (up to 20 nanometres), 

crystallographic orientation, internal grain deformation,  phase identification, crystal 

imperfection (misorientation), and strain at the grain level[75]. Ease of sample preparation, 

advancement in cameras, faster processing speed, and enhanced visualisation of results made 

EBSD a reliable technique in the research field and industry. The distinctive diffraction pattern 

of Kikuchi bands was first observed in 1928[76]. EBSD is attached to a scanning electron 

microscope, and a high-intensity electron beam is made to fall on a finely polished surface at a 

tilted angle (70º). The backscattered electron with a minimum loss of energy will fall on a 

phosphorus screen. The backscattered electrons carry information about the crystallographic 

orientation of atoms, thereby generating the Kikuchi bands on screen. These unique Kikuchi 

bands will be compared with a database to find out the crystal and its orientation. The 

phosphorus screen is kept at about 20 mm from the sample and parallel to the incident electron 

beam. The phosphorus screen is connected to a CCD (charge-coupled device) camera to record 

the Kikuchi bands at the scanning location. The sample's scanning can be done by mechanical 

movement of the sample or digital beam scanning mode. The sample's grain size can be 

precisely determined, and crystallographic orientation within each grain can also be determined. 

Inverse pole figure (IPF) map, grain size map, misorientation (MO) maps, kernel average 

misorientation (KAM) map, and many more maps are generated after EBSD scanning[77–79]. 

Figure 6. 20 shows the simple schematic representation of the EBSD operation.   

 

Figure 6. 20 Schematic representation of EBSD in SEM[80]. 
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The DP450 and the IF steel samples are prepared for the EBSD analysis before and after the 

EWF tests. The steel sheets are cut into small rectangular shapes of 15*10 mm. These small 

samples are mounted onto Bakelite resin capsules using a high-pressure mounting machine. 

Then the samples are grinded using silicon papers ranging from 60 to 1500. The grinded 

samples are then polished using a diamond paste of 3 and 1 µm. The Bakelite resin is broken 

to remove the sample. The grinded and polished samples are cleaned using an ultrasonic cleaner 

for 10 minutes. The mechanically polished samples are electro-polished using struers electro-

polishing machine. The technical specification for the electro-polishing is given in Table 6. 5. 

A specially designed holder is used to place the specimen inside the SEM. The specimen is 

tilted about 70º to the horizontal surface. A probe current of 20 Nano ampere, step size of 0.27 

µm/pixel, 60.2 fps (frames per second), and 20 kV accelerating voltage is used.     

Table 6. 5 Electro-polishing parameters for EBSD analysis. 

 Area (cm2) Flow rate Voltage (V) Time (s) 

DP450 1 10 23 5 

IF Steel 1 10 36 7 

 

6.6 Hole expansion test and Nakajima test  

Figure 6. 21(a) shows a simple schematic representation of a hole expansion test. The 

essential components of the test are holders to hold a sample, cylindrical punch, and sample. 

An initial bore diameter (do) of the sample is selected as 35 mm. The cylindrical punch is moved 

into the bore until a fracture appears. The final diameter of the bore (df) is measured after the 

test. Several samples with different shearing clearance are prepared and tested (Figure 6. 21(b)). 

The hole expansion ratio λ is calculated using equation 6.1. (Hole expansion test, the Nakajima 

test, and FLD test for the DP450 and the IF steel is done in the Technical University of Liberec 

in association with Skoda auto). 

 
    (a)     (b) 

Figure 6. 21 (a) Schematic representation of hole expansion test[81]; (b) samples after the test. 
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𝜆 =
𝑑𝑓−𝑑𝑜

𝑑𝑜
× 100                                                             (6.1) 

Figure 6. 22 shows a schematic representation of a Nakajima test and sample used to create 

FLD. Eleven samples having a width from 40 to 120 mm are used for the test. The difference 

in the samples' width is used to create various strain conditions, from uniaxial tension to equi-

biaxial tension. The samples are sprayed with a black and white speckle pattern, and Aramis 

DIC collects the strain information. The sample is gripped inside the holder, and the punch is 

pressed until complete fracture. The samples with centre cracks are considered for FLC 

calculation.   

 
   (a)      (b) 

Figure 6. 22 (a) Samples of Nakajima test; (b) schematic representation of Nakajima test[82]. 

  

Width 40-120 mm 

Shaft length 40 mm 

Fillet radius 20 mm 

Radius 100 mm 
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7. RESULTS AND DISCUSSIONS OF EWF TESTS 

7.1 Optimization of test specimen design  

Geometry and technology used in sample preparation will have a considerable effect on 

test results. The methods used for the sample preparation are briefly discussed in sections 6.3.1 

and 6.3.2. Figure 7.1 shows the optical microscope images of the microstructure near the notch 

tip of the DP450 steel. A high temperature generated by the laser during the sample preparation 

is affecting the microstructure. The laser is exceptionally local and precise; the size of the heat-

affected zone (HAZ) is not as significant as regular welding HAZ. The grain refinement has 

spread a few micrometres near the cutting edge (Figure 7.1(a)). There is no grain refinement in 

the EDM cut (Figure 7.1(b)) because of dielectric fluid in the wire electrical discharge 

machining.  

It is hard to quantitatively estimate the change in mechanical properties in the heat-affected 

zone of such a small area. Microhardness measurement is used to analyse the effect of the laser 

and the EDM wire cutting on the heat-affected zone. It is not a precise way to estimate the 

change in properties; however, it is convenient and available. For better sensitivity, HV 0.2 

loading is used for the hardness measurement. Figure 7.2 shows the micro-hardness graph 

versus the distance from the edge for the laser and the wire EDM cut for the IF steel. The IF 

steel is deliberately selected against the DP450 steel because of its more homogeneous 

microstructure.  

   
          (a)          (b) 

Figure 7.1 Optical microscope images of microstructure at the notch tip of DP450 steel: (a) laser cutting; (b) 

EDM cutting.  
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Figure 7.2 Microhardness versus distance from the edge for laser and wire EDM of IF steel.  

A sharp increase of hardness can be seen near the edge and decreases as moved away from the 

edge. In general, the laser cut has produced higher hardness against the EDM cut. In the EDM 

cut, the hardness drops suddenly after one or two measurements, and the remaining values are 

uniform. In the case of laser-cut, the drop in hardness is more linear. From analyses of the 

hardness results, the EDM cut has little effect on the sample and produces smaller HAZ. The 

notch tip radius created by the laser cutting is 55µm and 180µm for the wire EDM. The notch 

tip radius created by the wire EDM is dependent on the wire diameter used. Despite the higher 

notch tip radius from the wire EDM process, the effect on material properties is more negligible. 

Though the difference in hardness is very little between the two methods, EDM is a safer and 

better sample preparation method. However, the presence of fatigue precrack in the sample 

offset the limitations of the laser.    

  

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
70

80

90

100

110

120

130

140

Laser (1)

Laser (2)

EDM (1)

EDM (2)

M
ic

ro
-h

a
rd

n
es

s 
H

V
0

.2

Distance from the edge (mm)



83 

 

7.2 Essential Work of Fracture test results for DP450  

 Several sets of samples are prepared using laser and EDM for the EWF test. Initially, 

notched and precracked (fatigue precracked) samples prepared from the laser are tested, and 

the deformation output is recorded using crosshead displacement. In the second stage, notched 

samples prepared from the laser and the EDM are tested, and the deformation output is recorded 

using an extensometer. Finally, fatigue precracked samples are tested, and the deformation is 

recorded using the extensometer. Section 6.2.2 describes the details of the EWF experiment and 

the experimental parameters. The width and the heigh of the specimen are 45 mm and 150 mm, 

respectively. Each sample set has nine specimens and has a ligament length from 5 to 13 mm. 

The length of the ligament is measured before the EWF test using a stereomicroscope. A 

standard crosshead speed of 1 mm/minute is used across all the EWF tests. The physical 

extensometer is kept at 50 mm apart, and it is well outside the plastic deformation zone. The 

force and the displacement are recorded until the force falls to 75% of the maximum force. The 

area under the force-displacement curve denotes the total work of fracture Wf. Two different 

methods can calculate the area under the force-displacement curve. The first method is the 

direct calculation of curve area by trapezoid equations, and the second method is integrating 

the best-fit curve. Both the methods give identical results, and the first method is used in this 

work.                

7.2.1 Notched samples  

This section is dedicated to notched samples. The notched samples prepared from the 

laser and the EDM are tested. The notched samples are tested in three different stages. Initially, 

the notched samples prepared from the laser cutting are tested, and deformation output is 

recorded using crosshead displacements. In the second stage, the notched samples prepared 

from the laser are tested, and the deformation output is recorded using an extensometer. Finally, 

the notched samples prepared from EDM are tested, and the deformation output is recorded 

using the extensometer.  

Laser notched samples with crosshead displacements 

Figure 7.3 shows the force-deformation (displacement) curves for the notched samples prepared 

from the laser, and deformation is recorded using the crosshead movement. The area under the 

curve increases with an increase in ligament length without changing the curve's shape. Specific 

work of fracture wf is calculated by dividing the total work of fracture Wf by the initial ligament 

area. The maximum recorded deformation is considered as displacement at fracture vf. 
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Figure 7.3 Force versus displacement (crosshead) diagram for notched samples prepared from the laser. 

Table 7.1 shows the outputs and calculated parameters from the force-displacement curves of 

the EWF tests for the notched samples prepared from the laser (crosshead). Figure 7.5 shows 

the specific work of fracture wf versus original ligament length for notched samples prepared 

from the laser (crosshead). A linear curve is generated based on the data points to determine the 

specific essential work of fracture we and it is the zero intercept on the y-axis. In this case, the 

specific essential work of fracture is 352.88±8.64 kJ/m2, and βwp is 30.36±0.93 kJ/m3. βwp is 

the slope of the linear fitted line, and it equates to specific non-essential work of fracture(wp). 

β is the shape factor of plastic deformation and is given by 𝜋𝑎
4𝑏⁄  ; a and b are major and minor 

axis of the ellipse. Pearson correlation coefficient R2 is an indicator for a linear relationship 

between abscissa and ordinate values, one being perfectly linear. The R2 value is equal to 0.9934 

(Figure 7.5), which indicates a good linear fit. The good linearity proves that the specific work 

of fracture increases linearly with the ligament length within the specified ligament range. 

Figure 7.4 shows the graph of deformation at fracture versus ligament length for notched 

samples prepared from the laser, and deformation is recorded from the crosshead. A linear curve 

is generated based on the data points to find crack tip opening displacement (CTOD) 𝛿𝑐
𝑒 and 

crack tip opening angle (CTOA) ψe. The zero-ligament length intercept of the fitted line on the 

y-axis is the crack tip opening displacement (CTOD) 𝛿𝑐
𝑒  and slope of the linear fitted line is 

half of the crack tip opening angle (CTOA) ψe. The determined CTOD 𝛿𝑐
𝑒  and CTOA ψe from 

the EWF tests are 0.6890±0.038 mm and 13.65º respectively. The fitted line has an R2 value of 

0.9913. 
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Table 7.1 EWF tests outputs (crosshead displacements) for notched samples prepared from the laser.  

Ligament 

length (mm) 

Maximum 

force (N) 

Maximum 

stress(MPa) 

Total work of 

fracture Wf(N-

mm) 

wf 

(kJ/m2) 

vf 

(mm) 

 

4.65 1523.99 580.070 1296.03 493.30 1.202  

5.85 1809.45 547.447 1726.93 522.48 1.418  

6.8 2095.94 545.534 2139.33 556.83 1.488  

7.8 2377.6 539.505 2625.42 595.74 1.643  

8.8 2665.15 536.032 3116.88 626.89 1.754  

9.88 2946.44 527.828 3708.64 664.37 1.898  

10.88 3238.13 526.765 4180.76 680.11 1.942  

12 3510.9 517.832 4795.97 707.37 2.087  

13 3727.63 507.506 5490.62 747.53 2.258  

 
Figure 7.4 Deformation at fracture versus ligament length for notched samples prepared from the 

laser(crosshead).  

 
Figure 7.5 Specific work of fracture versus ligament length for notched samples prepared from the 

laser(crosshead). 
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Laser notched samples with extensometer displacements  

 Figure 7.6 shows the force-deformation (displacement) curves for the notched samples 

prepared from the laser, and deformation is recorded using an extensometer. The deformation 

recorded from the crosshead is much higher (Figure 7.3) in comparison to the extensometer 

(Figure 7.6); hence, the area under the force-displacement curve will also be larger. The higher 

displacement from the crosshead is attributed to high elastic energy storage in grips[83] and 

probable slip due to metal coating and surface paints (DIC analysis). From the visual 

observation and DIC images, crack initiation happens near the peak load for the notched 

samples. After the crack initiation, the decrease in load is not instantaneous; instead, it is more 

gradual. The gradual decrease in load indicates good crack growth resistance and ductile 

fracture during the crack growth.  

 
Figure 7.6 Force versus displacement (extensometer) diagram for notched samples prepared from the laser. 

Table 7.2 shows the outputs and calculated parameters from the force-displacement curves of 

the EWF tests for the notched samples prepared from the laser (extensometer). Figure 7.8 shows 

specific work of fracture versus ligament length for the notched samples prepared from the laser 

(extensometer). The specific essential work of fracture ‘we’ and slope of the fitted curve are 

200.14±4.84 kJ/m2 and 26.16±0.523 kJ/m3respectively. An R2 value of 0.9980 (Figure 7.8) 

indicates the fitted curve's good linearity. Figure 7.7 shows the graph of deformation at fracture 

versus ligament length for notched samples prepared from the laser (extensometer). The 

determined CTOD 𝛿𝑐
𝑒  and CTOA ψe from the EWF tests are 0.3625±0.0016 mm and 7.66º 

respectively. The fitted line has an R2 value of 0.9962. 
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Table 7.2 EWF test outputs (extensometer displacements) for notched samples prepared from the laser.   

Ligament 

length (mm) 

Maximum 

force (N) 

Maximum 

stress(MPa) 

Total work of 

fracture Wf(N-

mm) 

wf 

(kJ/m2) 

vf 

(mm) 

4.89 1567.96 567.52 897.61 324.89 0.6933 

5.84 1881.69 570.28 1161.41 351.99 0.7350 

6.9 2182.24 559.76 1486.70 381.35 0.8258 

8.86 2731.15 545.59 2194.78 438.44 0.9723 

10.8 3264.99 535.07 2955.26 484.31 1.0896 

11.75 3457.26 520.77 3370.35 507.68 1.1535 

12.74 3713.00 515.83 3807.55 528.97 1.1988 

 
Figure 7.7 Deformation at fracture versus ligament length for notched samples prepared from the laser 

(extensometer). 

 
Figure 7.8 Specific work of fracture versus ligament length for notched samples prepared from the laser 

(extensometer). 
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EDM notched samples with extensometer displacements  

 Figure 7.9 shows the force-displacement curve for the notched samples prepared from 

the EDM (extensometer). In all the figures (Figure 7.3, Figure 7.6 & Figure 7.9), the curves' shape 

is similar for all the ligament lengths in their respective group. Like the standard stress-strain 

diagram (Figure 6.3), in the beginning, a linear portion is observed before plastic deformation 

(Figure 7.6 & Figure 7.9), and the curve is almost parabolic after deviating from the linear portion 

until fracture. The force will gradually increase and decrease identically before and after 

reaching the peak load. In the notched samples prepared from the EDM (Figure 7.9), there is a 

sudden dip in force after reaching the maximum load. This load drop is attributed to the 

beginning of the constant crack growth, but it is more visible in the EDM samples.  

 
Figure 7.9 Force versus displacement (extensometer) diagram for notched samples prepared from the EDM. 

Figure 7.11 shows the specific work of fracture versus ligament length for notched samples 

prepared from the EDM (extensometer). The specific essential work of fracture ‘we’ and slope 

of the fitted curve are 225.39±6.96 kJ/m2 and 27.35±0.74 kJ/m3respectively. An R2 value of 

0.9948 (Figure 7.11) indicates the fitted curve's good linearity. Figure 7.10 shows the graph of 

deformation at fracture versus ligament length for notched samples prepared from the EDM, 

and deformation is recorded from the extensometer. The determined CTOD 𝛿𝑐
𝑒  and CTOA ψe 

from EWF tests are 0.4092±0.016 mm and 8.25º respectively. The fitted line has an R2 value of 

0.9960. 
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Table 7.3 EWF test outputs (extensometer displacements) for notched samples prepared from the EDM. 

Ligament 

length (mm) 

Maximum 

force (N) 

Maximum 

stress(MPa) 

Total work of 

fracture Wf(N-

mm) 

wf 

(kJ/m2) 

vf 

(mm) 

5 1574.84 557.47 1002.91 355.02 0.7616 

6 1869.41 551.45 1316.07 388.22 0.8259 

7 2155.64 545.04 1647.40 416.54 0.9200 

8 2451.69 542.41 2036.36 450.52 0.9909 

9 2730.37 536.95 2428.02 477.49 1.0794 

10 3004.02 531.68 2850.08 504.44 1.1367 

11 3287.79 529.01 3254.73 523.69 1.1994 

12 3552.87 524.02 3765.17 555.34 1.2774 

13 3837.61 522.48 4208.17 572.93 1.3278 

 
Figure 7.10 Deformation at fracture versus ligament length for notched samples prepared from EDM 

(extensometer). 

 
Figure 7.11 Specific work of fracture versus ligament length for notched samples prepared from EDM 

(extensometer). 
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In section 4.3.2, the experimental validity of the EWF test in terms of maximum stress is 

discussed in detail. One of the fundamental principles of the essential work of fracture 

methodology is to keep a similar stress state in all ligaments. The maximum stress in the 

ligament is calculated by dividing the maximum force by the initial ligament area. To verify 

the above condition, the maximum stress in the ligament is plotted against the ligament length. 

Figure 7.12 shows the maximum stress in the ligament versus the original ligament length for 

the notched samples prepared from the laser and the EDM. The maximum stress in the ligament 

is expected to be in the range of 0.9σu to 1.15σu, an empirical estimation that a similar stress 

state (plane stress dominant) is maintained in all ligaments. In all the cases mentioned above, 

the maximum stress was in the specified range. Hence, a similar stress state is believed to have 

existed in all the ligaments during the EWF tests. The maximum stress in the ligament is slightly 

higher in the EDM samples than the laser samples. A general trend is that the maximum stress 

in the ligament increases with a decrease in the ligament length. The variation of the maximum 

stress is more pronounced for shorter ligaments; it indicates an increased portion of quasi-plane 

strain dominant condition at the crack initiation. Further increase in the ligament length would 

have reduced the maximum stress below the specified range. 
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             (c)       

Figure 7.12 Maximum stress in ligament versus ligament length during EWF tests: (a) Laser notched(crosshead); 

(b) laser notched (extensometer); (c) EDM notched (extensometer). 

7.2.1 Fatigue precracked samples 

 Fatigue pre-cracked samples are tested in two stages. In the first stage, the pre-cracked 

samples are tested, and deformation output is recorded from the crosshead movement. In the 

second stage, the pre-cracked samples are tested, and the deformation output is recorded from 

the extensometer. Section 5.3.3 explains the detail of the fatigue pre-crack test. Figure 7. 13 

shows SEM images of the fatigue pre-crack and magnified striations of the fatigue crack. 

  
   (a)       (b) 

Figure 7. 13 SEM images of (a) Fatigue pre-crack; (b) striations of the fatigue crack.   

Table 7.4 & Table 7. 5 show the outputs and calculated parameters from force-displacement 

curves of EWF tests for the pre-cracked samples, and deformation is recorded from the 

crosshead (Table 7.4) and the extensometer (Table 7. 5), respectively. Figure 7.14 and Figure 

7.15 show the force-deformation (displacement) curves for the pre-cracked samples. While in 
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the former, deformation is recorded using the crosshead movement and the extensometer in the 

latter. In Figure 7.15 (extensometer), the shape of the curves is similar for all the ligament 

lengths and no significant difference compared to the notched samples. However, in Figure 7.14 

(crosshead), the shape of force-displacement curves is not perfectly similar for all ligament 

lengths. Like the notched samples, the force will gradually increase and decrease during the 

test. From the visual observation and the DIC images, crack initiation happens well before 

reaching the peak load for the precracked samples. After reaching the peak load, the decrease 

in load is not instantaneous rather more gradual. The gradual decrease in load indicates a good 

crack growth resistance and ductile fracture during the crack growth. 

 
Figure 7.14 Force versus displacement (crosshead) diagram for precracked samples.  

 
Figure 7.15 Force versus displacement (extensometer) diagram for precracked samples. 
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Figure 7.17 shows specific work of fracture versus ligament length for the precracked samples, 

and deformation is recorded from the crosshead. The specific essential work of fracture ‘we’ 

and slope of the fitted curve are 266.79±17.79 kJ/m2 and 36.88±2.01 kJ/m3, respectively, which 

are significantly lower than the notched samples. An R2 value of 0.9883 (Figure 7.17) indicates 

the fitted curve's decent linearity. Figure 7.16 shows the graph of deformation at fracture versus 

ligament length for the precracked samples, and deformation is recorded from the crosshead. 

The determined CTOD 𝛿𝑐
𝑒  and CTOA ψe from EWF tests are 0.4085±0.077mm and 17.38º 

respectively. The fitted line has an R2 value of 0.9868.  

 
Figure 7.16 Deformation at fracture versus ligament length for precracked samples (crosshead). 

 
Figure 7.17 Specific work of fracture versus ligament length for precracked samples (crosshead). 

Figure 7. 19 shows specific work of fracture versus ligament length for the precracked samples, 

and deformation is recorded from the extensometer. The specific essential work of fracture ‘we’ 

and slope of the fitted curve are 154.22±7.26 kJ/m2 and 32.34±1.15 kJ/m3, respectively, which 
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are significantly lower compared to the notched samples. An R2 value of 0.9824 (Figure 7. 19) 

indicates the fitted curve's decent linearity. Figure 7.18 shows the graph of deformation at 

fracture versus ligament length for the precracked samples, and deformation is recorded from 

the extensometer. The determined CTOD 𝛿𝑐
𝑒  and CTOA ψe from EWF tests are 

0.3251±0.01mm and 9.07º respectively. The fitted line has an R2 value of 0.9917. 

 
Figure 7.18 Deformation at fracture versus ligament length for precracked samples (extensometer). 

 
Figure 7. 19 Specific work of fracture versus ligament length for precracked samples (extensometer). 

Figure 7.20 shows the maximum stress in the ligament versus the original ligament length for 

the precracked samples. The maximum stress in the ligament is well within the previously 

mentioned limit. However, the maximum stress of pre-cracked samples is slightly lower than 

the notched samples. Like the notched samples, the maximum stress increases with a decrease 

in ligament length. The variation in maximum stresses is predominant for smaller ligaments; 

due to increased quasi-plane strain area at the crack initiation.  
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   (a)       (b) 

Figure 7.20 Maximum stress in ligament versus ligament length during EWF tests: (a) precracked (crosshead); 

(b) precracked (extensometer).  

 
Table 7.4 EWF test outputs (crosshead displacements) for precracked samples. 

Effective 

ligament 

length (mm) 

Maximum 

force (N) 

Maximum 

stress(MPa) 

Total work of 

fracture Wf(N-

mm) 

wf 

(kJ/m2) 

vf 

(mm) 

5.04290416 1432.25 502.68 1260.76 442.49 1.1234 

6.52920166 1941.48 526.29 1902.85 515.82 1.4558 

7.83632666 2325.77 525.30 2526.97 570.74 1.6430 

9.12559333 2607.79 505.78 3049.34 591.42 1.7437 

10.5992 3046 508.64 3933.01 656.76 2.0159 

Table 7. 5 EWF test outputs (extensometer displacements) for precracked samples. 

Effective 

ligament 

length 

(mm) 

Maximum 

force (N) 

Maximum 

stress(MPa) 

Total 

work of 

fracture 

N-mm(Wf) 

wf 

(kJ/m2) 

vf 

(mm) 

2.642 857.80 574.58 361.745 242.31 0.5238 

3.243 1052.33 569.57 483.615 266.38 0.5777 

3.411 1097.72 574.32 513.388 263.94 0.5847 

3.805 1158.34 550.60 587.200 348.73 0.6443 

3.987 1216.17 533.60 619.632 362.81 0.6402 

4.327 1312.85 521.60 728.450 397.75 0.6786 

5.899 1835.37 523.13 1162.455 449.67 0.7910 

5.985 1774.89 525.56 1190.747 472.77 0.8318 

6.123 1929.77 557.80 1265.791 365.87 0.7932 

6.343 1868.07 541.98 1213.772 442.27 0.8028 

6.432 1939.35 538.71 1318.616 273.09 0.8496 

7.150 2087.01 536.92 1525.775 297.92 0.9041 

7.959 2345.73 539.79 1788.782 275.02 0.9360 

8.355 2558.51 521.20 2087.816 338.65 0.9732 

9.141 2701.98 524.82 2322.549 352.09 1.0527 

9.784 2905.48 516.62 2613.649 377.69 1.1076 
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7.2.3 Discussion of DP450 EWF results  

Table 7. 6 tabulates the EWF test results for the notched and the precracked samples of 

the DP450 steel in all conditions. The main results of EWF experiments are specific essential 

work of fracture we and specific non-essential work of fracture wp. Other parameters like crack 

tip opening displacement 𝛿𝑐
𝑒 and crack tip opening angle 𝜓𝑒  are determined from the 

deformation data. By comparing the results of extensometer and crosshead deformations, the 

crosshead deformation is larger in all specimens. Larger deformation recorded from the 

crosshead leads to higher specific essential work of fracture we and crack tip opening 

displacement 𝛿𝑐
𝑒. Specific essential work of fractures we are 352.88 kJ/m2 and 200.14 kJ/m2 for 

notched samples, where deformation is recorded from the crosshead and the extensometer, 

respectively. The specific essential work of fracture we determined from the crosshead 

movement is 76.31% larger than the we from the extensometer. Crack  tip opening displacement 

𝛿𝑐
𝑒 determined from the crosshead movement is 100% higher than the 𝛿𝑐

𝑒 from the 

extensometer. Parameters determined from the crosshead are significantly larger than the 

extensometer. Hence, parameters determined from the crosshead movement are only used for 

comparison and do not truly represent the actual values. From here onwards, only parameters 

determined from the extensometer are used for analyses.  

Specific essential work of fractures we are 200.14 kJ/m2 and 225.39 kJ/m2 for notched samples 

prepared from the laser and EDM, respectively. Crack tip opening displacements 𝛿𝑐
𝑒 are 0.3625 

mm and 0.4092 mm for notched samples prepared from the laser and EDM, respectively. 

Specific non-essential work of fractures wp (wpβ) are 26.16 kJ/m3 and 27.35 kJ/m3 for the 

notched samples prepared from laser and EDM, respectively. Crack tip opening angles 𝜓𝑒 are 

7.66º and 8.25º for the notched samples prepared from laser and EDM, respectively. The notch 

tip radii of 55 µm(laser) and 180 µm(EDM) have a considerable effect on the results.  The 

DP450 steel is sensitive to variation in notch tip radius for the notched samples.    

Specific essential work of fractures we are 200.14 kJ/m2 and 154.22 kJ/m2 for the notched and 

the precracked samples, respectively (extensometer). The specific essential work of fracture we 

for the notched samples is 30% higher than the we determined from the precracked samples. 

Crack tip opening displacement 𝛿𝑐
𝑒 are 0.3625 mm and 0.3251 mm for the notched and the 

precracked samples, respectively (extensometer). The crack tip opening displacement 𝛿𝑐
𝑒 for 

the notched samples is 11% higher than the 𝛿𝑐
𝑒 for the precracked samples. Crack tip opening 

angles 𝜓𝑒 are 7.66º and 9.07º for the notched and the precracked samples, respectively 
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(extensometer). The crack tip opening angle 𝜓𝑒  for the precracked samples is 18% higher than 

the 𝛿𝑐
𝑒 for the notched samples. Specific non-essential work of fractures wp (wpβ) are 26.16 

kJ/m3 and 32.34 kJ/m3 for the notched and the precracked, respectively (extensometer). The 

lowest possible notch tip radius is only achieved from fatigue precrack. Hence, the precracked 

sample result is believed to be closer to the actual fracture toughness. The parameters obtained 

from the EWF test of precracked samples are different from the notched sample results. The 

specific essential work of fracture ‘we’ is the most sensitive to fatigue crack, and it is a 

significant output of the EWF test. Hence, the fracture toughness determined from the fatigue 

crack is believed to be the actual value. However, the crack tip opening displacement 𝛿𝑐
𝑒 is less 

sensitive than the we to the fatigue precrack. The crack tip-opening angle 𝜓𝑒  and the specific 

non-essential work of fracture ‘wp’ have the opposite effect on the presence of fatigue precrack. 

Both the parameters are lower for the fatigue-precracked samples compared to the notched 

samples. The critical information is that both the parameters (𝜓𝑒  & wp)  are determined from 

the slope. While the we and 𝛿𝑐
𝑒 are determined from zero intercepts.    

Table 7. 6 EWF test results for notched and precracked samples of DP450 steel. 

  𝑤𝑓  = 𝑤𝑒  +  𝑤𝑝𝐿𝛽  𝑣𝑓 = 𝛿𝑐
𝑒 +

𝜓𝑒

2
𝐿 

T
y

p
e
 Preparation 

method 

(Deformation 

recording) 

we (kJ/m2) 
wpβ 

(kJ/m3) 
R2  𝜹𝒄

𝒆(mm) 
𝝍𝒆/𝟐 

(𝝍𝒆𝐢𝐧 𝜽°) 
R2 

N
o

tc
h

ed
 

Laser 

(Crosshead) 
352.88±8.64 30.36±0.93 0.9934  0.6891±0.038 

0.1192±0.004 

(13.65º) 
0.9913 

Laser 

(Extensometer) 
200.14±4.84 26.16±0.52 0.9980  0.3625±0.016 

0.06686±0.001 

(7.66º) 
0.9962 

EDM 

(Extensometer) 
225.39±6.96 27.35±0.74 0.9948  0.4092±0.016 

0.07206±0.001 

(8.25º) 
0.9960 

p
re

-c
r
a

ck
ed

 

(Crosshead) 266.79±17.79 36.88±2.01 0.9883  0.4088±0.077 
0.1517±0.008 

(17.38º) 
0.9868 

(Extensometer) 154.22±7.26 32.34±1.15 0.9824  0.3251±0.01 
0.079117±0.038 

(9.07º) 
0.9917 
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   (a)       (b) 

Figure 7.21 (a) Ligament length vs. specific work of fracture; (b) ligament length vs. deformation at fracture for 

notched and precracked samples.  

From Table 7. 6, it is clear that specific essential work of fracture we and crack tip opening 

displacement 𝛿𝑐
𝑒 are lower for the precracked samples in comparison to the notched samples. 

However, it does not mean that for every ligament length, the precracked sample has less work 

of fracture Wf than the notched samples. Figure 7.21 shows the ligament length versus specific 

work of fracture (Figure 7.21(a)) and deformation at fracture (Figure 7.21(b)) for the notched 

and the precracked samples. For shorter ligament lengths, the total work of fracture Wf and the 

deformation at fracture vf is smaller for the precracked samples. For larger ligament lengths, the 

total work of fracture Wf and the deformation at fracture vf is larger for the precracked samples. 

Hence, the slope of the fitted curve for the notched samples is smaller than the precracked 

samples.  

 
Figure 7.22 Maximum stress versus ligament length for notched and precracked samples. 
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The maximum force during the EWF test is directly influenced by crack initiation. As 

discussed earlier, the point of maximum force and the crack initiation is almost the same for the 

notched samples. However, for the precracked samples, the crack initiation happens well before 

reaching the maximum force. Figure 7.22 shows the maximum stress versus ligament length 

for the notched and the precracked samples. The maximum stress for the notched samples is 

slightly higher than the precracked samples. In the case of precracked samples, sharper crack 

helps in the early initiation of crack and reduces the maximum force. As ligament length 

increases, the energy consumed for crack propagation is more prominent than the energy 

consumed till the initiation.  
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7.3 Essential Work of Fracture test results for IF steel  

 The essential work of fracture tests for the IF steel is carried out identically to that of 

the DP450 steel. Dimensions of the sample, experimental parameters, and methodology are 

identical in both the IF steel and the DP450 steel. Section 7.2 explains the details of 

experimental data collection and methodology.  

7.3.1 Notched samples  

Notched samples prepared using the high-intensity precision laser are used for the EWF 

test of the IF steel. Deformation during the EWF test is recorded using an inbuilt extensometer.  

Figure 7.23 shows the force-deformation curves for the notched samples of the IF steel. The 

area under the curve increases with an increase in ligament length without significant change 

in the curve's primary shape. Unlike the standard stress-strain curve, the force-displacement 

curve is parabolic in the EWF tests for the IF steel. Like the standard stress-strain diagram 

(Figure 6.6), in the beginning, a linear portion is observed before plastic deformation (Figure 

7.23), and the curve is almost left-skewed parabola after deviating from the linear portion until 

fracture. Unlike the DP450 steel, the non-linear portion of the force vs. deformation curve is 

not symmetrical about the peak load. Similar to the DP450 notched samples, crack initiation 

happens near the peak load for the notched samples. After the crack initiation, the decrease in 

load is instantaneous compared to the DP450 steel curves (Figure 7.6). The relatively fast 

decrease in load is an indication of weak resistance to crack growth. 

 
Figure 7.23 Force versus displacement diagram for notched samples of IF steel. 
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Table 7.7 shows the outputs and calculated parameters from force-displacement curves of the 

EWF tests for the notched IF steel samples. Figure 7.25 shows the specific work of fracture wf 

versus original ligament length for the notched samples. From the extrapolation of data, the 

specific essential work of fracture is 212.63±8.45 kJ/m2, and βwp is 44.17±0.92 kJ/m3. The R2 

value is equal to 0.9969 (Figure 7.25), which indicates a good linear fit. Good linearity proves 

that specific work of fracture increases linearly with ligament length. Figure 7.24 shows the 

graph of deformation at fracture versus ligament length for the notched samples. The data points 

are fitted with a linear curve equation to find crack tip opening displacement (CTOD) 𝛿𝑐
𝑒 and 

crack tip opening angle (CTOA) ψe. The determined CTOD 𝛿𝑐
𝑒  and the  CTOA ψe from the 

EWF tests are 0.5042±0.02 mm and 17.86º respectively. The fitted line has an R2 value of 

0.9985. 

Table 7.7 EWF test outputs for notched samples of IF steel. 

Ligament 

length (mm) 

Maximum 

force (N) 

Maximum 

stress(MPa) 

Total work of 

fracture Wf(N-

mm) 

wf 

(kJ/m2) 

vf 

(mm) 

4.83 1355.27 409.62 1408.49 425.71 1.254 

5.84 1607.56 401.84 1883.28 470.77 1.410 

6.82 1854.36 396.93 2398.63 513.43 1.566 

7.79 2103.9 394.27 2998.18 561.86 1.723 

9.00 2350.53 381.27 3674.67 596.05 1.893 

9.81 2587.78 385.09 4413.68 656.81 2.054 

10.8 2802.11 378.76 5097.76 689.07 2.199 

11.76 3017.07 374.53 5909.46 733.58 2.356 

12.77 3240.60 370.46 6778.19 774.87 2.465 

 
Figure 7.24 Deformation at fracture versus ligament length for notched samples of IF steel. 
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Figure 7.25 Specific work of fracture versus ligament length for notched samples of IF steel. 

7.3.2 Precracked samples  

Section 5.3.3 explains the detail of the fatigue pre-crack test. Figure 7.26 shows SEM 

images of the magnified fatigue crack. From the visual observation of the SEM images, the 

fatigue crack's morphology differs from the DP450 steel. In the DP450 steel, the fatigue crack 

path is intragranular. In the case of IF steel, the fatigue crack is partially intergranular. The 

presence of intergranular fatigue crack indicates relatively weaker grain boundaries[84]. The 

presence of carbides and nitrides along the grain boundary makes the grain boundary weaker 

than the rest of the grain. However, no brittle fracture is identified.  

   
   (a)      (b) 

Figure 7.26 SEM images of fatigue pre-crack of IF steel. 
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Table 7. 8 shows the outputs and calculated parameters from the force-displacement 

curves of the EWF tests for the pre-cracked samples. Figure 7.27 shows the force-

deformation(displacement) curves for the pre-cracked samples. In Figure 7.27, the shape of the 

curves is identical to the notched samples. From visual observation and DIC images, crack 

initiation happens before reaching the peak load for the precracked samples. After reaching the 

peak load, the load decreases faster with shorter deformation.  

 
Figure 7.27 Force versus displacement diagram for precracked samples of IF steel. 

Figure 7.29 shows the specific work of fracture versus ligament length for the precracked 

samples. The specific essential work of fracture ‘we’ and slope of the fitted curve are 

196.16±9.81 kJ/m2 and 52.42±1.62 kJ/m3, respectively. The R2 value of 0.9933 (Figure 7.29) 

indicates the good linearity of the fitted curve. Figure 7.28 shows the graph of deformation at 

fracture versus ligament length for the precracked samples. The determined CTOD 𝛿𝑐
𝑒  and 

CTOA ψe from the EWF tests are 0.426±0.028 mm and 19.76º respectively. The fitted line has 

an R2 value of 0.9946.  

Table 7. 8 EWF test outputs for precracked samples of IF steel. 

Ligament 

length (mm) 

Maximum 

force (N) 

Maximum 

stress(MPa) 

Total work of 

fracture N-

mm(Wf) 

wf 

(kJ/m2) 

vf 

(mm) 

3.80 1174.12 450.82 1022.32 392.54 1.060 

5.62 1657.02 429.81 1898.39 492.42 1.399 

6.25 1827.27 426.17 2273.93 530.34 1.515 

3.74 1159.16 451.93 1025.26 399.73 1.083 

4.46 1320.57 432.25 1284.32 420.38 1.178 

5.535 1597.98 421.46 1814.43 478.55 1.372 

6.44 1862.67 421.76 2348.16 531.69 1.534 

6.74 1954.30 422.72 2605.27 563.53 1.638 

9.50 2659.06 408.41 4486.77 689.13 2.040 
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Figure 7.28 Deformation at fracture versus ligament length for precracked samples of IF steel. 

 
Figure 7.29 Specific work of fracture versus ligament length for notched samples of IF steel. 

Figure 7.30 shows the maximum stress in the ligament versus ligament length for notched 

samples prepared from the laser. The maximum stresses in the ligaments are well above the 

range of 0.9σu to 1.15σu. The maximum stress in the ligament is higher than the ultimate strength 

(standard tensile test). It is a clear indication that more energy is being consumed by the material 

away from the ligament. Hills[33] criteria to verify the plane stress condition may not be valid 

for the IF steel. However, if J.G. Williamson et al.[34] approach(1.1σavg.-0.9 σavg.) is used, the 

values are well within the limit. Like the DP450 steel, the maximum stress in the ligament 

increases with a decrease in the ligament length. Unlike the DP450 steel, the maximum stress 

is slightly higher for the fatigue pre-cracked samples. 
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         (a) 

 
          (b) 

Figure 7.30 Maximum stress in ligament versus ligament length during EWF tests: (a) Notched; (b) precracked.  
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7.3.3 Discussion of EWF results of IF steel 

 

 Table 7. 9 tabulates the EWF test results for the notched and the precracked samples of 

the IF steel. The principal output of the EWF test is specific essential work of fracture we, 

which doesn’t decrease significantly for the precracked samples compared to the notched 

samples. The specific essential work of fracture we for the notched samples is 8.39% larger than 

the precracked samples. Crack tip opening displacement 𝛿𝑐
𝑒 for the notched samples is 17.93% 

larger than the precracked samples. Specific non-essential work of fracture wp (wpβ) is higher 

for the precracked samples, i.e., the curve slope (specific work of fracture vs. ligament length) 

is higher for the precracked samples. Crack tip opening displacement 𝛿𝑐
𝑒 is more sensitive than 

we to fatigue precrack. The crack tip opening angle 𝜓𝑒  and the specific non-essential work of 

fracture ‘wp’ have an opposite effect on the presence of fatigue precrack. Both the parameters 

are higher for the fatigue precracked samples compared to the notched samples. The vital 

information is both the parameters(𝜓𝑒  & wp)  are determined from the slope. while we and 𝛿𝑐
𝑒 

are determined from zero intercepts. S.K. Chandra et al.[36] have performed EWF test for IF 

steel with similar mechanical properties to the steel used in this work. The we value for the 

notched sample is similar to the value found in this work; however, for the precracked samples, 

the difference is higher.  

Table 7. 9 EWF test results for notched and precracked samples of IF steel. 

 𝑤𝑓  = 𝑤𝑒  +  𝑤𝑝𝐿𝛽  𝑣𝑓 = 𝛿𝑐
𝑒 +

𝜓𝑒

2
𝐿 

Type we (kJ/m2) 
wpβ 

(kJ/m3) 
R2  𝜹𝒄

𝒆(mm) 
𝝍𝒆/𝟐 

(𝝍𝒆𝐢𝐧 𝜽°) 
R2 

Notched 212.63±8.45 44.17±0.92 0.9969  0.5024±0.02 
0.1559±0.002 

(17.76º) 
0.9985 

pre-

cracked 
196.16±9.81 52.42±1.62 0.9933  0.426±0.028 

0.1724±0.004 

(19.76º) 
0.9946 
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7.4 Comparison of EWF results between DP450 and IF steel  

Essential work of fracture (EWF) methodology has been successfully used to calculate 

the fracture toughness of the Dual-phase (DP450) steel and the Interstitial free(IF) steel. These 

two sheets of steel have a different microstructure and mechanical properties. Both the sheets 

of steel have been tested in notched and precracked conditions. For comparison of notched 

samples, samples prepared using the laser are chosen. Table 7.10 shows the detailed comparison 

of the DP450 steel and the IF steel EWF test results.  

Table 7.10 EWF test results for notched and precracked samples of DP450 and IF steel. 

  𝑤𝑓  = 𝑤𝑒  +  𝑤𝑝𝐿𝛽  𝑣𝑓 = 𝛿𝑐
𝑒 +

𝜓𝑒

2
𝐿 

Type Material we (kJ/m2) 
wpβ 

(kJ/m3) 
R2  𝜹𝒄

𝒆(mm) 
𝝍𝒆/𝟐 

(𝝍𝒆𝐢𝐧 𝜽°) 
R2 

Notched 

DP450 200.14±4.84 26.16±0.52 0.9980  0.3625±0.016 
0.06686±0.001 

(7.66º) 
0.9962 

IF steel 212.63±8.45 44.17±0.92 0.9969  0.5024±0.02 
0.1559±0.002 

(17.86º) 
0.9985 

pre-

cracked 

DP450 154.22±7.26 32.34±1.15 0.9824  0.3251±0.01 
0.079117±0.038 

(9.07º) 
0.9917 

IF steel 196.16±9.81 52.42±1.62 0.9933  0.4260±0.028 
0.1724±0.004 

(19.76º) 
0.9946 

For the notched samples, the DP450 and the IF steels have we values of 200.14 kJ/m2 and 212.63 

kJ/m2, respectively. The IF steel has about 6% higher we value than the DP450 steel. For the 

precracked samples, the DP450 and the IF steels have we values of 154.22 kJ/m2 and 196.16 

kJ/m2, respectively. The IF steel has about 27% higher we value than the DP450 steel. we for 

both the steels are approximately similar for the notched samples. However, we for the 

precracked samples have a significant difference. The presence of fatigue precrack in the DP450 

steel has reduced we by about 23%, while only 8% for the IF steel. Crack tip opening 

displacement 𝛿𝑐
𝑒 for the DP450 and the IF steel are 0.3625 and 0.5024 mm, respectively, for 

notched samples. IF steel has about 39% higher 𝛿𝑐
𝑒 value than the DP450 steel for the notched 

samples. Crack tip-opening displacement 𝛿𝑐
𝑒 for the DP450 and the IF steel are 0.3251 and 

0.4260 mm, respectively, for the precracked samples. For the precracked samples, the IF steel 

has about 31% higher 𝛿𝑐
𝑒 value than the DP450 steel. The presence of fatigue precrack in the 

DP450 steel has reduced 𝛿𝑐
𝑒 by about 10%, while it is 15% for the IF steel. Specific non-

essential work of fracture wp (wpβ) for the DP450 and the IF steel are 26.16 kJ/m3 and 44.17 

kJ/m3, respectively, for the notched samples. For the precracked samples, wp (wpβ) for the 
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DP450 and the IF steel are 32.34 kJ/m3 and 52.42 kJ/m3, respectively. Crack tip opening angle 

𝜓𝑒  for the DP450 and the IF steel are 7.66º and 17.86º, respectively, for the notched samples. 

For the precracked samples, 𝜓𝑒  for the DP450 and the IF steel are 9.07º and 19.76º, 

respectively.  

Specific essential work of fracture we is sensitive to the notch tip radius; however, the sensitivity 

may vary from material to material. Both the DP450 and the IF steel have shown lower we value 

for the precracked samples. However, the IF steel is less sensitive to the notch tip radius than 

the DP450 steel. Based on we value, the IF steel's fracture toughness is higher than the DP450 

steel by 27%. Crack tip opening displacement 𝛿𝑐
𝑒 is also sensitive to the notch tip radius and 

has lower values for the precracked samples. Unlike we, 𝛿𝑐
𝑒 is more sensitive to the notch tip 

radius for the IF steel. Based on 𝛿𝑐
𝑒 value, fracture toughness of the IF steel is higher than the 

DP450 steel by 31%. From the comparison of both the parameters (we & 𝛿𝑐
𝑒) for the DP450 and 

the IF steel, the IF steel has higher fracture toughness than the DP450 steel.  

Specific non-essential work of fracture wp (wpβ) is the curve slope in the graph of specific work 

of fracture versus ligament length. For both the notched and the precracked samples, the IF steel 

has a higher slope (wpβ) than the DP450 steel. As discussed earlier in section 4.2, the total 

energy consumed to break the ligament is divided into two parts, viz, essential work of fracture 

and non-essential work of fracture. In the graph of specific work of fracture wf versus ligament 

length L, specific essential work of fracture we is constant for all ligaments, and specific non-

essential work of fracture wp (wpβ) increases with an increase in ligament length. A higher slope 

indicates more energy (specific non-essential work of fracture wp) consumed as ligament length 

increases. From the above results, the IF steel consumes a higher amount of the non-essential 

work of fracture energy (plastic work) as ligament length increases. In comparison, the DP450 

steel’s rate of the non-essential work of fracture energy (plastic work) consumption with 

ligament length is lower than the IF steel. The primary reason for the above difference might 

be the IF steel's ability to redistribute the stresses away from the ligament.  The non-essential 

work is dependent on geometry and loading conditions; however, both the materials are tested 

in identical conditions, so it is fair to compare. Crack tip opening angle 𝜓𝑒  is determined using 

slope from the graph of total elongation at fracture versus ligament length. For both the notched 

and the precracked samples, the IF steel has a higher 𝜓𝑒  than the DP450 steel, in general, the 

IF steel has larger deformation at fracture for every successive ligament length.   
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7.5 Mode II and mixed-mode EWF tests  

Section 6.2.2 explains the geometry of mode-2 and mixed-mode samples. The mode-2 and the 

mixed-mode tests are conducted to understand the applicability and effectiveness of the EWF 

method in various modes.    

7.5.1 IF steel 

Mode-2 

Figure 7.31 shows the force-deformation (displacement) curves for the mode-2 samples of IF 

steel. In Figure 7.31, the shape of the curves is different compared to the mode-1 samples. From 

visual observation and DIC images, crack initiates in mode-1 (perpendicular to loading 

direction), and after a short propagation, it changes the direction to mode-2 (45º to the loading 

direction). After reaching the peak load, the load decreases faster with shorter deformation. 

Figure 7.32(a) shows the maximum stress in the ligament versus the original ligament length 

for the mode-2 samples. The stress in the ligament is within the limits of 1.15σu - 0.9σu. Unlike 

the mode-1 samples, the maximum stress in the ligament is almost similar for all the ligaments. 

Figure 7.33 shows specific work of fracture versus ligament length for the mode-2 IF steel 

samples. The specific essential work of fracture ‘we’ and slope of the fitted curve are 

317.79±61.65 kJ/m2 and 204.46±18.58 kJ/m3, respectively. The R2 value of 0.9603 (Figure 

7.33) indicates the fitted curve's average linearity. However, the first and last values of the 

specific work of fractures are slightly away from the fitted line (Figure 7.33). If these two values 

are removed, the R2 value increases to 0.9905; we and slope are changed to 365.35 kJ/m2 and 

185.11 kJ/m3. Figure 7.32(b) shows the graph of deformation at fracture versus ligament length 

for the mode-2 IF steel samples. The determined CTOD 𝛿𝑐
𝑒  and CTOA ψe from the EWF tests 

are 1.1788±0.260 mm and 98.52º, respectively. The fitted line has the R2 value of 0.9599. If the 

first and last values (Figure 7.32(b)) are removed, the R2 value increases to 0.9963; 𝛿𝑐
𝑒 and ψe 

are changed to 1.2648 mm and 91.71º respectively. 
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Figure 7.31 Force versus displacement diagram for mode-2 samples of IF steel. 

 
(a)           (b) 

Figure 7.32 (a) Maximum stress versus ligament length;  (b) Deformation at fracture versus ligament length for 

mode-2 samples of IF steel. 

 
Figure 7.33 Specific work of fracture versus ligament length for mode-2 samples of IF steel. 
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Mixed-mode 30º 

 Figure 7.34 shows the force-deformation (displacement) curves for mixed-mode (30º) 

samples of the IF steel. In Figure 7.34, the shape of the curves is semi-circular. After reaching 

the peak load, the load decreases rather slowly with longer deformation. Figure 7.35(a) shows 

the maximum stress in the ligament versus the original ligament length for the mixed-mode 

(30º) IF steel samples. The stress in the ligament is almost within the limits of 1.15σu - 0.9σu.  

Figure 7.36 shows specific work of fracture versus ligament length for the mixed-mode (30º) 

IF steel samples. The specific essential work of fracture ‘we’ and slope of the fitted curve are 

299.99±13.53 kJ/m2 and 32.02±1.41 kJ/m3, respectively. The R2 value of 0.9883 (Figure 7.36) 

indicates a relatively good linearity of the fitted curve. Figure 7.35(b) shows the graph of 

deformation at fracture versus ligament length for the mixed-mode (30º) IF steel samples. The 

determined CTOD 𝛿𝑐
𝑒  and CTOA ψe from the EWF tests are 0.9724±0.035 mm and 15.83º 

respectively. The fitted line has the R2 value of 0.9957.  

 
Figure 7.34 Force versus displacement diagram for mixed-mode (30º) samples of IF steel. 

  
(a)               (b) 

Figure 7.35 (a) Maximum stress versus ligament length;  (b) Deformation at fracture versus ligament length for 

mixed-mode (30º) samples of IF steel. 

  .   .   .   . 

Displacement (mm)

 

   

    

    

    

    

    

F
o
rc

e 
(N

)

 
   

 
  

 

Ligament 

length

(mm)

   .  

   .  

   .  

   .  

   .  

    .  

    .  

    . 

0 2 4 6 8 10 12 14
0

50

100

150

200

250

300

350

400

M
a

x
im

u
m

 s
tr

es
s 

(M
P

a
)

Ligament length L (mm)

0.9su

1.15su 

0 2 4 6 8 10 12 14
0.0

0.5

1.0

1.5

2.0

2.5

3.0

D
is

p
la

ce
m

en
t 

a
t 

fr
a

ct
u

re
 v

f 
 (

m
m

)

Ligament length L (mm)

Equation y = a + b*x

Intercept 0.97249 ± 0.035

Slope 0.13826 ± 0.003

Pearson's r 0.99787

R-Square (COD) 0.99575

Adj. R-Square 0.99505



112 

 

 
Figure 7.36 Specific work of fracture versus ligament length for mixed-mode (30º) samples of IF steel. 

7.5.2 DP450 steel  

Mixed-mode 30º 

 Figure 7.37 shows the force-deformation (displacement) curves for mixed-mode (30º) 

samples of the DP450 steel. In Figure 7.37, the curves' shape is not symmetrical about the peak 

load (right-skewed). After reaching the peak load, the load decreases slowly with larger 

deformation; the deformation after the peak load is larger than the deformation before the peak 

load. Figure 7.38(a) shows the maximum stress in the ligament versus the original ligament 

length for the mixed-mode (30º) DP450 steel samples. The stress in the ligament is slightly in 

and out of the limits of 1.15σu - 0.9σu. Figure 7.39 shows the specific work of fracture versus 

ligament length for the mixed-mode (30º) DP450 steel samples. The specific essential work of 

fracture ‘we’ and slope of the fitted curve are 215.29±14.78 kJ/m2 and 36.12±1.61 kJ/m3, 

respectively. The R2 value of 0.9862 (Figure 7.39) indicates relatively good linearity of the 

fitted curve. Figure 7.38(b) shows the graph of deformation at fracture versus ligament length 

for the mixed-mode (30º) DP450 steel samples. The determined CTOD 𝛿𝑐
𝑒  and CTOA ψe from 

the EWF tests are 0.5766±0.065 mm and 11.83º respectively. The fitted line has the R2 value 

of 0.9680.  
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Figure 7.37 Force versus displacement diagram for mixed-mode (30º) samples of IF steel. 

 
(a)                  (b) 

Figure 7.38 Maximum stress versus ligament length;  (b) Deformation at fracture versus ligament length for 

mixed-mode (30º) samples of DP450 steel. 

 
Figure 7.39 Specific work of fracture versus ligament length for mixed-mode (30º) samples of DP450 steel. 
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7.5.3 Discussion of mode-2 and mixed-mode results 

Essential work of fracture (EWF) methodology has been applied to the IF and the DP450 steel 

in mode-2 and mixed-mode conditions. However, only the IF steel has been tested successfully. 

In the case of the DP450 steel, crack growth was not along the mode-2 direction, and the 

specimen experienced torsion. However, in the mixed-mode, the crack growth was through the 

ligament, and did not experience any torsion. Table 7.11 shows the EWF test results for the 

mode-2 and the mixed-mode samples of the DP450 and the IF steel.    

Table 7.11 EWF test results for mode-2 and mixed-mode samples of DP450 and IF steel. 

  𝑤𝑓  = 𝑤𝑒  +  𝑤𝑝𝐿𝛽  𝑣𝑓 = 𝛿𝑐
𝑒 +

𝜓𝑒

2
𝐿 

Material Type  we (kJ/m2) 
wpβ 

(kJ/m3) 
R2  𝜹𝒄

𝒆(mm) 
𝝍𝒆/𝟐 

(𝝍𝒆𝐢𝐧 𝜽°) 
R2 

DP450 

Mode-1 200.14±4.84 26.16±0.52 0.9980  0.3625±0.016 
0.06686±0.001 

(7.66º) 
0.9962 

Mixed 

mode 

(30º) 

215.29±14.78 36.12±1.61 0.9862  0.5766±0.006 
0.1033±0.007 

(11.83º) 
0.9680 

IF steel 

Mode-1 212.63±8.45 44.17±0.92 0.9969  0.5024±0.02 
0.1559±0.002 

(17.86º) 
0.9985 

Mixed 

mode 

(30º) 

299.99±13.53 32.09±1.41 0.9883  0.9724±0.035 
0.1386±0.003 

(15.88º) 
0.9957 

Mode-2 317.79±61.65 
204.46±18.

58 
0.9603  1.178±0.26 

0.8598±0.078 

(98.52º) 
0.9599 

All the samples are in notched condition (no fatigue precrack) due to complexity in the 

geometry. It is clear from the results that specific essential work of fracture we, crack tip opening 

displacement 𝛿𝑐
𝑒 and crack tip-opening angle ψe increase as loading shifts from mode-1 to 

mode-2. João P. Magrinho et al.[45] have observed an increase in the slope of the curves ( wf 

vs. L) as loading shifts from mode-1 to mode-2 for copper and aluminium samples; however, 

we values did not follow any trend. In the case of the IF steel, both we and 𝛿𝑐
𝑒 are higher for the 

mode-2 samples. The EWF methodology for mode-2 and mixed samples has yet to be 

adequately verified. However, this experimental testing shows that it is likely possible to apply 

this methodology to mode-2 and mixed-mode conditions. 
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8. MICROSTRUCTURAL AND 

FRACTOGRAPHIC EVALUATION 

 Research of fracture response based on energy absorption at plane stress conditions 

requires the comprehensive study of all influencing material parameters. The phase 

composition, grain size, secondary phases distribution, etc., are influencing the basic 

parameters driving the capacity for plastic deformation of the material during the EWF testing.  

Usage of an electron backscattered diffraction (EBSD) method to study the microstructure and 

crystallographic texture is becoming a widespread option in recent years. EBSD quantitatively 

measures grain size, crystallographic orientations, misorientation within the grain, phase 

identification, dislocation density, and local deformation.  

8.1 DP450 steel 

Grain size  

 Grain size is one of the critical parameters, which has a significant influence on a 

material's mechanical properties. According to the Hall-Patch relationship, the strength of the 

material is inversely proportional to the square of the grain size. Smaller grain size helps in 

blocking crack propagation. Grain size can vary from nanometres to several centimetres. In 

EBSD analysis, crystal lattice orientation is used as a reference to identify grain boundaries. 

Generally, grain boundaries have higher misorientation than the rest of the grain. Grain 

boundaries are classified into two categories, which are LAGB (low angle grain boundary) and 

HAGB (high angle grain boundary). If the misorientation angle is less than 15º, it is classified 

as LAGB, and for HAGB, the misorientation angle is higher than 15º.  

EBSD scanning is done for as received steels and deformed steels from the EWF test. The 

EBSD scanning is done on an area of 118×88 µm, resolution of 512×384 pixels, exposure time 

of 16.4 milliseconds, accelerating current of beam 20 kV, probe current of ~20 nA, step size of 

0.23 µm/pixel  and 60.2 fps. Figure 8.1(a) shows the grain-size distribution (number fraction) 

pattern obtained from the EBSD analysis. In Figure 8.1(a), colours are used to differentiate 

grains, and they do not signify any quantitative data. The average grain sizes are 6.31 µm and 

7.23 µm (from two analyses and without considering grains smaller than 100 pixels). Figure 

8.1(b) shows the graph of grain size versus number fraction. The grain size is relatively small 

and not uniform. Grain refinement is an excellent method to increase the strength without 
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significantly affecting the DP steels' ductility [85–87]. Uniform distribution of fine-grained 

martensite helps in reducing strain localisation and martensitic cracking[88]. The presence of a 

hard martensitic phase increases stress locally as well as in adjacent ferrite and changes plastic 

flow pattern during plastic deformation.  

  
(a)          (b)     

Figure 8.1 (a) Grain size distribution pattern; (b) Grain size versus number fraction of DP450 steel. 

Crystallographic texture maps  

Ferrite and martensite have body centred cubic (BCC) and body centred tetragonal (BCT) 

crystal structures, respectively. Since BCC and BCT crystal structures are very similar, it is 

extremely hard to distinguish them in EBSD. Therefore, martensite is either wrongly identified 

as ferrite or not indexed at all. However, combined EDS analysis with EBSD, band slope maps, 

and other techniques are used to differentiate martensite from ferrite. If martensitic lattice 

distortion is high, it is indexed as a zero solution. If martensitic lattice distortion is low, it is 

wrongly indexed as ferrite[89]. The dark and the unindexed part in the IQ (image quality) map 

can be considered as martensite; however, some small grains of the martensite is wrongly 

indexed as ferrite (Figure 8.2). Phase maps are constructed based on comparing the crystal 

lattice at each pixel with a standard crystal lattice. Image quality maps are constructed based on 

a brightness level of diffraction bands and depend on phase intensity, orientation, and 

dislocations[90]. A slight trace of residual austenite and cementite were identified along the 

grain boundaries. Cementite in small quantities along grain boundaries will increase the strain 

hardening of ultra-fine-grained dual-phase steels.   
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   (a)       (b) 

Figure 8.2 (a) Phase map(blue-ferrite, green- residual austenite, and red-cementite); (b) IQ map of DP450 as-

received steel.  

Crystallographic orientation data obtained during EBSD scanning helps in identifying the 

texture of grains. The orientation of the crystal lattice in each grain may not be the same. A 

texture depends on heat treatment and subsequent mechanical processes during manufacturing. 

Pole figures are used to identify crystallographic orientation at each pixel. Each crystal lattice 

direction is projected in stereographic projections with respect to standard directions(rolling, 

transverse and normal). Inverse pole figure (IPF) map uses basic colours to assign the crystal 

lattice orientation at every pixel with respect to anyone's standard direction. For cubic crystals, 

each family of planes {111},{110} and {100} are assigned with a single colour. Figure 8.3 

shows the inverse pole figure (IPF) maps in the z-direction. There is no single orientation 

texture seen from the figure; however, a considerable amount of γ-fiber({111}||ND) in the 

normal direction is visible (Figure 8.4 & Figure 8.5). The crystallographic orientation along 

{100} in the normal direction is detrimental for formability; a small number of grains are 

oriented in the {100}||ND direction (Figure 8.3). The lower ratio of {111}/{100} is an 

indication of poor formability. Upon deformation, the crystal lattice oriented close to {111}||ND 

rotated towards stable {111} and H.N. Han et al.[91] reported similar behaviour for DP steel 

after equi-biaxial tension. Also, the crystal lattice along {110} in the transverse direction 

becomes more intense.  
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(a)       (b) 

Figure 8.3 (a) Inverse pole figure map of as received and; (b) after EWF test of DP450 steel in normal-direction.  

   
(a)       (b) 

Figure 8.4 (a) Pole figure of as received(X-transverse direction and Z-normal direction) and; (b) pole figure after 

EWF test of DP450 steel (X-rolling direction and Z-normal direction). 

 

   
        (a)                        (b) 

Figure 8.5 (a) Inverse pole figure of as received(X-transverse direction and Z-normal direction) and; (b) inverse 

pole figure after EWF test of DP450 steel (X-rolling direction and Z-normal direction). 

 

Local misorientation within a grain can be identified using Kernel misorientation maps. 

Kernel average misorientation(KAM) is the average misorientation difference between each 

pixel and its surrounding pixels in a crystal lattice. Generally, high KAM is an indication of 

higher misorientation, local strain, and dislocation density. Figure 8.6 shows the Kernel average 
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misorientation (KAM) maps of as received and after the EWF test for the DP450 steel. The 

secondary martensite phase induces a small amount of misorientation near the grain boundaries. 

Hence, KAM maps in the DP450 steel do not wholly depend on dislocation alone. From the 

KAM map after the EWF test(Figure 8.6(b)), the grain's deformation is not homogeneous. The 

deformation is concentrated mainly near the grain boundaries, while the centre portion of the 

ferrite grain experiences minor deformation. Several researchers have reported a similar 

behaviour for dual-phase steel[92,93]. During plastic deformation, the hard-secondary 

martensite phases are an obstacle for uniform plastic flow, enhancing the heterogeneous 

deformation. Small grains experience high deformation in comparison to large grains, where 

deformation is more heterogeneous. Martensite induces distortion even before the plastic 

deformation; hence, high misorientation near the grain boundary may be due to martensite. The 

level of deformation will increase in the necking region.     

   
(a)       (b) 

Figure 8.6 Kernel average misorientation map of (a) as received; (b) after the EWF test of DP450 steel (0º-5º). 

During the EWF test, the hard martensite phase acts as a path blocker for uniform plastic flow; 

it creates a higher dislocation density and misorientation in the ferrite phase adjacent to the 

martensite. The majority of the high misorientation happens close to the grain boundary. During 

quenching (production) of dual-phase steel, austenite will transform into martensite with a 

volume expansion of around 3%[89]. The volume expansion of martensite induces high 

misorientation and dislocation density in the ferrite (adjacent to the martensite). Figure 8.7 

shows the grain boundary misorientation before and after the EWF test for the DP450 steel. 

However, scanning is not done in the same area, so it is not the best comparison. In any case, 

there has been an apparent increase in the low angle grain boundaries after deformation. The 

high angle grain boundary misorientation almost looks unchanged.     
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(a)       (b) 

Figure 8.7 Grain boundary misorientation angle of (a) as received and; (b) after EWF test of DP450 steel. 

Figure 8.8 shows the misorientation inside a ferrite grain via line scan after the EWF test. 

Despite no change in overall crystallographic orientation, small misorientation can be seen 

along with the line scan.  

 
Figure 8.8 Misorientation using a line scan inside a ferrite grain after EWF test of DP450 steel. 

8.2 IF steel  

Grain size  

Figure 8.9 shows the grain size distribution (number fraction) pattern obtained from an 

EBSD analysis, 18.85 µm and 15.35 µm (without considering grains smaller than 100 pixels) 

is the average grain size. The grain size is not entirely homogeneous and is relatively large in 

comparison to the DP40 steel. Grain refinement helps in increasing both strength and toughness 

in IF steel[94,95]. In the EBSD scanning, the step size is changed to 0.45 µm/pixel, and the rest 

of the parameters are the same. Figure 8.10 shows the phase map and IQ map of the IF steel in 

as-received condition. Primarily, the IF steel has ferrite only, and a considerable amount of 

LAGB is seen.  

 

Crystallographic texture maps  

Figure 8.11 shows the inverse pole figure(IPF) maps in the z-direction, before and after 

the EWF test. The initial crystallographic orientation of as-received IF steel has a strong γ-fiber 
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({111}||ND) and a partial α-fiber {110}||RD (Figure 8.11, Figure 8.12 & Figure 8.13). 

Recrystallization after cold rolling helped in achieving a uniform crystallographic orientation. 

A favourable {111} crystallographic orientation in the normal direction helps excellent plastic 

deformation without strain localization. Some researchers have reported that upon cold rolling 

γ-fiber {111}||ND and partial α-fiber {110}||RD increase in IF steel[96,97]. After plastic 

deformation (EWF test), the γ-fiber {111}||ND and the α-fiber {110}||RD are increased. A 

higher ratio of texture {111}/{100} is good for formability. Some researchers have reported an 

increase in γ-fiber upon plastic deformation[91], and a similar effect is also seen here. Francisco 

C.G. et al.[98] reported that γ-fiber({111}||ND) grains have more internal misorientation than 

α-fiber {110}||RD grains after plastic deformation.   

   
(a)       (b) 

Figure 8.9 (a) Grain size distribution pattern and; (b) Grain size versus number fraction of IF steel. 

       
            (a)                                         (b) 

Figure 8.10 (a) Phase map(blue-ferrite & white-grain boundary); (b) IQ map of IF steel in as-received condition 

(yellow-HAGB & blue-LAGB). 
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   (a)                (b) 

Figure 8.11 Inverse pole figure maps of (a) as received and; (b) after EWF test of IF steel in normal-direction. 

  
(a)      (b) 

Figure 8.12 (a) Pole figure of as received (X-transverse direction and Z-normal direction) and; (b) pole figure 

after EWF test of IF steel (X-transverse direction and Z-normal direction). 

  
(a)          (b) 

Figure 8.13 (a) Inverse pole figure of as received (X-transverse direction and Z-normal direction) and; (b) 

inverse pole figure after EWF test of IF steel (X-transverse direction and Z-normal direction). 

Local misorientation within the grain is analysed using the Kernel Misorientation maps 

(KAM). The local misorientation is directly linked with dislocation density. In as-received IF 

steel, misorientation is slightly higher in smaller grains(Figure 8.14(a)). After plastic 
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deformation, like the dual-phase steel, the IF steel also experiences heterogeneous deformation 

within ferrite grain (Figure 8.14(b)). However, the extent of heterogeneous deformation 

(misorientation) is less in the IF steel. The formation of sub-grains (LAGB) in the IF steels 

helps in accommodating more dislocations. The smaller grains experience more homogeneous 

and high deformation than large grains, where deformation is mostly heterogeneous. The local 

misorientation (or deformation) in IF steel is sensitive to strain rate, and it is well reported by 

Anindya Das[92].   

   
(a)           (b) 

Figure 8.14 Kernel average misorientation map of (a) as received and; (b) after EWF test of IF steel (0º-5º).  

Figure 8. 15 shows misorientation inside a ferrite grain via line scan after the EWF test. The 

misorientation inside the ferrite grain is high. During plastic deformation, grains are deformed 

without a complete change in direction.  

 
Figure 8. 15 Misorientation from line scan in the ferrite grain after EWF test in IF steel. 

Figure 8.16 shows grain boundary misorientation before and after the EWF test. After Plastic 

deformation, the LAGB is significantly increased, and the HAGB misorientation angle is 

shifted. The LAGB is formed inside the ferrite grains. The HAGB misorientation angle is 

maximum around 20º and 55º.   
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(a)       (b) 

Figure 8.16 Grain boundary misorientation angle of (a) as received and; (b) after EWF test of IF steel. 

8.3 Fractographic evaluation   

8.3.1 DP450 steel 

Martensite content and distribution play a critical role in the fracture behaviour of dual-

phase steel. Grain refinement has been shown to increase strength, initial strain hardening, and 

toughness of dual-phase steels[88]. Grain refinement has shown a positive response towards 

decreasing ductile-brittle transition temperature[99]. As discussed earlier in section 8.1, during 

quenching, the phase transformation (austenite into martensite) introduces stresses in the ferrite 

adjacent to the martensite. The heterogeneous dislocation density and strain in the ferrite grain 

causing the material to undergo early strain hardening. The carbon content of martensite plays 

an important role in the hardness of the martensite and ferrite. A lower amount of carbon inside 

martensite helps to avoid ferrite-martensite decohesion. The mode of void generation in dual-

phase steel are martensite cracking, martensite-ferrite decohesion, and ferrite-ferrite 

decohesion[100]. Early martensitic cracking promotes strain localization and significantly 

reduces the ductility of dual-phase steel. The increased surface contact of ferrite and martensite 

helps in a high strain hardening rate.  

After the EWF test, to prepare samples for fractographic evaluation, the tested samples are cut 

parallel to the loading axis. The samples are grinded (till 1500) and polished using a diamond 

paste of 3 and 1 µm. Figure 8.17 shows SEM micrographs of the DP450 steel in the necking 

and fracture region. In the DP450 steel, uniform distribution of martensite and smaller ferrite 

grain size is expected to produce a good fracture response. The ferrite matrix has undergone 

severe plastic strain, and the martensite plastic deformation is hard to identify from the visual 

analysis (but aligned in the loading direction). However, microscopically the deformation can 

be classified as heterogeneous. The primary mode void generation in the DP450 steel is by 

ferrite-martensite decohesion. The difference in plastic strain compatibility between the two 

phases is the primary reason for decohesion[88]. No martensite cracking or severe deformation 
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has been observed in the micrographs of the necking region. Martensitic cracking is a result of 

the extreme hardness of the martensite phase, which induces high stress on the martensite and 

severe strain on ferrite. The ferrite-ferrite decohesion is very rare and appeared only in 

proximity to martensite. Voids that appeared along the ferrite-ferrite grain boundary between 

closely situated martensite have grown longer (Figure 8.17(b)). In Figure 8.17(c), the 

decohesion that happened along the ferrite-martensite boundary has not grown larger, and the 

size of the martensite grain is larger. Voids formed at the end of a sharp martensite phase have 

grown longer. Voids also appeared in between two small martensite grains separated by a short 

distance.   

  
   (a)            (b) 

 
(c)             (d) 

Figure 8.17 Voids formation in necking region of DP450 steel. 

Figure 8.18 shows fractured surface at the crack tip and center of ligament, after the EWF test, 

for the laser notched (a & d), the EDM notched (b & e), and the precracked (c & f) samples.  In 

all the conditions, morphology at the crack tip and the center of the ligament is similar. The 
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introduction of fatigue precrack has not changed the stress state and the fracture morphology. 

In all three conditions, ductile fracture prevails, which means that micro void nucleation and 

coalescence happened before the crack opening. Necking is wider at the beginning (Figure 

8.18(a), (b) & (c)) and constantly decreases for a short distance (transitional distance) and 

remains constant for the rest of the ligament. At the crack tip, the stress state is quasi-plane 

strain and changes to the plane-stress dominant condition as the crack propagates. The distance 

over which the quasi-plane strain condition changes to the plane stress dominant condition is 

called transitional distance. The transitional distance is the same for all the ligament lengths 

and increases with thickness[21]. At the centre of the ligament, fractured morphology is 

dominated by slant fracture (45º to the loading), and a small flat fracture also visible. Type of 

fracture (slant or flat) is dependent on stress state, material properties, fracture strain, and many 

other factors. The slant fracture in the DP450 steel can be attributed to plane stress dominant 

condition and high strain hardening. At the beginning of the crack, the portion of the flat fracture 

against the slant fracture is high and decreases as the crack propagates. On the slant fractured 

surface, dimples are in mode-2 (45º to the loading) and disappeared at the edge.   

   
  (a)    (b)            (c) 

   
(d)    (e)           (f) 

Figure 8.18 Fractured surface at crack tip and center of ligament: (a & d) laser notched; (b & e) EDM notched 

and; (c & f) precracked samples.   
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8.3.2 IF steel 

  
(a)               (b) 

Figure 8.19 Necking regions in IF steel after EWF test. 

Figure 8.19 shows SEM micrographs in the IF steel necking region after the EWF test. 

Voids formed only at the grain boundary interactions and appeared only close to the fracture 

surfaces. In the EBSD analysis of the homogeneously deformed portion (away from necking), 

there were no slip bands, and orientation within the grain is without any abrupt change in 

orientation. However, in the necking region, during severe plastic deformation close to the 

fracture surface, slip bands are formed about 45º to the loading axis. These bands act as 

dislocation walls and restrict void coalescence and further increasing resistance to crack 

propagation. Few grains have unidirectional slip bands, and others have bidirectional slip bands. 

Steven Dillien et al.[89] have conducted EBSD analysis on these kinds of slip bands in IF steels 

and found a sudden change in lattice orientation at these slip bands.  

Figure 8.20 shows the fractured surface at the crack tip and center of the ligament for the 

notched and the precracked IF steel. Unlike the DP450 steel, the necking intensity is very high 

in the IF steel. In both the conditions (notched and precracked), ductile fracture prevails, and 

the morphology of the cracked surface is similar. In both conditions, transitional distance is not 

visible (minimal), and shear-lipped slant fracture is prominent. The absence of the transitional 

distance in the IF steel can be attributed to high plastic fracture strain. The size of the dimples 

is larger and inconsistent in comparison to the DP450 steel. Thickness at the edge of the 

fractured surface is not constant throughout the ligament length. The ratio of the slant to the flat 

fracture is not constant throughout the ligament.   
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(a)               (b) 

   
(c)               (d) 

Figure 8.20 Fractured surface at the crack tip and centre of the ligament: (a & b)  laser notched and;  (c & d) 

precracked samples. 
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9. STRAIN ANALYSES DURING EWF TEST 

9.1 Strain in EWF test 

 The objective of digital image correlation (DIC) technology during the EWF test is to 

find the variation of stresses on the test sample at various stages of loading and pattern of strain 

distribution. The essential validation criteria for the EWF test is that the ligament must be 

completely yielded before crack initiation, and plastic deformation should be limited only to 

the ligament. The validation criteria are also verified using the DIC system. Section 6.4 explains 

the experimental setup and the sample preparation for the DIC measurements.   

9.2.1 DP450 steel 

Figure 9.1 shows the force versus deformation diagram of an EWF test and selected points at 

which strains are analysed. Mises, major and minor strains are analysed at these points with the 

DIC diagrams' help (Figure 9.2, Figure 9.3 & Figure 9.4).  

 

Figure 9.1 Force versus displacement diagram of EWF test of DP450 steel for ligament length 8.86 mm. 

Figure 9.2 shows the Mises strain development at various stages (mentioned in Figure 9.1) 

during the EWF test. From the visual observation, plastic deformation is limited only to the 

ligament area, and the rest of the sample has no significant plastic deformation. The shape of 

the plastic zone around the ligament is slightly elliptical. The amount of deformation (strain) 

within the elliptical plastic zone around the ligament is not uniform. The area around the 

immediate vicinity of the ligament is called the necking zone and experienced severe 

deformation. The local strain inside the necking zone is significantly higher than the outer 
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plastic zone. During the EWF test, after complete yielding, strains near notches are higher than 

the rest of the ligament. Half dumbbell-shaped strain patterns are created near the notches and 

intersect during crack propagation. The half dumbbell-shaped strain has a gradient strain 

pattern, and the strain decreases as it moves away from the notch centre. Stable crack growth 

happens only after reaching the maximum force. After the maximum force, strain outside the 

necking zone will not change significantly. The shape of the plastic zone and behaviour of strain 

is similar for both notched and precracked samples. Figure 9.3 & Figure 9.4 show the major 

and minor strains at the various stages of the EWF test. The effect of minor strain, 

predominantly perpendicular to the loading direction, is very little. The major strain, 

predominantly along the loading direction, is high, and its contribution to Mises-strain is 

maximum. The inner portion of the ligament has little tension in minor strain direction, while 

the notches' surrounding has little compression. The large portion of the ligament during the 

EWF test is in plane strain condition (regarding FLD); hence, the strains can also be used to 

construct forming limit diagram (FLD) and fracture forming limit diagram (FFLD).  

  

   

Figure 9.2 Mises strain development during the EWF test at various stages (Figure 9.1). 

     

Figure 9.3 Major strain development during the EWF test at various stages (Figure 9.1). 
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Figure 9.4 Minor strain development during the EWF test at various stages (Figure 9.1). 

Figure 9. 5 and Figure 9. 6 show the Mises and minor strain, respectively, for three different 

sized ligament lengths at the peak load during EWF tests. The shape of the plastic zone in all 

three different-sized ligaments is similar. As ligament length increases, the shape of the plastic 

zone around the ligament becomes more elliptical, but the primary shape has not been changed 

noticeably. A similar strain pattern is present in all the ligaments during the EWF tests.   

    
 

Figure 9. 5 Mises strain for 3.24, 8.86 and 12.74 mm ligament lengths (left to right) near the peak load. 

     

Figure 9. 6 Minor strain for 3.24, 8.86, and 12.74 mm ligament lengths (left to right) near the peak load. 

Figure 9.7(a, b & c) shows the Mises, major and minor strain, respectively, for a section drawn 

perpendicular to the ligament. Figure 9.7(a) shows the position of the section line on the EWF 

sample. The maximum-recorded Mises strain is around 45%; however, the value is dependent 

on the last recorded value. The maximum strain (necking) happens over a section length of 

approximately 3 to 5 mm, mainly in the necking zone. After the initiation of necking, the strain 

outside the necking zone remains the same, while the narrow necking zone experiences severe 

strain before the final fracture. The minor strain is negative outside the necking zone and tensile 

in the necking zone; however, the effect is minimal, and it has no significant impact. The minor 

strains reach their peak values much before the last recorded values and slightly decrease before 

the fracture. The sharp reduction of force during the final necking reduces complimentary minor 

strain before fracture. Figure 9.7(d, e & f) shows the Mises, major and minor strains versus 

stage time at different stage points. Figure 9.7(d) shows the stage points position on the EWF 
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test sample. The strains are minimal before yielding, and it is attributed to low elastic strains. 

The stage points closer to the necking zone experience high strains and gradually decrease as 

points move away from the fracture zone (necking zone). As stage points move away from the 

fracture zone, faster they reach strain stagnation before fracture. Stage points 0 and 1 have 

higher strain in comparison to the rest of the stage points. Until reaching maximum force, the 

stage points 0 and 1 have identical strains. After reaching the maximum force, stage point 0 

started to deviate from stage point 1 and experienced strains several orders higher than stage 

point 1.  

 
   (a)       (b) 

 
   (c)       (d) 

 
   (e)       (f)  
Figure 9.7 Mises, major and minor strains(a, b & c) versus section length (drawn perpendicular to the ligament) 

at various stages and; Mises, major and minor strains(d, e & f) versus point stage(time) for various stage 

points(d).   
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9.2.2 IF STEEL 

Figure 9.8 shows the force versus deformation diagram during an EWF test, and various 

highlighted points at which strains are analysed. Mises, major and minor strains are analysed at 

these points with DIC diagrams' help (Figure 9.9, Figure 9.10 & Figure 9.11). 

 
Figure 9.8 Force versus displacement diagram of EWF test of IF steel for ligament length 9 mm.  

Figure 9.9 shows the Mises strain development at various stages (mentioned in Figure 9.8) 

during the EWF test. Like the DP450 steel, plastic deformation is limited to the ligament area, 

and the rest of the sample is largely unaffected. However, the spread of plasticity is much wider. 

The shape of the plastic deformation is slightly different in comparison to the DP450 steel. The 

shape of plastic deformation in the IF steel is also elliptical; however, the major axis (ellipse) 

is along the loading direction. During the initial loading stages, the shape of the plastic zone 

around the ligament is more circular. The high strain zone (more than 10%) is much wider for 

the IF steel than the DP450 steel. The strain gradient rings at the notches are more circular and 

stretched outside the fracture zone (compared to the DP450). Figure 9.10 & Figure 9.11 show 

the major and minor strains developed during various stages of the EWF test. Like the DP450 

steel, the minor strain is very little, and the centre portion of the ligament is in plane strain 

condition (minor strain close to zero). The minor compressive strain around the notches is much 

wider and spreading out of the necking zone. The major strain acting along the loading direction 

has the dominant effect on the entire strain behaviour.   
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Figure 9.9 Mises strain development during EWF test at various stages (Figure 9.8) for ligament length 9 mm. 

      
Figure 9.10 Major strain development during EWF test at various stages (Figure 9.8) for ligament length 9 mm.  

     

Figure 9.11 Minor strain development during EWF test at various stages (Figure 9.8) for ligament length 9 mm.   

Figure 9.12 and Figure 9.13 show Mises strain and minor strain respectively for three ligaments 

4.83, 9.0, and 12.77 mm. From visual observation of the mises strain, the shape of the plastic 

zone around the ligament is similar. The minor strain increases with an increase in ligament 

length; however, the effect is not significant.  

      
Figure 9.12  Mises strain for 4.83, 9.0, and 12.77 mm ligament length (left to right) near peak load. 

     
Figure 9.13 Minor strain for 4.83, 9.0, and 12.77 mm ligament length (left to right) near peak load. 
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Figure 9.14(a, b & c) shows Mises, major and minor strain, respectively, for a section line drawn 

perpendicular to the ligament. Figure 9.14(a) shows the position of the section line on the EWF 

sample. The maximum recorded mises strain is about 80%; however, the value is dependent on 

the last recorded value. The maximum strain (necking) happens over a section length of 

approximately 4 to 6 mm, mainly in the necking zone; it is larger than the DP450 steel. The 

maximum strain in the IF steel is almost twice that of the DP450 steel. Figure 9.14 (d, e & f) 

shows Mises, major and minor strains versus stage time for different stage points. Figure 

9.14(d) shows the stage points position on the EWF test sample. The behaviour of strain 

development is similar to that of the DP450 steel, which was explained in the previous section.  

 
   (a)       (b) 

 
   (c)       (d) 

 
   (e)       (f)  
gf 

Figure 9.14 Mises, major and minor strains (a, b & c) versus section length (drawn perpendicular to the 

ligament) at various stages and Mises, major and minor strains (d, e & f) versus point stage (time) for various 

stage points(d). 
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9.2 Fracture forming diagrams 

 Figure 9.16 and Figure 9.16 show major and minor strain development (at the centre of 

a ligament) during EWF test for mode 1, mode-2, and mixed-mode (30º) samples of the DP450 

steel (Figure 9.16) and the IF steel (Figure 9.16). The strain data is obtained using digital image 

correlation, and the data is collected at the centre of the ligament. The fundamental pattern of 

the major and the minor strain development for both the steels is almost similar. In mode-1 of 

the EWF test, the minor strain for the DP450 steel is slightly lower than the IF steel, and the 

major strain difference between the two steels at fracture is little compared to the other two 

modes. However, the value of major strain at the fracture is calculated using final thickness. A 

near plane-strain condition is present in mode-1 of EWF tests. In mode-2, both the major and 

the minor strains increase linearly, and the path is about 45º(slope of -1) to the minor strain 

baseline. In mixed-mode (30º), the strain path lies in between mode-1 and mode-2. 

 

Figure 9.15 Major and minor strain development during EWF test for mode-1, mode-2, and mixed-mode of the 

DP450 steel.  
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Figure 9.16: Major and minor strain development during EWF test for mode-1, mode-2, and mixed-mode of the 

IF steel. 

Figure 9. 17(a) shows the time-dependent method used by M.B. Silva et al. [101] to determine 

the stage of necking. At three different points, strain data is collected (Figure 9. 17(a)). Point 1 

is inside the fracture zone, point 2 is on the instability region boundary, and point 3 is outside 

the local instability zone. The stage at which the local major strain rate of point 2 reaches its 

maximum value is identified as the necking stage. The major and the minor strains of point 1 

at the necking stage are considered to calculate local instability or necking. Figure 9. 17(b) 

shows the necking and fracture points of the DP450 and the IF steel in all EWF test modes. The 

major strain at fracture is calculated by the following method: the strain across thickness ε3 is 

calculated from the final thickness of the sample after the test (measured in SEM microscope). 

The minor strain at fracture is assumed to be the same as the last recorded value. Later, the 

major strain at fracture is calculated from the incompressibility hypothesis (ε1=-(ε2+ε3)).  

For the IF steel, the major strain at fracture is significantly higher than the DP450 steel in all 

the modes. The major strain at necking is also higher for the IF steel. In mode-2 of the DP450 

steel, necking was not properly visible. The difference between fracture strains of the IF and 

the DP steels is highest for mode-2 and lowest for mode-1. The major strains at fracture of the 

IF steel are 7.62%, 23.41%, and 27.70% higher than the DP450 steel in mode 1, mixed-mode, 

and mode-2, respectively. The major strains at necking (local instability) of the IF steel are 

125.52% and 91.07% higher than the DP450 steel in mode-1 and mixed-mode, respectively.  
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   (a)                  (b) 

Figure 9. 17 (a) Time-dependent methodology to determine the necking stage; (b) Necking and fracture points 

for DP450 and IF steel in all tested modes.  

Figure 9.18 shows Forming limit diagram (FLD) of the DP450 steel and the IF steel determined 

from the Nakajima test. Section 6.6 explains the detail of the experimental procedure of the 

Nakajima test. The test is conducted according to the ISO 12004-2, and necking is determined 

using the section-based method (DIC). From the FLC analyses of the IF and the DP450 steels, 

the necking strain for the IF steel is significantly higher than the DP450 steel. For the smallest 

width sample in the Nakajima test (close to uniaxial tension condition), at necking, the IF steel 

has major and minor strains 85.07% and 244.15% higher than that of the DP450 steel. For near-

plane-strain conditions (minor strain close to zero), the IF steel has a major strain of 75.12% 

higher than that of the DP450 steel. For equi-biaxial tension condition (maximum width 

sample), the IF steel has the major and minor strains 24.73% and 19.46% higher than that of 

the DP450 steel. The difference of necking strain between the IF and the DP450 steel is 

maximum in the tension-compression zone. It reduces as it moves towards the plane strain 

condition and further reduced to the lowest difference at equi-biaxial conditions.  
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Figure 9.18 Forming limit diagram (FLD) of DP450 steel and IF steel determined from the Nakajima test.   

9.2.1 Fracture strain and triaxiality   

 
Figure 9.19 Equivalent strain versus triaxiality for mode-1, mode-2, and mixed-mode (30º) EWF test of DP450 
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Figure 9.20 Equivalent strain versus triaxiality for mode-1, mode-2, and mixed-mode (30º) EWF test of IF steel.  

 Section 5.3 explains the calculation of triaxiality and equivalent strain from major and 

minor strains determined through the digital image correlation technique. Figure 9.19  and 

Figure 9.20 show the equivalent strain versus triaxiality for the DP450 and the IF steels, and 

the strain data are collected from three different modes of EWF tests. The equivalent strain and 

the triaxiality are calculated based on surface data, and actual values at the centre will be 

different; hence, the comparison is limited only to the surface. The strain data are collected 

close to fracture, which means at maximum localised strain portion. The theoretical value of 

triaxiality for shear mode (Mode-2) and plane strain condition (Mode-1) is zero and 0.58, 

respectively. In all three modes, the equivalent strain at fracture for the IF steel is significantly 

higher than the DP450 steel. In the mode-1 EWF test, a near plane strain condition is present 

(Figure 9.16), and the triaxiality is close to the theoretical value. In the plane strain condition 

(mode-1), the difference between equivalent strains at fracture for the IF and the DP450 is little 

compared to other modes. In the mixed-mode (30º), the triaxiality is slightly lower than the 

mode-1, and the equivalent strain is higher than the mode-1. The low triaxiality in the mixed-

mode (comparing to mode-1) helps in higher ductility and fracture strain. Initial triaxiality 

patterns are slightly different for the IF and the DP450 steel; however, at fracture, they are 

identical. In the shear mode (mode-2), the initial value of triaxiality is close to the theoretical 

value of zero; however, it increases linearly with loading.       
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9.3 Hole expansion test  

Table 9.1 and Table 9.2 show the hole expansion test results for the DP450 and IF steels. The 

original diameter of the hole is 35 mm for both the steels. Section 6.6 explains the details of the 

hole expansion test. Cutting clearance is the gap between punch and die; it is also expressed in 

the sheet thickness percentage. The hole expansion ratio of the IF steel is significantly higher 

than the DP450 steel. At zero clearance, the hole expansion ratio of the DP450 and IF steels are 

63.14 and 185.57 percentages respectively. The hole expansion ratio of the IF steel is about 

three times higher than the DP450 steel. With a maximum clearance of 0.4 mm, the hole 

expansion ratio of the DP450 and IF steels are 9.96 and 63.75 percentages respectively. The 

hole expansion ratio of the IF steel is about six times higher than that of the DP450 steel.  

Table 9.1 Hole expansion test results of DP450 steel. 

Final average 

diameter df (mm) 

Hole expansion ratio 

λ (%) 

Cutting clearance C 

(mm) 

Cutting clearance in % of 

thickness C(%t) 

57.10 63.14 0 0 

47.67 36.21 0.01 1.769 

42.61 21.75 0.08 14.15 

39.80 13.71 0.16 28.31 

39.47 12.78 0.24 42.47 

38.61 10.32 0.32 56.63 

38.48 9.964 0.4 70.79 

 

Table 9.2 Hole expansion test results of IF steel. 

Final average 

diameter df (mm) 

Hole expansion ratio 

λ (%) 

Cutting clearance C 

(mm) 

Cutting clearance in % of 

thickness C(%t) 

99.95 185.57 0 0 

85.41 144.03 0.01 1.459 

78.01 122.89 0.08 11.67 

75.95 117.00 0.16 23.35 

65.77 87.92 0.24 35.03 

62.06 77.32 0.32 46.71 

57.31 63.75 0.40 58.39 

Figure 9.21 shows the hole expansion ratio λ versus cutting clearance in terms of thickness 

(percentage) for the DP450 and IF steel. The hole expansion ratio decreases with an increase in 

cutting clearance, irrespective of the material. In the case of the IF steel, the hole expansion 

ratio decreases almost linearly with an increase in the cutting clearance; however, the drop is 

slightly higher in the beginning. In the case of the DP450 steel, the drop in hole expansion with 
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an increase in cutting clearance is significant at the beginning and very little after the initial 

drop. The hole expansion ratio's sensitivity to the cutting clearance is high at the beginning for 

the DP450 steel, and for the IF steel, it varies gradually throughout the band.  

 
Figure 9.21 Hole expansion ratio λ versus cutting clearance for DP450 and IF steel. 
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9.4 Comparison of EWF test with rest of the experiments   

For the precracked samples, the DP450 and the IF steel have we values of 154.22 kJ/m2 

and 196.16 kJ/m2, respectively. The IF steel has about 27% higher we value than the DP450 

steel. Crack tip-opening displacement 𝛿𝑐
𝑒 for the DP450 and the IF steels are 0.3251 and 0.4260 

mm, respectively, for the precracked samples. For the precracked samples, the IF steel has about 

31% higher 𝛿𝑐
𝑒 value than the DP450 steel. At zero clearance, the hole expansion ratio of the 

DP450 and IF steels are 63.14 and 185.57 percentages respectively. The hole expansion ratio 

of the IF steel is 190.88% higher than that of the DP450 steel. In the Nakajima test, at necking, 

for the near plane strain condition, the IF steel has a major strain of 75.12% higher than that of 

the DP450 steel. 

From analyses of the above results, the IF steel has better fracture toughness (EWF test), higher 

resistance to local instability (necking), and a better hole expansion ratio than the DP450 steel. 

In the EWF test, both elongation (strain) and force (stress) are the deciding factors for the results 

(we and 𝛿𝑐
𝑒). In the Nakajima test and FLD diagram, elongation (strain) is the only deciding 

factor for the result, and force data is not considered. In the Nakajima test and FLD test, the 

difference between the IF steel and the DP450 steel is significantly higher. While in the EWF 

test, the difference in result between the IF steel and the DP450 steel is mediocre. The high 

load-bearing capacity of the DP450 steel helps in decent fracture response in the EWF test. 

However, due to the poor elongation characteristics and low resistance to local instability, the 

DP450 steel has a low hole expansion ratio and poor FLD characteristics compared to the IF 

steel. 
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10. CONCLUSION AND FUTURE WORK 

 Essential work of fracture (EWF) methodology has been studied, and parameters 

affecting the results are analysed in detail. The EWF method has been successfully used to 

calculate the fracture toughness of the DP450 steel and the IF steel. The EWF method can be 

used to characterise the strength and fracture toughness of advanced high-strength steels. This 

methodology helps in the selection of high-toughness and crash-resistant materials. However, 

the EWF methodology is sensitive to many parameters. The major parameters affecting the 

EWF methodology are notch tip radius (fatigue pre-crack), sample preparation method, material 

property, selection of ligament length, choice of the lowest ligament length, and length of 

fatigue crack (a/W ratio). For the notched samples, the number of samples required to get 

accurate results is low (5 to 7). However, for precracked samples, a higher number of samples 

need to be tested for accurate results (more than 10). The sample preparation method influences 

the notch tip geometry and the results. However, for precracked samples, the influence of the 

sample preparation method is very low. The sample prepared from the EDM method is better 

than the laser cutting because it does not significantly change the material properties near the 

notch tip. However, the laser cutting produces a sharper notch tip, and the HAZ is offset by 

fatigue precrack. Both notched and precracked samples can be used in the EWF methodology. 

The notched samples are suitable for quick and easy comparison. However, only precracked 

samples represent the actual fracture toughness values. Low toughness and high strength 

materials like advanced high strength steels are more sensitive to notch tip radius. In contrast, 

high toughness materials are less sensitive to the notch tip radius. However, not all materials 

are equally sensitive to the notch tip radius.   

Following conclusions can be made from the EWF tests, EBSD analyses, Fractographic 

analysis, FLD tests, hole expansion test of the IF steel and the DP450 steel.  

• For the precracked samples, the DP450 and the IF steels have we values of 154.22 kJ/m2 

and 196.16 kJ/m2, respectively. The IF steel has about 27% higher we value than the 

DP450 steel. 

• The presence of fatigue precrack in the DP450 steel has reduced we by about 23%, while 

only 8% for the IF steel. 
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• For the precracked samples, crack tip-opening displacement 𝛿𝑐
𝑒 for the DP450 and the 

IF steels are 0.3251 and 0.4260 mm, respectively. For the precracked samples, the IF 

steel has about 31% higher 𝛿𝑐
𝑒 value than the DP450 steel. 

• For the precracked samples, 𝜓𝑒  for the DP450 and the IF steels are 9.07º and 19.76º, 

respectively. 

• The average grain sizes are 6.31 µm and 15.35 µm for the DP450 and IF steels, 

respectively (considering only the grains larger than 100 pixels and without martensite 

for the DP450 steel). 

• In the IF steel, a favourable {111} crystal orientation in the normal direction helps for 

excellent plastic deformation; however, the DP450 steel lack a favourable {111} texture 

in the normal direction. 

• Both the DP450 steel and the IF steel have local misorientation in as-received condition. 

In the IF steel, local misorientation is concentrated mainly in small grains and around 

LAGB. In the DP450 steel, the local misorientation is primarily concentrated around 

martensite and grain boundaries.   

• During plastic deformation, both the DP450 steel and the IF steel experience 

heterogeneous deformation within the ferrite grain. However, the extent of 

heterogeneous deformation is less in IF steel. 

• Primary mode void generation in the DP450 steel is ferrite-martensite decohesion, and 

voids appeared in between two small martensite grains separated by a short distance. In 

the IF steel, voids formed only at grain boundary interactions.  

• The size of the plastic zone during the EWF test is significantly larger for the IF steel 

than the DP450 steel (DIC analyses). The IF steel can redistribute the stress much away 

from the crack tip.   

•  At zero clearance, the hole expansion ratio of the DP450 and the IF steels are 63.14 and 

185.57 percentages respectively. 

• In the FLD, for the near plane-strain condition, the IF steel has a major strain of 75.12% 

higher than that of the DP450 steel. 

• The IF steel has excellent necking characteristics, high elongation at fracture, good 

fracture toughness, better hole expansion ratio, and a favourable crystallographic 

orientation for better forming. The DP450 steel has decent fracture toughness, poor hole 

expansion ratio, poor necking characteristics, reasonable elongation at fracture, and high 

strength. 
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• In automotive body stamping, the IF steel has an edge in parts where the deep drawing 

(high-intensity forming) is necessary. However, the DP450 steel is still a good option 

for the parts, which do not require high-intensity forming but need high strength.   

Future work  

The essential work of fracture (EWF) technique is yet to be standardized. The methodology has 

great scope in industry and research applications. In the future, the author like to compare the 

EWF results with standard fracture toughness parameters like J-integral. Materials having 

different toughness will be tested in the EWF methodology, and their behaviour will be studied.  
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APPENDICES  

Appendix A1 

 E.Q. Clutton[34] conducted round-robin experiments on the EWF method and 

parameters affecting the EWF method. Appendix A.1 shows the parameters and results of the first 

set of samples. The first set of Ethylene propylene polymer samples of 100 µm thickness was 

prepared by a single group, i.e., similar specimen dimensional parameter. Appendix A.2 shows 

the parameters and results of the second set. In the second set, individual groups prepared the 

samples. 

Appendix A.1 Essential work of fracture test results of samples prepared by single group.[34] 

Group 
h 

(mm) 

W 

(mm) 

Lmax-

Lmin 
samples 

Test 

speed 

(mm/

min) 

σy 

(MPa) 

we 

(kJ/m2) 
βwp 

σmax 

(MPa) 

S 

(kJ/m2) 
R2 

1 50 28 
6.55–

15.07 
25 10 27.7 36.8 10.7 29.0 3.5 0.980 

2 50 28 
6.46–

14.29 
25 10 28.6 44.2 10.8 29.8 2.8 0.987 

3 80 28 
6.33–

14.17 
25 16 27.0 40.0 10.7 30.5 2.0 0.993 

4 35 28 
6.29–

14.15 
20 10 27.5 44.9 10.7 29.5 2.8 0.991 

5 35 28 
6.23–

14.15 
25 10 27.5 44.6 11.3 29.3 2.1 0.993 

6 50 28 
6.31–

14.14 
22 10 27.0 42.9 11.6 30.1 2.9 0.987 

7 50 28 
6.31–

14.15 
25 10 26.8 52.8 

10.2

2 
28.0 3.9 0.971 

8 70 28 
6.20–

14.35 
25 20 - 48.0 

10.8

8 
32.0 4.4 0.980 

Appendix A.2 Essential work of fracture test results of samples prepared by individual group.[34] 

Group h 

(mm) 

W 

(mm) 

Lmax-

Lmin 

samples Test 

speed 

(mm/min) 

σy 

(MPa) 

we 

(kJ/m2) 

βwp σmax 

(MPa) 

S 

(kJ/m2) 

R2 

1 60 40 5.86–

14.46 

27 12 27.7 36.4 10.4 30.6 4.3 0.966 

2 60 40 5.76–

14.03 

25 12 28.6 54.1 09.0 31.6 3.4 0.973 

3 80 28 6.13–

14.24 

27 16 27.0 30.0 11.0 30.0 1.5 0.996 

4 35 35 5.24–

15.68 

20 10 27.5 36.1 11.6 29.2 2.8 0.991 

5 35 35 5.78–

14.97 

12 10 27.5 37.0 11.4 30.2 3.9 0.991 

6 50 28 6.31–

14.14 

22 10 27.0 42.9 11.6 30.8 2.9 0.997 

7 50 28 6.45–

13.98 

27 10 26.8 37.9 11.2 28.4 5.6 0.952 

8 70 35 5.95–

13.70 

25 20 - 27.0 12.0 31.0 4.2 0.974 
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