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ABSTRACT

DOCTORAL THESIS
Fracture toughness analysis of autowtive 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 Schmidova, PID.
2021

Determination of fracture toughness of the automotive steels in the plane stress
dominant condition (thin sheets) using essential work of fracture methodology is thehresearc
work's objective. The lack of proper international standards and complicatédg test
methodology has forced us to search for an easy and reliable alternative method. Most of th:
existing international standards to measure fracture toughness are prdasigiged based on
plane strain dominant condition (thickness constraint). A congmsve literature survey has
been done on the essential work of fracture (EWF) method, and the parameters affecting it ar
studied. The essential work of fracture (EWF) moeiblogy has been successfully used to
determine the fracture toughness of doiadse (DP450) steel and Interstitial free steel. The
feasibility of the EWF methodology in mo@and mixeemode is tested. The effect of notch
tip radius on the fracture tougéss in the EWF methodology is analysed. Using the EBSD
analysis, comprehensivelyl enaterial parameters affecting the fracture toughness are studied.
Fractographic analyses of the fractured surfaces after the EWF test is done using a scannir
electron meroscope (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 expssis also
done for the DP450 steel and the IF steel. Finally, a thorough cisomp#s made between all

the parameters mentioned above.

Keywords: Fracture toughness, EWF, Dyatiase steel, DP450, Interstitial free steel, Plane
stress, FLD
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1 INTRODUCTION

Automotive manufacturinghas beera signficant contributor tothe rapid economic
growth of most countries on eagmcethe 19" century.A faster mode of transptation helps
in moving goods and people from one place to another at a higher speedtpaison to
traditional methods. Lack ofnfrastructureand automotive technology ideveloping and
underdeveloped countriésvefailed to transport goods and peeftom one place to another
place quickly, which ledto slower economic progress. The automotive industry has made
significant and prgressie changes from the initial dayand it is a neveending process.
Today, the automotive industry is going througimprecedented¢hangs such as electric

vehicles, hybrid vehicles, autonomous driving, hydrogen fuel cell vehaidsmany more.

In the dawn of the automotive industry era, manufacturing a vehicle was a mammoth
task and vehicles were produced in smaltdihes Later, in the mass production assemtilye
era,manufacturers' intereshifted towards speed, comfort, efficiency, relidpilquality, cost,
robustnessetc Today, extensive competition and strict norms ftbegovernmenforcedthe
automotive industry to produce more efficient and safer cate vehicle's weighhas a
significant effect on therehicle's efficiency, andhe safety of the cars is equally essential.
Increased safety norms from the government and higher crash safety ratingtexmpeérom
customers are constantly growing. Both efficiency and crash test performance of the vehicles
are significantly dependeoin the material used for vehicle manufacturiig reduce gross
weightand simultaneously to increase the strengtthefvehicle automakerfiavestarted to
use advanced high strength st€aldSS)in the lasfew decadesThese advanced higdtrength
steels have higher strength than ordinary steel and have a significantly higher siwength
weight ratio.

AHSS steels arexpected to have good manufacturability, formability, weldability, corrosion
resistance, durability, and cesffectiveness. Ordinary Yo carbon steel has good ductile
properties; however, it has relatively lower strength. Advanced-giigingth steels ar
developed with different microstructural phases and alloying elements. Generally, these steel
have very high yield strength and ultiteatrength. Some of the advanced high strength steels
used in the automotive industry are dphhse (DP) steel, manstic steel, complex steel,
ferrite-bainitic steel, transformation induced plasticity (TRIP) steel, twinning induced plasticity
16



steel, ad many more. Generally, these steels have yield strength of more than 550 MPa (not :
strict definition). Based on stgth, fatigue, toughness, cost, and stiffness, these steels are used
in various automotive components. Extensive research is needeelsenstiels in all areas to

understand their mechanical properties entirely.

Fracture toughness parameters are critmahutomotive steel. Fracture toughness has a direct
influence on crashworthiness, formability, crack growth, and many more aspextaajdrity

of international Standards that measure fracture toughness are valid in plane strain condition:
I.e., for elatively thicker materials. A large portion of the automotive vehicle is made up of thin
sheets. Determination of fracture toughnesgHor sheets ifplane stress dominant condition

is complicated, and there are no suitable and consistent internatamards availahle

Studyand analysi®f fracturetoughnes@and microstructure od few automotive steel
sheetdn plane stresdominant conditionareamongthe primaryfocus of this research work.
Dualphase steel and interstitial free steel were amésethe research work. These steels are

extensively used in the automotive industry.

The essential work of fracture (EWF) method isdis this research work to find out
fracture toughness of thin sheets in plane stress dominant condition. The EV@E aredtthe
parameters affecting it will be analysed. Double edge notched tension (DENT) samples with
fatigue precracks are used. The EVperiments are conducted in a universal tensile testing
machine in assistance with ARAMIS digital image correlatibiC{) technique. The tested
samples are analysed in an optical and electronic microscope for fractographic study. Electrol
backscatter difaction (EBSD) analysis is done for the tested samgtasally, fracture
toughness of the duphase steel and thetenstitial 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 prifoemg was
technological advancement rather than the vehicle's safety or efficl2aggg thetwentieth
century's second half, due to increased road accidents, higher pollution caused by automobile
and increased fuel prices forced the government inemrestountries to adopt standards on
safety, emission, and efficiency. High strength steel (HSL) usage was limited due to a lack of

technological development for masoduction and stampinalated problems.

In comparison to mild steels, high strength Istdeave low ductility less formability, low
fracture toughness, higher coand difficulty to stamp. Initially high strength low alloy
(HSLA) was thechoice of material for higér strength due to manufacturing and technological
problemsassociated withigh strength steels like duphase and martensitic stegd§ 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 acras, the material should absorb as much energy as possible and direct the crash forces |
a controlled manneihe vehicle's desigalso plagacrucialrole in distributingheenergy and
maximising the contact area duritite crash. A controlled deformatioof the crumple zone
during the crash helpskeep the structural integrity othe passenger cabin. Mechanical
properties of the materiglay a dominant role in energy absoopti which intern depends on

themicrostructure of the materif].

Mild steel is being used in the autartive industry extensively from the automotive industry
dawn till now. Althoughthe constant increase in usage of high strength steels (HSS) and new
generation advanced high strength steels (AHSS), mild steel has its advantages. Some compl
parts, exteriobody parts, and sharp designs for styling purposes require high formaltiity, o

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-diphgalvanizing (zinc

coating). The ferromagnetic nature of mild steel helps sy sarting and recycling.

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

the door, fenders, sunroof, tailgate, and inteltmor. Extreme low content of carbon (<0.005
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weight percentage) and nitrogennierstitial free steel makes an ideal choice for deep drawing
applications. Vacuum degassing technology helps in keeping the carbon content below 30 ppnr
Titanium and niobiumare 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 stagbadtly up to

100 MPa but at the cost of formability. Catolled and annealed sheets are widely used in the
automotive industry. A strong texture {111}|| normal directio®(N -filpre) is desirable to get

high formability and increase in carbon contentsolid solution strengthening elements is
detrimental to the {111}/{100} ratio (decreases). Along with the formation of carbides and
nitrides, Niobium helps stabilize therfoation of {111}|| normal direction crystallographic

orientation of iron atonj8].

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 carbc
content, which helps in forming complex parts. Later, during painhfakhe 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. Howeveaunifam
dislocations generated due to complex shapes in formiygsti@ngth across the component.
During paint baking, along with dislocation pinning of carbon atoms, precipitation hardening
of carbides also increases the material's strength. Alumikillead and interstitial free steels

can be bake hardened to inceedent resistance, fatigue resistance, and formg#jlity

High strength low alloying (HSLA) steel entered the automotive indusirghe 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 ceffectiveness. HSLA steels are a category of
steels characterised by their unique medts 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 strengiid fatigue resistance by grain refinement, precipitation hardening,
and inclusions. A good balance between formability and strength is the critical property of this
stee]5].

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

expected to grow higher in the future. Dphlase 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. Th:
strength of duaphase steel is ramgy widely from 400 to 1200 MPa. Both high formability

and strength are the main advantage of phalse steel; also, it has good strain hardening
ability, dent resistance, impact resistance, and bake hardenability. Generally, DP steel strengt
increases wh an increase in the volume fraction of the martensite. The size, shape, and
distribution of the martensite significantly influence the epl@se steel's mechanical
properties. Grain refinement and solid solution strengthening of the ferrite phadeeiglso
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 quen
temperingg].

Advanced high strength steels (AHSSjre characterised by themicrostructural multphases

and high strength ranging from 550 MPa to 1200 MPa-gtandard). Steels such as dphhse

(DP) steel, complex steel (CP), transformation induced plasticityR)T&ted steel, twinning
induced plasticity (TWIP) steel, and nensitic steels are classified as advanced high strength
steels. Complex phase (CP) steels have ferrite and bainite microstructure phases along with
small amount of martensite and residaattenite. CP steel has a higher yield strength than
duatphasesteel but has similar tensile strength. Some of the excellent properties of CP steel
are highenergy absorption, good formability, and stretch flaaliity. Transformation
induced plasticitys an effect in which residual austenite transforms into msiteenpon plastic
deformation and thereby increasing the strain hardening effect-JiB## steels have bainite

and martensite in desired proportion to vary strength and elongation-ald&Psteels have

high strain hardening rates and sustain high viarklening 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 roomgerature. A combination of low
stacking fault energy and mecheali twinning inside the grain helps in achieving high strain
hardening as well as excellent forming. The maximum strength of 1000 MPa can be achievec
without significantly losing formabilityMartensitic steels have a very high strength of up to
1800 MPaThe 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 idally suitable because of its high strength and low elongatiost ¢uenching

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

The new era of advanced higtrength steels (AHSS) is entering the audtwve
industry to increase fuel efficiency, reduce emissiond, laetter crash performance. AHSS
having better strength and formability, is an excellent replacement for conventional high
strength steeldrigure 1.1shows the strength versus ductility diagr of automotive steels.
Steels such as interstitial free sterild steel, and bake hardened steel have excellent forming
properties but have low strength. In contrast, the AHSS, such aplthsd steel, TWIP steel,
TRIP aided steel, complex phase staall martensitic steels, have a wide range of strength and

ductlity characteristics.
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Figure 11 Strength versus ductility diagram for various automotive sf@égls.
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Figure 12 2013 Ford Fusion Bodin-White steel usagis]

Figure 1.2shows the sage 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 AH$8viery successive model. Steels that are upgraded
from the preilous generation with a slight change do not affect manufacturability significantly.
However, new steel for a component often has many stamglaigd problems like spring

back effect, edge acks (formed during shearing, trimming, and piercinginkling of pressed
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parts and wavy stamped partsdge fractureappear during stamping for various reasons like
abnormal die clearance, improper and wout tools, higher forces on dies and punclaesl

many more stampingelated 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 eddailures. High yield strength, high strain hamdey, and hard phases

like martensite in AHSS make them prone to edge fractures more often than conventional steel
used in the automotive indusi®y. Figure 1.3(ashows a typical edge fracture in DP980 steel
after formng, andFigure 1.3(b) shows four general zondssbeared steel sheetrassthe
thickness. Conventionally, a burr height of 10% of the material thicknadisnging factor to
checkthe quality of sheared edge. This conventional technigadonger appésto AHSS;

AHSS are more prone to edge crattkantraditional steels.

Figure 13 (a) An edge crack appeared in DP@8t&r forming (b) Zones othesheared edgé7]

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

is the failure criteria). Edgfacture 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, problerektedto the material. Excessive work hardening at the
sheared edge and voids formation in martensite and ferrite interface during trimming is a sourc
for edge fracture initiation. Edge fracture causes a considerable amount of scrap generation i
AHSS. Fracturgoughness of the material directly influences the edge crack formation and
crack growth in subsequent forming processes. Measuring the fracture toughness of these stee
would help in identifying the material's ability to resist the edge cracks. Fractugeness 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 materiatigraterised in two ways, thatrg single value
and resistance curveethodsIn the case dahesingle value method, parameters likéstress
intensity factor),J (JFintegral) andCTOD (crack tip opening displacem@rare used to define
the critical point dring crackgrowth. While in the case dhe resistance curvenethod,the
sane parameters mentioned above pla&ted agaist the crack growth. To determiriee
materialsfracture toughness in a single valgeneally, the material must haaflat resigance
curve andfollows cleavage fracture. Ductile materials often havaisingresistance awe,
which makes it challengintp characterise i single value. In the raisingsistancecurve
crack growth happenfsom a coalescence of micreoids and cosume& more energy as the
crack grows (ductile fracture)American Society for Testing and Materials (ASTM),
International Organization for Standardization (IS@yd many internationalrganizations
have developedstandard for measuring fracture toughreesASTM standards are widely
accepted and used in the fractore c h a fielid.dns1870, ASTM first published the ASTM
E399 standard to measure critical stress intensity f&gton plane strain dominant condition.
Later, ASTM published standards forrias 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 lineatastic planestrain fracture toughness.Kof
metallic materialsis intended to determine the critical stress intensitiofd.c of materialsn

linear elastic condition. To define the fracture toughness of a material using stress intensity
factor Kic, the material behaviour should be linedasticand plastic deformation around the
crack tip should be sufficiently smalllhe word linear elasti¢ is recently added to the
standard's title (after 2013). The concept of plstnain fracture toughness was always
associated with the thick sections anaipktress with thin sections. However, the plane stress
and the plane stirmconditions exist in all sections proportional to thickness. The updated E399
standard has less restriction on thickness compared to the previous E399 standards. Compe
tension C(T)) and single edge notch bent (SEN(B)) are widely used shapesteging. For

the C(T) speci men, t h &V/BtOh MViskhe widtls of theespetinen e m:
andB is the thickness), the thickness of the specimen is dependent on the width, which interr
depends on the ability to produce the most miniature safmmlenduct the test successfully.

To reduce the variation df.c, the ratio of crack lengthajf to the speimen’'s width is kept

bet ween 0. 45aW0 0.55) (0TH& Wal ue of pkprovi

calculated using the following egtion.
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Qe . (1.1)

0 ==

0w

Ps is the load (not peak load) at which unstable crack growth begins, and it is determined by
various methods depending on the lakigpblacement curve of the tested sam'[‘mé;’(b is

the dimensionles geometric factor based on specimen shape, crack lengti@dth of the
specimen. To validate the provisional stress intensity factor, the ligament length should satisfy

equation 1.2.

0
» O @ — (1.2)

Materials having high stngth 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 Ke.

ASTM E182(0/11] Standard Test Method for Measurement of Fracture Touglmessnarily
used to determind-integral J.c) and crack tip opening displacement (CTODMtegral is a
pathindependent line integral around the crack tip @quivalent to energy releasge G) for
linear elastic materials. There are two methods to calculate cdtingtgral (ic), the basic
method and the resistance curve method. In the basic method, crack growth is not monitorec
and many samples are ted up to a varying amount@éformation. The value of tldeintegral
is calculated based on the initial ligament length. Fimeedral is divided into two parts elastic
and plastic. The elastic part of théntegral is the first part of equation 1.3.

., L p ¢ , (1.3)

O —g— v
WhereE is the young's modulus, apds the poisons ratio. The stress intensity factor value is
calculated using similar equations (Eqg. 1.1) mentioned in the ASTM E399. The plastic section

of theJ-integral is calculated usirgguation 1.4.

-0 (1.4)

U —_—

ow
Where d is the dimensionless constam=1.9 for SE (B) andj=2+0.522/W for CT(T)
specimen) A, is the plastic area under the fomtisplacement curve, ana is the ligament
length at the beginning of the teshell-integral value is plotted against the initial crack lengths
(of the different samples) to find the critichintegral (Figure 1.4). blike the E399 (foKc),
the value ofJ,c cannot be determined from a specific critical loBd).(An exclusion lindas
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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 ahd plotted data curve. The vertical limit of the

curve is given by equation 1.5.
0, (1.5)
X®
Wherelyis the average of yield and the ultimate strengths, the vallie (@fitical J-integral)
IS chosen at the intersection of the OrBéh exclusion line and powdaw regression line

(Figure 1.4.
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Figure 14 J-integral versus crack extension to deterndige[11]

In theJ-R curve testing method, the crack growth musinoaitored, and the value oiMMa) is
updated at several intervals. Crac&wth 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 fatdiife. The value ofN-a)
is calculatedat each partial unloading cycle using compliance. The ASTM has given a
polynomial equation to relate compliance and crack growth for standard specimen shapes. Th
potential drop method uses a change in the mdtegldctrical resistance to find the dtac
growth, and the normalization method is used in dynamic tests.JTitegral value is
calculated at several points (generally, equal to the number of partial unloading), @ifea)he
value is updated at each pbiThe elastic part of th&integral iscalculated like the basic
method, and the plastic part is calculated from the following equations.

- 0 0 @

W 0 ®

(1.6)
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Whered andoare dimensionless constants, 0 Is the areander the loaglastic

displacement curve between two consecutive points.

ASTM E561[12] Standard Test Method for-R Curve Determinatiopublishedby the ASTM

to determine stress intensity factor versus crack growth for thitsdiaéng a raising feurve.

Both the ASTM E399 and the ASTM E1820 restrict thickness or indirectly on the specimen's
width. Most automotive body components are made uplletirthin sheets; hence, they do not
meet thickness constraints for the standénmeks intensity factoi(c) and thel-integral (ic)

tests. Thin sheets of ductile materials have a raisiogrie because of slant fracture, crack
growth by coalescence aficrovoids, and plane stress dominant crglstresses. 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 acddpteie
tension (M(T)) specimen is suitable for low strength and high toughness mat@uiatg) the
testing, crack growth must be monitored either by optical measurement technique or
compliance method. Due to the low thickness, the crack front variatiossaitre thickness is

low, and optical crack measurement is enough. The compliancegeehuses two ways, which

are compliance by partial unloading and compliance determined directly from the load
displacement curve. The actual crack length is inferrech frompliance at the point of
measurement using AST8andarcequations. The value &fis determined from equation 1.1.
Generally, antbuckling plates are used to keep the loadiogditions in model. Unlike the

Kic or J-R curve, the effective crack lgth is used instead of the actual crack length for the
resistance curves. The effectemck length is calculated from Irwin plastic zone correction or
secant compliance method. lterative substitution of Khand thea is done until values
converge. To erify the elastic nature of the wanacked ligament, the length of the-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

| —

v
W O s — (1.7)

ASTM E561K-Rvalues depend on the material property and the thickness of the sample to be
tested. A material with higher toughness may exhibit-deggendent values, and the sample
size can be too large tmeet the standard validity (Eq. 1.7). Unlike Kheand thel,c, theK-R

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

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

2.1 Problem definition

Componentsaised inautomotive bodyin-white areprimariy hot or cold stampesteel
Ultra-high strength components are often-t@mpedwhile components like the door, fender,
roof, tailgate etc., are often cold stamped. Cradkatappeard during stampingonstitute a
significant problem in sheet metals. Components with lafgsible) cracks are scrapped
immediately; however, the microscomiacks of length in orders of mameters may growwn
successive forming processes asearvicelife. Forming limit diagrams (FLD) are used to set
thelimit for unstableplastic deformation during stampiriguring stamping, the global failure
of components by necking is identified using Forming limitvegr(FLC) and simulation of
stampingHowever,edge cracks formed in stampingre a local formability failure, which
cannot be characterised by FLC The usage of advanced higtrength steel (AHSS) is
constantlyincreasing in the automotive industry. Thel@S are more likely to be damaged by
edge crackthan traditional mild steel or interstitial free steel. As edge cracks arepainable
and norreversible, components with edge cracks are often scraped instead of rework. Highelr
importance is being giveto the maintenance of stamping tools to avibiel edge cracks of
AHSS. Material selection is critical in preventing edge cracks, as it has the most significant
influence on the formation of edge cracksacture toughness of the magtiis an important
parameter, which helps in characterising theck resistancebility of the materialduring
stamping as well as service lifdaterial having lower fracture toughness is more susceptible
to edge crackdrracture toughness of material will depend on micoastiral parameters like
phase, grain size, therientation of crystallography, inclusions, alloying elements, work
hardening, etdetermination of fracture toughness of the material in its original thickness
is essential for material characterisation.Standard fracturédoughness measurement tests
hawe 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 vitabperty of material, whichelps seledbetter he material

for stampingapplications.International standards for the measurement of fracture toughness

27



use parameters like stress intensity factéfic), J-integral (ic), and crack tip opening
displacement(CTOD), for the determination of fracture toughnestowever, in allthe
standards, plain straidominantcondition (thicker sample)s utilised to avoid the effect of
geometry and exceasg plastic deformation. Determiimg the fracture resistance of a reaal

in its original crosssection isessentialnd vitalfor material selection. Automotive outer body
components arenade up ofthin sheets of thickness in orders of millimetr&sacture
toughness of material in plae stress dominant condition (thin skets) is an important
parameter to be determined.Thefracture toughness of the material determines the material's
ability to resist the formation of edge cracks and avoid further growth during the service life
Severalsteels are used ithhe automotive oter body components based on the requirement,

cost, manufacturability, corrosion resistance, weight, streagthmany moréactors

Advanced higkstrength steels are replacing conventional steels to improve stredgtdaice

the weight ofan automobile A more simple and effective method is essential tfer
measurement dfacture toughness of sheettals International standards likeSAM, 1SO,

etc., are expensivéedious,and inappropriate for thin sheeB&. Coterell first proposed the
essentiaork of fracture (EWF) techniquand J. K. Reddel is relatively simplnd samples
are prepared irtheir original thickness. European Structural Integrity Society (ESIS) has
accepted the method for testing polymerssmall volume of research has beemel@n the

method, especially for metals

Dualphase steel and interstitial free steel are widely used in the automotive industry. While
interstitial free steel is being usedrfa longtime, dualphase steel usage isntmuously

increasing.

2.3 0bjective of the research work

1 Study andanalysisof Essential Work of Fracture (EWF) methodology for automotive
body thin sheemetals

o Theoretical study of the methodology and application on shettls

1 Determination © fracture toughness using essentiabrk of fracture (EWF)

methodology for automotive body steels ltkealphase steandinterstitial free steel.

o DENT specimens prepared from laser cutting daléctrical discharge
machining EDM) are used tadetermire fracture toughness in plane stress

prevailing conditiors.
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o Utilization of digital image correlatiofDIC) technique taleterminethe local
and global strain distribution during the EWF tests.

o0 Microstructureand fractographianaly®s usingSEM andeEBSD.

o Comparison othefracture toughnedsetween the interstitial free steel and the
dualphase steel

o Determination of fracture tougbas in mode& and mixeemode.

1 Optimization ofgeometricaparameters for a simplified method of testing.
o Parameters like theample's geometrysample prepation method, fatigue
crack etc, are optimised for better results.
o0 The onsequencef notch tp radius and fatigue cradktheresultsare studied

1 Construction of Forming limit diagrams based on necking as willedsacture.
o Fracture forming limit(FFL) lines constructedrom the same EWF tested

samples.

2.3.1 Organization of report

Chapterl is about the problem with sheet metals' stamping and how standard fracture toughnes
tests cannot solve the problem. Chapter 2 is about the scope, neaojeatides of the research
work. Chapter 3 is about the fundamentals of fracture mechanics eCéaptabout the theory

of essential work of fracture (EWF) methodology and its parameters. Chapter 5 is about forming
limit diagrams (FLD). Chapter 6 is aliothe materials used and the methodology of
experimentation. Chapter 7 is about the results asclsision of the EWF experiments. In
chapter 8, microstructural analysis using EBSD and fractographic analysis in SEM are done
Chapter 9 is about strain ansily during the EWF test by DIC techniques, FLD results, and the
Nakajima test results. Chapter isGabout the conclusion of the research work.
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3 FRACTURE MECHANICS

Researchers and engineers started their interest in fracture mechanics inhi# &fst
the 20" 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 iss!
back then, because most materials used were wood, stongarathdAt the beginning of the
20" century, Inglis first showed stress distribution in an etfgthole and derived equations
for stress concentration. Later, Griffith used thermodynamics laws to prove that energy
available for crack growth is releasedrh the strain energy stored in the body, which
overcomes the surface energy of the materiatdpayate a crack. Series of Liberty ships were
damaged during the second world war while sailing in the Atlantic sea and during docking. The
ships hull was whled 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 mechatiesnatval ressch
laboratory lead by Irwin. Later, Pari§Vestergaard Rice, and many more researchers
contributed to fracture mechanics development.

3.1 Linear Elastic Fracture Mechanics

Concepts developad fracture mechanics before 198@inly focuse on linear &sic
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. Elastiplastic fracture mechanics (EMrand dynanmg fracture mechanics are also
developed on the extension of linear elastic fracture mechanics (LEFM) concepts. The study o
basic concepts such as Griffith energy balance, Inglis concept, and stress intensity factor is vite
in understandingrécture mechacs.

3.1.1 Stress Concentratiorfactor 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. Inreality, stesses at the atomic level are magnified by the presence of inclusions, cracks,
and flaws. The ratio of local stress (at flaws) to nominal stresdi€fdrstress) is called the
stress concentration factd{). Inglis explained the stress @amtration dkct 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 thie é@iigure 31)

is given by

” ” p - (31)

Where, is nominal stress, dé=b, the ellipse will become a circle and crack tip stress will be
three times the nominal stress, j.e. @, . For convenience, glis added radius of curvature

} for the case of sharp crack.

Figure 31 Stressconcentration due to an elliptical hgles]

» ” p cC - (32)

L (3.3)

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

N (34)

As } decreases, the value pf will continue to increase. For a sharp cracks close to zero
and the, will become infinite. No material would withstand infinite stress, and hence, this
theory can't be applied to engineering problems. Inglis cortbemot help to establish solid
mathematics to solve the fracture problems; however, it did help in undBngtathe

importance of a sharp crgd@k].
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3.1.2 Griffith energy balance

Griffith used the laws of thermodynagsi to express energy associated with crack
growth. For a crack to appear or an existing ctagjrow, the total energy associated with the
systenremains the same, and the net change in energy is zero. Potential energy available in th
system is utilisedor crack growth. The potential energy supplied by the system must be higher
than the surface energy of the material for a crack to grow. Corssith@rough crack in an
infinite wide plate shown in figure 3.2 subjected to remote tensile stré®a@is.the length of
the crackB is the thickness of the plib].

Figure 32 Crack in an infinitenvide plate with remote tens streses[13]

The net change in energy during an incremental crack growth is given by
— — — T (3.5)

WherekE:; is the total energy of the systeims the potential energw is the surface area of the

incremental crack growth and is thework required to crea a new surface.

_ (3.6)

The potential energy of the system is suppliedtbgin energy and external forces applied. The

change in potential energy during the crack growth can be written as
113 113 (3.7)

Where“ is the potential energy of the wmacked plateand 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

S — (3.8)
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Work doneto create two of the new surfaces is given by
® TR (3.9)
Where' is surface energy and work done per incremental crack growth is given by
— q (3.10)

Equating equation3.6, 3.8, and3.10,

. — (3.11)

, IS failure stressand the above equation can be used to sslgaeering problems. However,
Griffith's theory is most suitable for brittle materials. Along w#hrface eneng plastic
deformation and heat dissipation also consume energy during crack growth. Irwin modified
Griffith's equation to accommodate the plasleformation and is given by

¥
” E— (3.12)
Wherel is the plastic energy painit area and equation 3.appliesto metals having linear
elastic behaviouand pasticity shouldbe confined toa small area around the crack apd
should not increase during crack growAliso, Irwin expressed fracture resistance of material
as energy release raBe(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 extexigfaninglis concept.
A single parametestress intensity factdiKi), is enough to define the stress field around the
crack tip. Consider figure 3.3, wihicdescribes the stress field around a crack in a polar
coordinate system.

Ty
O'XX

Crack >

Figure 33 Crack tip stress fielfil 3]
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Stresses in the 6x6 and the 6yd6 directions
” ” — (3-13)

WhereKj is the stress intensity factor (meflg stresses AT ,A vary sngularly with pfvi .

Asr approaches zero, the value of the stress tends to infinity. These stress components are val
only for linear elastic, isotropic material and only near the crack tip, wigie singularity
dominates. Stresses far from tirack 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
€ AT () d)

Where, is the nominal remote stressis the halfcrack length ancn('bd) is the dimensional

function of the geometry. At fracture&y 0 , wherev is the crack driving force and is
the material restance.b s the fracture toughness of the material, which can be determined
by the testing standard geometric samples. Stress intensity fgfarah be related to the

energy release rate.

0 — (3.15)

3.2 Elastic-Plastic Fracture Mechanics

Linear elastidracture mechanics (LEFM) is only valid for linear elastic materials, and
nortlinearity should be restricted only to a small area around the crack tip. Most of the
engineeringnaterials(metals) have nonlinear behaviour due to plastic deformation and strain
hardening, making LEFM no longer valid for the most vital portion of engineering materials.
Elasticplastic fracture mechanics (EPFM) applies to materials having nonlinfaimadion
behaviour. Crack tip opening displacement (CTOD) &imdegral are two parameters used to
describe the fracture toughness of material in the EPFM. Both the parameters are independe

of specimen size and accommodate relatively large crackagpigty.

3.2.1 Crack tip opening displacement
While measuring the fracture toughness of high toughness materials, Wells observed ¢
different crack tip behaviour. Which is, the crack's faces were moved apart, and the crack tig

was blunted before the friace. Crak 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 ¢
parameter of fracture toughness.

Sharp crack
_____

Blunted crack

Figure 34 Blunting of a crack due tplastic deformatiofil13]

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

in figure 3.4. For smaiscale plasticity, it is pogse to define CTOD in terms ¢f andG.

| — (3.16)

1T — (3.17)

Wherg is the crack tip opening displacement. CTOD for through crackendiy (strip yield

model)
1 _— — (3.18)

Wherem is a dimensional constanto determine CTODG is replaced withJ-integral in
ASTM E1820. The ASTM E1290 and many international standarelsised to measureeth
CTOD of metallic materials.

3.2.2J-Integral

J-integral is one of the most important fracture toughness parameters forglastic
materials. The nofinear behaviour of the elastmlastic material is idealised with ndinear
elastic materials talefine J-integral. Both nodinear elastic matesis and elastiplastic
materials will have a similar kind of deformation behaviour unless unloaded; only during
unloading or cyclic loading, the material behaviour is diffef@aformation theory of plasity
is used to defind-integral.J-integral carbe used as both energy parameter and stress parameter
at the crack tipJ-integral can be defined as the energy absorbed by the material to grow a unit
crack length and is obtained by a contour line irgteground an arbitrary path of a criigk.

J-integral is given by
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0 . 0QOY—Qi (3.19)

Wherewis an arbitrary contour lingyis strain energy densityYis traction vector components,

andQ iis the incrementdength along the contour.

Figure3.5 Crack tip contour patfil3]
Stress and strain components near the crack tip can also be expressed with thkihtdgrat

and are given by

., o - (3.20)

T Q - (3.21)
ki andk> are proportionality constantsjs the distancé&om the crack tip (polar coordinate),

andn is the strairhardening 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 plan

strain dommant conditions. The primary reason is the large plastic deformation neatiprack

in plane stress prevalent coftiolin (thin sheets). In thin materials, the plastic zone's size near
the crack tip is larger than the thickness of the material. The plain straxial stress condition

is relatively minimal in the case of thin materials. In the case of thin matéhialproportion

of slant fracture is much more significant. In thick sections, due to the largediaristress

zone, a significant portioof the triaxial stress state will come outside the plastic zone, except
near the irplane surfaces. This high-axial stress (in thick sections) will help in flat fracture

and smaller shear lips near the surfaces.

> < >,

Low triaxiality

High triaxiality

G (plane strain)

x«<B

Plane

stress

0 B/2
Figure 41 Transverse stress versus specimen thickid&js.

Figure 4.1 shows the variation®ft r g(stiess iin 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 thediection. As z increases (closer to theplanesurface) the tri

axiality zone will become smaller and closer to the crack tip and falls inside the plastic zone
neartheimp | ane surf ace. Near the 20nNf adea,t dlean
fracture and higher energy consumptionthi@ cente region, the triaxiality will prevail, which

leads to flat cleavage fracture (microvoid coalescence is also possible), and the energ
consumption is relatively low. This taixial stress state behaviour has a significant influence
on fracture toghness mmasurement. The taxial state of stress at the crack tip helps in creating
the weakest linkand keeps the plastic zone smaller, which makes a thicker section ideal for

geometry independent fracture toughness measurement. In thin specimengjrdstatty
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stress (tHaxial stress state) varies with thickness. The sample thickness should be large enoug

so that the plane stress state will be a lot smaller than the thickness.
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Figure 42 Kversus specimethicknesq17]

Figure 4.2 sbws the critical stresintensity factor dependence on the thickness of the
specimen. In a very low thickness range, the stress intensity factor slightly increases with ar
increase in thickness, and later, it starts decreasing significantly as the thickmeases. 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 proper
the specimen thickness must be larger thantitieat thickness. Da to the reason mentioned
above, the measurement of fracture toughness for thin sheets is complicated. The close:
international standard that helps measure the fracture resistance for thin mategi&{ 3§ M
E561Standard Test Methibfor K-R Curve Detanination

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 maiéwafracture toughres 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 touglmesas traditionally alled plane strain fracture
toughness. At the same time, the fracture toughness of the thin material was called plane stre:
fracture toughness. ASTM E399 was calftdndard Test Method fétlane Strain Fracture
Toughness of Metalliglaterials. The advanement in threelimensional 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 tetmear elasticis added to the heading to avoid amsibn.
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Even in thin beets, 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. Wheth
it is a wide section or a thin section, badtie fplane strain triaality and the pure plane stress
conditions exist in the material in relative proportions. Generally, high-tiatkaxial stresses

in the plane strain conditions lead to flat fracture, while the plane stress state leads to shes
lipped fracture. If theample thickness increases, it does not change the stress state completel:
from plane stress to plane strain. Instead, the stress state will change only in relative proportion:
The conventional classification of plane strain fractimeghness and plarsress fracture
toughness based on the thickness is somewhat misleading. The name of this proposed docto
t h e shrasturé tsughiness analysis of automotive steel in plane stidsswordplane stress

may also be misleading in dhabove context. Theord plane stressmeans plane stress
dominant stress state in this report. All the materials used in this research work are thin stee
sheets (less than 1 mm). These sheets will have a dominant plane stress state at the crack t
hene, the namelane stessis used and must not be confused with plane stress fracture

toughness.
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4.2 Essential Work of Fracture theory

K.B. Broberd18] introduced the concept of crack tip regions axgplained the
hypothesis of an autonomous end region near the crack tip. According to Brobergegsiag r
fracture mechanics theories based on stress and surface energy concepts, it is irrelevant
explain the crack tip autonomous region, leadingrigugarity. This small autonomous crack
tip region is the material property, and the plastic regiosidethisautonomous zone is not a
material property. The plastic deformation around the autonomous region is dependent or

geometry and loading conditien

Plastic zone

=

FZP

\

Figure 43 Schematiaepresentation of fracture zones (mi9]

B. Cotteell and J. K. Reddfi20] 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 deformatioif lm@rieacture
process zoe (FPZ) in ductile materials is independent of geometry or loading conditions, and

it can be characterised as true material property.

In brittle materals, plastic deformation is minimal, and linear elastic fracture mechanics
theories are enough to cheterise the fracture behaviour. Generally, ductile materials have
sizeable plastic deformation, and energy consumption increases as the crack grewe In pl
strain prevailing conditions, the amount of energy distributed to the fracture process zone anc
the plastic deformation zone is almost constant throughout the crack growth. However, in the
case of plane stress dominant loading condifienergy distbuted for the plastic deformation

is constantly increasing as the crack grows. As the crack extemageaconsiderable 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 constartis rising energy consumption for plastic deformation will
make linear elastic fracture mechanicagpropriate for thin sheets. Figure 4.3 shows the
schematic representation of a Double Edge Notched Tension (DENT) specimen with FPZ anc

outer plastic d@rmation zone.

In the EWF method the total energy absorbed byspecimento fully fracture the
specmen is taken asan outputmeasurementThe energy consumed by the specin&n

calculated by the area undbeload-displacement curvand is given by

~

@ . 0QD 4.1)

W is the total energy consumed by the specimen to break compietelihe displacement at
fracture, andP is the loadThistotal energy is dividednto two parts the first paris the energy
consumed byhefractureproceszone(FPZ)near the crack tip\\e), and the second part is the

energy consumed for the plastic deformation around the cra@ii)p

®» 0 W (4.2)
These energies are called essential enangynoressential energyespectivelyThe essential
energy isthe energy consumed by the fractyseocesszone and itis proportional to the

ligament area. The am-essential energy ishe energyconsumed bythe outer plastic

deformationwhich is a funton of volume.

w ULVOOULODOT (4.3)
Wherewe is specificessential work of fracturey,is specificnon-essential work of fracturé,
is theligament lengtht is the thickness of the sheahdb is the plastic zone shape factbhe
plastic zone shape factor"is'*"nﬂiNherea andb are the major axis and minor axis of the ellipse.

For a circular shaped plastic zobayill become'j 1 - Ifthe whole equatiofEq. 4.3)is divided

by the areaf the ligament. Then,
0 0 0f (4.4)

Wherew is specificwork of fracture, it is a linear function of the ligament length vetiope
of 0 b. Testing samps of different ligament lengths can calculate the valug.oPlot the
results ofws versus the ligament length and therwe will be the intersection at zero ligament
length. Thews values are extrapolated to zero ligament length uslivgear regressn 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 thiqRi¢sSome basic requirements
mustbe met duringhte 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 &
state of plane stress dominant condition. The crack growth beforerti@ate yieldig 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 time:s
the sample's thickness. The sample's uppamant is restated to less than ortlird of the

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

of two individual plastic zones$nside the ligameng quasiplane strain condition will prevail

at the cack beginning o 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 geddry quasi

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

zone.

o VO 0 — (4.5)
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! plane stress uncontained yield ! ¢ ined yield ¢
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Specific essential work of fracture wy

=
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Figure 44 Specific essential work of fracture versus ligament lefi2fth.

B. Cotterell and J. K. Reddalso attempted to find out crack tip opening displacement (CTOD)
using elongation at fracture imé EWF test. Crack tip opening displacement is a fracture
toughness parameter mainly used in elgdtastic materials. However, standard CTOD
measurement hadrist regulations on the sample's thickness to limit the size of plastic
deformation. Several searchers have made attempts to calculate CTOD by considering the
effect of plastic deformation. The specific essential work of fracture at the crack tip sleould

larger than the product of CTOD and average stresses at the crack tip.
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0 w1 (4.6)

Wherel is average stresses near the end regionfiasdrack tip opening displacement.
Cotterell and J. K. ReddeisedTetedlman and McEvilly22] concept of maximum extension
near the crack tip is similar to the general extension from the tensile test for ¢kae#isi and

isgivenby T 0O Thewecan also be expressed in terms of total elongation and yield strength.

0 o pm,T O 4.7)

Where, is yield strength and is failure strain obtained from a uniaxial tensile test, tisd
the thickness of the sample. Elongation at fracture a linear function of the length of the

ligament and is defined as follows,

0o 1 —D (4.8)

Wherev is the extension of the specimen at fracturés experimentally determined crack tip

opening displacement, is experimentally determined crack tip opening angle, larid
ligament length.Theoretcal backgroundand related experimentd§ EWF methodologyare
found in the literatu@3i 30].
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4.3 Essential Work of Fractureparameters

4.3.1 Fracture Energy

B. Cotterell and J. K. Redd2D] were the first reseahers to define the essential work
of fracture (EWF) methodology and defined the essential work of fracture as true material
constant. During the teghe maximum load is reached after the yielding, and this should be

proportional to ligament length withiimits and is expressed as

~ ~

0 Q0 o (4.9)

Wherek is proportionality constant, for ligament lower lengthstj<8e above equation is not
valid because of the shift sfress state towards the qupksire strain condition. The work of

fracture defined as follows
W r'ad v0o0 0o (4.10)

Where/ is the shape factor for loadisplacement curves. Generally, the area under the load
deformation curve isised to calculate evk 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 Delann{®1] have worked on the influence of various partarson the
essentibwork of fracture methodology and established a particular relation among those
parameters. They also discussed the consistency, applicability, and limitations of the
methodology. They replacédn equation 4.9 by (mean stress) @v the ligament length. The
value of , 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 lyament lengths, the plastic deformation shape is circular and becoore elliptical

for the larger ligaments. After plotting the height of the plastic deformation perpendicular to
the ligament lengtfiQversus the ligament length for a sample thicknessf 1.3 mm, the

following powerlaw expression is established
N w?e (4.11)

Wherek is a constant. Marchal defined the shape factor used in equationf4.4 as. For

elliptical plastic deformatiorais the height of the plastic deformation, dnd ligament length.
Marchal conducted the experiments of essential work of fracture on zinc alloy sheets. Marcha

performed the experiments under varying parameters like the shestreis, deformation
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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. Finel
recrystallized grains have higher specéfsential work of fraare0 than the courser grains.
Higher deformation rates (high strain rates) will increase the specific work of fracture in his
experiments.

B. Cotterell et a[21] described two new termifaies within the fracturgrocess zone, which

are the necking and the final separation energies. During the testing, a reduction in thicknes
will happen independently of the specimen thickness. The height of the fracture process zon
depends on the thidkss of the sample. The egyge absorbed in the fracture process zone's
necking is directly proportional to the square of the sample's thickness, and final separatior
energy is directly proportional to the thickness of the sample. Specific essential Wadtwk

in terms of neckig and final separation can be written as
0 w 01 O (4.12)
Wherewis work of final separation) is work of necking, and is the shape factor based on

the shape of plastic deformation hretligament.

The fundamentahypothesisof EWF methodologyis thatCrack initiation happens after full
yielding of the specimen. Several researdldr25,31]have divided the total energy consumed
by the samplé&\t into two entities, which arthe work of crack initiatio'WV; and the work of

crack propagatioki\t.
W 0w W (4.13)

Figure 4.5 shows the schematic representation of the-flisptacement diagram in an EWF
test, along with the indication of craaktiation. According to Y.W. Mia and B. Cotterigh],

the specific energy consumed till the point of crack initiation is independent afj#meeint
length; this is because of lower crack tip opening displacement at initiation than
propagatiofB2]. Unlike the specific work of fracture;, specific work of initiationw; 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 propagatn
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Figure 45 Schematic representation of fordesplacementliagram in EWF test.

4.3.2 Experimental validation parameters

At the beginning of crack propagation, the statestoéss will be quagplane strain
dominant. However, as the crack propagates, the stress state will change into a plane stres
dominant stee. This change of stress state condition will happen in all the ligament lengths.
The change of stress state wilfeatt energy consumption as crack propagate. Due to this shift
of stress state, lower ligaments will have less specific work of fractunehiigaer ligament
lengths, leading to a slight edktting 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 testingd{l & ). Generally, the transition length will be the same as that of the
sample thickness. The lowest ligament length must beraketimes higher than the transition
length so that the offsetting 9% value for lower ligament lengths will bminimum. For the
lowest ligament in the EWF test, a thumb rule of more than three to five times the specimen
thickness is widely used. Forethigher ligament lengths, the length of the ligament must be

smaller than twice the secondder Irwirls plasticzoner,, and it is given by

[[— (4.14)
The energy release rate will Beymptoticdo specific work of fracture. The upper limits of the
ligament length are given by

a — (4.15)
Where O is critical erergy release rate (plane stress), it is replaced by specific work of fracture
in equation 4.1R1].
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Peak dressin the ligament during the essential work of fracture experiments gives important
information about the stss stateHills[33] performed an experimental analysis of plane plastic
stress and expressed maximum stress in the ligament indéymedd strength of the material,
which is given by

. PP Y (4.16)
Where, is the maximum stress in the ligament ands the yield strength of the material.
Equation 4.16 is an empirical relation used by various relsees to verify the state of plane
stress. E.Q. Cluttg@6][27] used the above relation in his work on the essential work of fracture
for polymers. E.QClutton observed that the maximum stress in the ligament was decreasing
as ligament length increases. This change in maximum stress valuesf@r ssbelcting upper
and lower ligament lengths for the validity of plane stress conditions. J.G. Williamnaid84]
used the statistical approach to validate the stress state as well as results. Ing&hdtiodss,
the average of maximum stresses is used as the deciding parameter. The maximum stress vall
in the ligament should be in the range of,1.1- 0.9, . The standard deviation of specific
work of fracturews versus ligament length is used in expressing the experimental variation
and accuracy of the results. The basic distinction of J.Jiavgoris approach is usage of
same gperimental data rather than standard parameter like yield stress. Figure 4.6 shows th
maximum stress versus ligament length, used by J.G. Williamson et al. to validate the
experimental results. A pattern of stressaweburis seenj.e., decreasing of mximum stress

as ligament length increases.
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Figure 46 Maximum stress versus ligament to validate stress [@4}e.
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Y. Marchal et a[35] used astatistical approachto validate the experimental results for lower
ligament lengths connected wittane stress conditions. The values of specific work of fracture
first plotted. Later, thew+1 value forLi+1 is added to the plot, wheke 1< L;. If the addition of

a value does not change the linear regressiowoéifdL;) significantly, then the ligament is

I n plane stress, and t he r espdistsedtsindicatelthe d .
linearity of each newly added valug&the p-value is greater than 0.05, then the ligament values
are considered valid (noired 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 uséleto set
upper limit of ligament length also. The loss of linearity in specific work otdraev is the
deciding factor for validating the ligament lengths. Y. Marchal conducted EWF experiments
for zinc, aluminum and lowdensity polyethylene (LDPE). Thewest possible ligament
lengths in terms of thickness are245 and 67t, respectively. The Thumb rule suggested by
B. Cotterell and J. K. Redd2D] for ligament lengthss suitable for metals, not for polymers.
Hence, the plane stress state delgesn material properties also rather than thickness atfone.
Marchal et a[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 stresbadigamsent.
Unsurprisingly, the smaller ligaments show high triaxialitynttize 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 mgpeahsplacement. Y.
Marchal et a[35] conducted the essential wook fracture experiments for aluminum, zinc,

and LDPE. The standard deviatonf s peci fi ¢ e s s ewisploitdd agaiost k
the number of data points (Figure 4.7). The graph demonstrates that as the number of data poir
increasesvariationof 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 wol
of fracturewe compared to the LDPE. The exact number of specimens reqaiggst preise

We iS not constant and depends on various factors. Metals do require a smaller number o
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 achgepiecisewe in the metals. The
standard deviation of S p eeaepéndscon thes dispension & |
individual results, material property, machine accuracy, specimen qualityy.aadlie. The
recent literature workg86,37]on essential work of fracture suggests that a sample size of six

to eight is sufficient for metals.
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433Crack Tip Openi nofEWFkmefhddacement (U

The primary aim of essaat work of fracture methodology is to find out specific
essential work of fracture; however, several parameters can alstelomiched from the EWF
tests. The total elongation at fracturein the EWF test is a linear function of ligament length.
Equaton 4.8 gives the relationship between elongation at fractuend the ligament length
L. In a plot of elongation dtacturev in the yaxis versus ligament lengthin the xaxis, the
zero ordinate intercept will be the crack tip opening displacgr(CTOD) . This CTOD is
the distance between the siddsa propagating crack at the fracture process geR&).[ is
the crack tip opening angle (CTOA); it is the angle between the sides for a propagating crack
The conventional CTOD in fractureechanicsi is different from the EWF CTOD . While

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

B. Cotterell and J. K. Redd2D] defined the relations between elongation at fracture and
specific work of fractureThe energ consumed by the specimen during the test is determined
by the area under the lodisplacement curve, and it can be expressed in terms of elongation
at fracture as

® [0 0 (4.17)

Wherel is a shape factor for the loaisplacement curve and is elongation at fracture

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

equation 4.3 and 4.9, which was discussed in section 4.2 &dddspectively.
© Q0o 0B 0O (4.18)

49



0 o 00 I Q (4.19)

From the above expression, we can plot the fracture elongateoofuastion of ligament length

L. Assuming a hypothetical condition of zero ligament length, the fracture elongation will equal
the crack § opening displacement. This crack tip opening displacement will be the zero
intercepts of elongation at fracture ses ligament length plot. The crack tip opening
displacement obtained from the above method will be depended on the fracture process zon

unlike the standard CTOD measurements.

The total elongation at fractutecan further be divided into two partszyelongation at yield

(crack initiation) and tearing elongation (tearing displacement).
O UL U (4.20)

Wherev; is the elongation or displacement at yielding or initiatibre{ack begins after full

yielding) andw is displacemet due to tearing.

Cotterell et a[21] modelled the necking of FPZ, the height of the fracture psooase can be
estimated by considering the shape of the necking as trapezoidal and neglecting the transitio
lengths &the notch tip caused by stress state change,

Q —j (4.21)

WhereQ is the height of the fracture process zdneis critical crack opening displacement,
T is the strain at the neck region aadis the thickness of the sample after necking and final

fracture.

4.3.4 Miscellaneous parameters

Several groups conduct rounobin experiments with ES[36]. The rounerobin experiments'
primary focus was to identifthe accuracy, repeatability, and variables in essential work of
fracture methodology. The first set of Ethylene propylene polymer sanfdl®8 um thickness

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

the EWF method and parameters affecting the EWF metlppehdix A1 shows the parameters

and results of the first set of sampl&ke first set of Ethylene prome polymer samples of

100 um thickness was prepared by a single group, i.e., similar specimamsdmal parameter.
Appendix A.2 shows the parameters and results of the second set. In the second set, individu

groups prepared the samples.
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shows the parameters and results of the first set of samplpendix A2 shows the
parameters and results of the second set. In the second set, individual groups prepared tt
samples. The sharpness of the notch in the first set is not high. In the second set, individue
groups prepared the notches, and qualityegaamong ta different groups. In which is the
height of the sample between the grips 8mlthe 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 27.4MPa is the average value. The value of maximum stress in the ligémewaries
from 28 to 2 MPa. The value ok for the first set of samples is relatively high, which can be
attributed to the notches' low sharpness. At the same time, the vauefoif both sets of
samples is similar. In the first set of samples, groups 1, 7, and 8 haveadtandard deviation
andPearson correlation coefficient Bf less than 0.98. Meanwhile the specific essential work
of fractureweis also away from the meamlue for these group$he average value @f.for
thefirst set is44.3 kJ/n; group 1, 7,and 8 values are not close to the average véiue
second set of samples, it isn't easy to analyses the results as the notch quality significantl
affects the results. Group 3, 4, and 6 have low standard deviation Redrson
correlationcoefficient R? close to one. However, the values of specific essential work of
fractureweis not similarStandard deviatioBis an excellenparameter to indicatbevariaion
of experimental result§ince the actual value w&is unknown, it is extremely hard to validate
the experimental results based on standard deviation alone. The valugsathe least affected
in all results. Based on the above results, the validation of results bagggkaione is not a
safe approach. A combination of qualisamples, similar testing conditions, low standard
deviation, multiple samples (high sampkga), and stress validity would give specific essential

work of fracture close to real value.

Notch tip radius and the notct® quality significantly influence fracture toughness of
material38]. Experimental work conducted by V.V. Chaudhari €88].and M. Faccoli et.
al.[40] showed that fracture sghness of material increases as the crack tip radius increases.
V.V. Chaudhari et al. conducted the standard ASTM E399uiradbughness tests on cold
rolled low carbon steels with varying notch tip radius. Both the critical load and the crack tip
openirg displacement increased with an increase in the notch tip radius. M. Faccoli et al.
conducted fracture toughness experimeamtgwinning induced plasticity (TWIP) steel, dual
phase (DP) steel and Quenching & partitioning (QP) steel to detedrmiegralusing DENT
specimen. The critical-integral J. increasedvith increasing in the notetip radiusy . For the

TWIP steel J.will be independent gf below the critical value of notetip radius} .. M. Faccoli
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used theDENT specimens and thinly rolled sheets, hence, critical Agiafadius) . concept
may be valid for EWF tests also. ESIS T&8] roundrobin experiments arconducted on PET
(Polyethylene terephthalatm® assess the effect of notch tip radius and notch quality on specific
essential work offracture. Individual groups prepared notchesing different methods.
Appendix A2 shows the type of notch, the notigh radius, and their specific work of fracture
We. It is clear from the data that sharpest notch will havéatvestwe Group number 1 and 9
managed to produce 1 um notch tip radius and have the leweStroup number 17 and 18
used razors to produce the notch and have relativelyigl is eviden from Appendix A2
data that both rtoh quality as well notctip radius significanthaffectspecific work of fracture
We. There is no standard formula or establishadtionship between fracture toughness and
notch tip radius. The intensity of the effect of netighradius on fracture taghness depends

on material properties, loading conditions, fracture strain etc.
Table 41 Effect of ndch quality and notchip radius onwe.[34]

Laboratory Type of notch Notch radius ~ we(kJ/m?)

(approximate)

1 Scalpel ~1lum 20.1
Die punch 50 pum 58.3
Sliding razor <10 pm 31.2
Jig cut + razor ~1 um 22.2
Scissors cut - 63.3
16 Razor - 23.3
17 Razor 25um 40
18 Razor ~5um 34.3

The geometry of the specimefwidth and heightfloes 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 researébr EWF tests. DENT specimens do not
need any anbuckling supports, ah¢ 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 «
least more than threartes 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 oth

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

Essential work of fracture (EWF) methodology akiditegral are developed based on
two completely different hypotheses. Theimgesult of the EWF methodology is the specific
essential work of fractures; it is the specific energy consumed in the fracture process zone
(FPZ) to create two new surfacdsantegral is the energy consumed by the material for a unit
crack growthJ; is theJ-integral at the crack initiation, adg: is the criticalJ-integral(0.2 mm)
during crack growthSpecific essential worf fractureweis the average value calculated over
complete crack growth, whilé andJ;c are calculated at the beginniagd over a small length,
respectively. Even though both the parameters are defined on an entirely different basis, sever.
researchers have tried comparing them. Y.W. Mia [@44land Marta Rink et g§41] compared
specific essential work of fractuve andJ;, as well as slopes dfR curve andvsversusL curve.

Ricg16] definedJ-integral as follows,
0 - — (4.22)

B is the thckness of the sampl¥), is the input energy tilV, a is the crack length, andis the

displacement. Equation of a linearly varying &urve (assumption) can be defined as
0 0 —Y® (4.23)

Equating equations £22and 4.23 and #n integrating the resulting equation, the following

relationship can be obtained
— 0 -—0 (4.24)

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

of fracture. Accordingo equations 4.24, specific essential work of fractngandJ; should be
identical, as well as the slope of th& Xurve— will be equivalent ta4 bpwHowever,b wis
the energy density consumed by the sample to plastically deform outsideratthesfprocess
zone and— is the incremental energy consumed by the material to grow a dtadia Rink et

al[41] determined)-R curve for three different types of polymers using Bdrgndes mthod
for DENT specimens. Values of tiig and theJ; are comparable, but the ples of thel-Rcurve
and thews vs. L curves are entirely different. Y.W. Mia et[2l] also have similar results, that
theJ; and thewe were comparable and expressed their interest in comparing sloapBsafve
andw: vs. L curves in their future works. In the Berggpndes method, first, specimens imav
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different ligament lengths are loaded up to fracture, and load, displacemeataekdrowth

are monitored. A hypothetical constant crack length curve is interpolated from the load
displacement curves. A plot of strain energy versus crack lengtimgracted for constant
displacement. Differentiation of the stain energy versus degjth curves gived integral

values for displacement (Equation 4.22). Finallys. crack extensioa andws vs. L plots are
compared.

Another method for determinirttpe 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 dominan
condition. Thecurrent ASTM E1820 standard does not have direct restrictions on the thickness,
unl i ke previous standards. The width to t
W B O 4. I f t he t hi ck n-imtegsal canda caltutatddr thet DENTs n €
samples from conventional fracture mechanics formulas. Researchers have used both the ba:
procedure method and resistance curve methods to detelnmtegra[25,32,42] J-integral

for the DENT specimen isgn by Ric¢43] as follows
0 — — ¢ 0Q06 06 (4.25)
&Kaobis the stress intensity factor and is given by equation 4.26)d8glastic displacement.

0 I M@ op MU T®YXp TR (4.26)

Equation 4.25 can be used in the basic procedure method to detémeggd using multiple
specimens. In the basic procedure method, multiple specimens are loaded to varying levels c
crack growth. AJ-R curve is constructefrom the data obtained from the multiple specimens,
and critical values are determined. However, to canstJ-R curve from a single specimen,
equation 4.25 is not applicable, and crack growth must be monitored. An incredrietegkal

can be calcated using the loadlastic displacement curve from the following equation.

0 0 (4.27)

WhereAy is the plastic area under the legldstic displacement curve. D. Frometa €gRal.
have calculated th&R curve for DENT and CT(T) specimens for a single specifignfe
4.8). The values ofi andJic have yet to be verified for multiple ligament lengths.
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Figure 48 J-R curve for automotive dugdhase stedR5]

4.3.6 EWF in modell and mixed-mode

The concept of essential work of fracture can also be extended toZvaukmixeed
mode loading conditions. Several atfgs have been mgddi 46] to extend the EWF concept
to mode2 and mixeemode. B. Cotterell et al[44] used staggered doubdelge notched
specimen to produce the mixetbde stresstate in the EWF test and successfully found the
results. In mod® and mixeemode samples, the specific work of fracture is a linear function
of ligament lengthJodo P. Magrinhet al[45] have successfully used tB&TM Standard
B831-11]47] to produce mod@ samples and staggered samples for the rmxadé condition.
Figure 49 shows the different types of EWF samples usedd&o P. Magrinhet 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 m@dand mixedmode conditions may be better verified
using finite eément analysis. Specific essential work of fractug®and specific plastic work
of fracturew, are higher for staggered DENT and m&samples. In the staggered DENT
samples, the values vt andw; increase with the increase in the angle between esté¢h the

mode2 sample, the values o andw, are highest among all types of EWF tests.
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(a) (b) (c)

Figure 49 EWF samples for different modes of loading: (a) Mdéd@) Mixed Mode ; (c) Moddl.[45]
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5. FRACTURE FORMING DIAGRAMS

5.1 Forming limit diagram

Sheet metés stamping failures occur in variousrfts 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 feus is identifying necking in global behaviour. Parameters affecting forming can
be classified into three ways, which are thaterial properties, the process parameters, and the
strainrelated parameters. Parameters like necking, deep drawing, springtoaicking, strain
localization, hole expansion, stretch flange ability, and tearing are related to the strain bounding
paameters.Forming Limit Diagram (FLD) is a referential diagram constructed for an
individual material to determine the limits of foing in sheet metals. FLD was first developed
by S. Keeler for the first quadrant (tensi@msion) in principal strain spgd9]. Later, M.
Goodwin extended the FLC curve ftretsecond quadrant (tensioompression) of principal
strain spad®0]. FLD has Forming Limit Curve (FLC) to identify the point of failure by
necking. Forming Lirt Diagrams (FLD) are used in tool manufacturing for stamping, material
selection for various forming applications, assess matgradity for specific applications, etc.

In the forming limit evaluation, the component's strain after forming is compaagasaghe
standard FLC of that material. The fundamental goal of FLD evaluation is to find out the
maximum achievable straining ofaterial for any major and minor strains without necking.
FLD is not exclusive material property; it depends on the testagipime, test samples, analysis
techniques, loading conditions, ekigure 5.1 shows the schematic representation of forming
limit diagram with major strain in the-gxis and minor strain in the abscissa. Loading in
uniaxial tension >0 & (}<0) with positive major strain and negative minor strain can be
achieved by a standard tensile test specimen. Plane strain coit#dos (3=0), biaxial
tensiorf>0 & (3>0) and equbiaxial tensioft=(3>0) strain states are obtained from diéfet

specimen width in Nakajima test.
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Figure 51 Schematic representation of Forming Limit Diagram (FLD).

5.2 Fracture Forming Limit curve

Forming limit curve(FLC) has been extensively used in many forming iagfbns,
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 matemall undergo rapid thinning with the
decrease in load, and finally, fracture happens. The post necking behaviour and the fractur
have gained the interest of several researchers in recent times. THeai®uprocedure and
difficulties in identifying neking 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 pointincremental forming (SPIF), fractithappens 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, anditisfai ng from | ef t t 4I[6%]iThelkadnditwn td defing h e
the FFL is the maximum allowable thickness reduction before the fracture indInbike the
FFL, the shear fracture forming limit (SFFL) curve is constructed in roftacture. The
condition todefine the SFFL is the maximum plastic in plane shear werlunit volumgs2].

The SFFL is plotted in the second quadrant
5.2 shows the schematic represgion of FLC, FFL, and SFFL in principal strain space. &btt

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-2200%le FFL has

no standard and can be constructed using tensile, Nakajimddudge 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 ame thsed
construction of SFH45,52] In figure 5.2, WLC stands for wrinkling limit curve, which is

construted in compression strain path and helps in wrinkle arsatfdiormed components.

Major Strain

Minor Strain

Figure 52 Schematic representation of forming limit curve (FLC), fracture forming limit (FFL), and shear
fracture forming limit (SFFL) curven principal strain spaci5s]

Isik K. et al[52] andJo&o P. Magrinhet al[45] have worked on FFL and SFFLdonnection
with ductile damage, fracture modes, void cozdese, and plastic instability. The critical

damage criteri®  of void coalescence based on stress and strain till fracture in-nisde

given by53]
@] . —Qr (5.1)

Where- [is the effective strain till fracturg, is the mean hydrostatic stress gnds the
effective von mises stress. The same critical damage criteria can be expresseslon esyar

- and minor- fracturestrains,
(@) - - (5.2)

Wherer is the average plastic anisotropic coefficient. The position of FFL in the principal space
is the straightine falling from lefttoridit wi t h -hé sl ope of 6

Critical damage criteria of void coalescence in shear rfabdeis given by

o Tar (5.3)
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Wheret is shear stress. The same shear damage criteria can be explained in tejmsasfdna

minor fracture strains as follows
O -— - - (5.4)
SFFL isastraight line fronrighttoleft wi t h a sl ope 6+106 and i n

5.3 Fracture strain

Strain paths of materialltifracture in plane stregzrevailingconditionsare dependent
on the stress field. Different strain fields can be obtained from varying sample slapes
Gruben et aJ54] have defined stress triaxialify and lodeparametep using strain fieldson
the sampldrom 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 (figur
5.3(a)) has positive major and negative mimeplane strains. At the same timbetshape of
specimens in Figures 5.3 (b) and (c) are designed to produce plane strain and pure shear strz

fields, respectively.
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Figure 53 Geometry of the specimens (mm): (a) simplestem; (b) plane strain tension ar{d) pure shear
strain[54]

The logarithmic effective strain in the sample in terms of major and minor in plane strains can

be explained as

oL (5.5)

60



Where- is the effective logarithmic strain. Under proportional loading conditions, equivalent
strain- ['will be the same as effective logarithmic strain.
Str ess tistharatio af méan lydrastatic strgssto equivalent vomises stress.

The stress triaxiality can be expressed in terms of strain increments as

I (— (5.6)
Wheref is the ratio of incremental minor strain to major strairk T ¥, Similarly, the
load paraneterp can also be expressed in termsf afLoadparameter is the stress deviator
third invariant and is given by

‘ o— £l O¢ 1 pc

. (5.7)
— EIOP_ 1 »p
C
Figure 5.4 shows the strain paths calculated from D&asurements for various strain fields
(previously mentioned). Equivalent straifj triaxiality , * and load parametgrare calculated

from major and minor kplane strains from DIC.
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Figure 54 In-plane principal sesses calculated from DIC measurements for different strain feddls.
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6. MATERIALS AND METHODOLOGY

6.1 Materials
Dual Phase (DP) steel

One of AHSS to first enter the autalustry is duaphase steel or DP steel, developed
in themid-twentieth century and gained the most attention in the recent decade for various outel
body and safety parts. DP steel has relatively simple thermomechanical processing and fewe
alloying elemats (quantity), making it more suitable for larggale prduction. Primarily,
dualphase steel consists of ferrite and martensite phases with occasional bainite, residue
austenite, and some carbides. The ferrite phase gives ductility, toughness, aatulifgrm
Meanwhile, the martensite phase gives high stfeagtd strain hardenability. During plastic
deformation, the ferrite undergoes much higher deformation in comparison to the martensite
Although inhomogeneous deformation at the phase level, magioally, DP steel has even
deformation without any Luderband effed65]. The volume fraction of the martensite
influences the strength of DP steel. Generally, the bidpgemartensite 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 dphlase steel, whichre the distribution of martensite
(morphology), the grairsize of the ferrite, geometric dislocations, alloying elements, and
crystallographic orientation. The ferrite grain size also affects overall strength; more refined
ferrite grains lead to higherrehgth and strain hardenabi[g]. Duatphase st is better
suited for outer body stamped components bezat 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 apations. Generally, DP steel sheets are
produced by both cdlrolling and hot rolling based on applicatidn.automotive DP steel,
ferrite-pearlite or ferritebainite is first colerolled and subjected to the continuous cooling
processlt consists of heatg them to a temperature between Al and A3 tempesfoliewed
by quenching belowhe martensite start temperatut@wer 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-Billar, seats, roof rails and othstructural partsG. Ingaracet al[57]
have worked on springack effects of dugbhase steels (DP1000 & DP600) using the finite
element method/. Mocko et al[58] have worked on the effect of pfatigue and strain rate

on DP500 steels and found that yietdeagth increases with an increase in initial loading
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cycles. Anindya Dast 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 workelated to the dugdhase can be seen in the followingd#turg60i 62].

DP450 steel isaken here for the analysis, which is a relatively lower strengihphhase 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 opticscop and
scanning electron microscope, respectively. The matéeissmainly present along the grain
boundary and relatively smaller in size compare to the ferrite. The shape of the martensite an
the ferrite are not uniform. It has a carbon percentdg®060.015 wt.%, which helps the
formation of the martensite, mganese 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 graifirement als{3]. Silicon helps to transform the ferrite, and

chromium helps to avoid the formation of bainite or pearlite duguenching.

Table 62 shows the mechanical properties of the DP450 steel from standard tensilEhests.
ultimate strength is almost the same in all directions, and it is 500 MPa. The plastic anisotropy
is relatively low, and its maximum along the rolling direction (ROjigure 63 shows the
engineering stresstrain curves for the DP450 steel. Section 6.2.1 explains the detail of the
standard tensile test. Continuous yielding and absence of any visdlte point are
characteristic of the curve. The DP450 steel aeéal uniformly after initial strain hardening
without significantly changing the stresses. The elongation at fracture is maximum along the

rolling direction and minimum along the %® rolling direction.

Table 61 Chemical cenposition of D50 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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Figure 61 Optical microscopenicrographs of DP450 steel at different magnificati@) 25Q (b) 1000

ek ¢
SEM HV 30.00 kv WD: 5
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Figure 62 SEM microstructure of DP450 steel at different magnification: (a) 3000; (b) 10000.

Table 62 Mechanical prperties of tested DP450 steel from standard tensile tests.

Angle toRD d, (MPa) a, (MPa) Ag% Asd% n rp
0o 308 499 19.46 3048 0.18 0.83
299 499 19.69 29.28 0.19 0.67
450 262 504 19.03 26.68 0.18 0.52
327 502 16.67 2081 0.17 0.66
90° 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 63 Engineering stress versus strain curves for DP450.

Interstitial free (IF) steel

Ultra-low carbon and other solute elements in the IF steel makeetaailent choice
for forming applications. Low yield and ultimate strengttmumled with higher plastic
anisotropy valuerg) are characteristics of the IF steel. In low carbon steels, solute atoms such
as nitrogen and carbon help strain localization &udice dislocation densjB4]. In the low
carbon steelshe solute nitrogen and carbon atoms are pinned to dislocations, which leads to
the formation ofLudersband. Hence, IF steel is a good alternative for low carbon steel. The
strendh of IF steel can be increased by solid solution strengthening, and ths stdled IFHS
(Interstitial free high strength) steeCold rolling followed by recrystallisation helps in
achieving better formability and a googlvalue. Increased carbonrgent in the IF steel is
detrimental to the {111}/{100} ratio and thereby resing therp valug65]. Nitrogen content
also has a similar effect on crystallographic orientation in tretdéls. Titanium and niobium
are added to reduce the carbon and nitrogen by forming earaidl nitrides, respectively. The
niobium also suppresses the formation of {100} texture by lowering the austenite
recrystallization temperature. A small amount efpBur helps in the formation of carbo
sulfides before the titanium carbides, which hdipsrecrystallization in {111} textuf@].
Alloying elements such as mgemese, copper, chromium, and phosphorus can also be added
to increase the IF steel's strength, and manganese is a highly preferred choice. Howeve
excessive additio of the manganese will be deleterious to texture in the {111} dirg66bn

(all the above crystallographic directimmentioned with respect to normal direction)
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Table 6.3 shows the chemical compositairelements by weight percentage of the IF steel
used in this work. As expected, shallow carbon and nitrogen contents are present and lov
strength is attributed tdné absence of solute elemerigyure 64 andFigure 65 show the IF
steel's miapstructure in both optical microscopand scanning electron microscope,
respectivelyTable 64 shows the mechanical propertiesitod IF steel froma standard tensile
test.The higherrp value is characteristic of good formabiliyigure 66 shows the engineering
stress versus strain curves for the IF steel. Tdmirmuous yielding andhe absence of any
visible yield pointare characteristics of the curves. Howetbke 43 to the rolling direction

sample has a rough transition during yieldifilge elongation at fracture is maximum along the

rolling direction and minimum along the @0 rolling direction.

— o |

.é’ R A v D
(@) (b)
Figure 64 Optical microscopenicrographf IF steel at different magnificatioffa) 250; (b) 500.

SEM HV: 30.00 kV WD: 6,552 mm VEGAWTESCAN  SEM HV: 30.00 kv WD: 6.586 mm Looval o] VEGAW TESCAN

SEM MAG: 500 x Det: SE 100 um 7 SEM MAG: 749 x Det: SE 50 pum -

Date{m/d/y): 12/14/20 Mikroskop Digital Microscopy Imaging % Date(m/dfy): 12/14/20 Mikroskop Digital Microscopy Imaging %
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Figure 65 SEM microstructure of IF steel at different magnification: (a) 500; (b) 750.
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Table 63 Chemical composition by weight % of the llestused in this work.

Sample C Mn Si

S

Cr

Ni

Cu Al

Ti

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 64 Mechanical properties of tested IF steel from a standard tensile test.

Angle toRD d, (MPa) a, (MPa) Ag% Asd% n Ip
00 168 290 26.76 46.85 0.24 1.44
157 286 26.19 47.24 0.24 1.44
450 165 281 25.24 47.65 0.20 1.43
160 282 26.28 45.68 0.21 1.34
90° 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 Desig of experiments

The fundamentahim of this research work is to find out fracture toughness of the
DP450 and the IF steels in plasiess dominant (thin sheet) conditions, validation of EWF
method, determination of microstructural influence on thetdire 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 testin
machine. Material properties are determinsthg a standard tensile test. Tdteels' (DP450

and IF) chemical composition is determined using a spark atomic emission spectrometer
Fracture toughness of the material in mbds determined using EWF methodology.
Determination of the fracture tougéssn modell and mixedmode is als 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. Fraared surface analysis is done usedgcanning Electron Microscope
(SEM).

6.2.1 Tensile test

Figure 67 Zwick Z030/TH2A tensile testing machine used for the tensile test and EWF test.

The standard tensile test of materialds determine tensile strength, ductility, strain
hardening, plastic anisotropy, and yield strength in ideal conditions. Properties of the material
in realworld condition may be different and depends on variou®fadike environment,
temperature, anthany other factors. However, the tensile test results help compare different

materials, material selection, design, and development of new materials. The ASTM

68



EB/EB8M67] is used as a standard reference in our work to conduct the tensile test. The
experiments are conducted at a specified room temperaf 1038 °C. Since rolled sheetea

used in this work, tensile strength is determined in three directions, which are, rolling direction,
90° to the rolling, and 45° to the rolling directions. Two samples are prepared in each directior
for better resits. The experiments are conductedWICK/Roell ZO30/TH2A tensile testing
machine(Figure 67). Force on the specimen during the test is measured usingpairitifoad
transducer. Displacement of the specimen in longitudinal (elongation) and lateral directions
(redudion in width) are recorded using-built extensometers at 50 Her&gure 68 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 setedecording to the standard, 40 mm wide
samples can only be used for materials having rtewa 5 mm thickness, and a ssibe
specimen of 6 mm width is too small to fit the extensometer. The standard straimcabss

all tensile tests is 0.008. The samples are prepared using a CNC milling machine without any
burrs,notchesor groves, ad with smooth finishing. Parameters like yield strength, ultimate
strength, elongation at fracture, elongation at marinhpad, strain hardening ficient n,

and plastic anisotropy coefficiergare determined.

50 Q_y

125

Figure 68 Standard tensile test sample with dimensions (mm).

6.2.2 EWF test

Essential work of fracture (EWF) methodology hasrnbesed to find out the fracture
toughness of the DP450 and IF steel sheets. Section 4.2 explains the theory and methodolog
behind the EWF methodology. Double edge notched tension (DENT) specimensgfepare
laser cutting, and EDM technology are usadiie EWF test. Details of the sample preparation
are explained in section 6.Bigure 69 shows the DENT specimen tlwimagnified notcttip
dimensions prepared from the laser and EDM cutting. In the EWF test, the sample isoaded i
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$ience, the crosshead speed is considered a reference
rather than strain rate. A uniform crosshead speed of 1 nmoienis used in all the EWF tests.

The area under the loatisplacement curve is the output of the test. The force and displacement
are recordd by the inbuilt load transducer and extensometer, respectively. The stress across th
ligament in the EWF tess tensile; hence, no afliuckling supports are needed. Grips on either
end of the DENT specimen is free of speckle pattern for better ggipfigripping length of
approximately 25 mm is used in all the samples. For notched samples, original ligamnt len

is considered for specific essential work of fractueecalculation. For fatigue precracked
samples, the actual ligament length is used,fatigue precrack is subtracted from the original
ligament length. The fatigue crack is measured in a scguet@ctron microscope after the EWF
test. The validity and applicability of EWF methodology in mddand mixedmode are
examined using doudedge notched shear and staggered specimens, respectively. The concep
of mixedmode and modd loading in EWF nethodology is discussed in section 4.Figure
6.10shows the geometry of double edge notched shear specimen with dimensions. Double edg
notched shear specimen produceglane shear strains when loaded in tension. The ASTM
standard B831-1947] Standard Test Method fdBhear Testing of Thin Aluminium Alloy
Productsis used as a reference to design the double edge notched shear spé&gguenl1

shows the geometry of tistaggeredaloubleedge notched tension specimen with dimensions.
Cotterell et a[44] designed the specimens for the mixadde loading, and the angle between

the notches is selected as 30° in this work.

45 '
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Laser EDM

Figure 69 Double-edge notched tension (DENT) specimen prepared faser lad EDM technology (mm).
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Figure 610 Doubleedge notched shear specimen with dimensions (mm).
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Figure 611 Staggered doubledge notched tension specimen (30°) with dimensions (mm).

6.3 Sample prepration

The DP450 and IF steel sheets of dimensions roughly 500*308G0t@10mm are
collected before the stamping. The average thickness of the DP450 aeel$Fast 0.565 and
0.685 mm, respectively. There are no international standards publisiied dimensions of
the EWF test sample. E. Q. Clutf@6& 27] conducted several rousrdbin experiments on the
essential work of fracture methodology. European structural integrity (ESIS) has published
some guidelines for sample preparation. Basedasiows research articles and the ESIS
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guidelines, a width of 45 mm and a height of 150 menchosen. According . Cotterell and

J. K. Redlel[20], the ligament's lowest Igth should be more than three to five times the
thickness. A more conservative approachpigliad 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 3 mm are selected schematic representation of the sample is shown in
Figure 612. For the essential work of fracture methodolpothe sample's notetip radius
should be as minimum as possibke.lower notch radius helps in creating fatigue cracks
quickly; by increasing the stress concentration. Two different techieslage used to cut the
sheet and create the notch, which are, high intensity laser andceledtscharge machining
(EDM).

Figure 612 Schematic diagrarand actual picturef specimen for EWF tegtnm).

6.3.1 Laser cutting

A high-intensity pulsed laser beagenerated by electrical discharge or lamp source is
reflected inside a laser source until it gets high energy. Theihighsity monochromatic
coherent light is directed using optics on the smallest possible suréate laecut The source
of laser can be C{excimer gas laser or solgtate laser. The laser head is attached to a
computer numerically controlled (CNC) machine oc@le for better precision. The power
of the laser beam is varied based on the slheézkrtess. The laser's intensity depends on the
laser source, the focal length of lenses, the laser beam mode (variation across the laser cros

section), the laser beam's wavelength, and the focal position of the laser head. Pressurized g
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is used to blovaway the melted material. Oxygen, nitrogerd ather inert gases are used as
cutting gases. Gases such as nitrogen and
oxygen makes an exothermic reaction and produces high temperatures near thadrade ma
Figure 613 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 th
high-intensitylaser and lowerkset thickness, the notches are cut in a singléigore 614

shows thesample prepared from laser cutting technology along with notch tip dimensions.
Notch tip radius is a crucial parameter for the essential work of fracttireytess it influences
stress concentration, and thereby cracks propagation. The lowest possible laser beam width

created for the lowest possible notghradius. A notch tp radius of 55 um is achieved.

Laser beam

Mirror “ Mirror

Cutting gas

Focusing lens

Gas nozzle

LLTTT ) e

Figure 613 Scheméc representation of laser cutt{i6g].

(@) ‘ (b)

Figure 614 (a) EWF testing samplprepared 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 operaticso aleeds to be considered. Though thath
affected zone is relatively smaller than a standard welding or flame cutting, it is necessary tc

estimate the change in properties due to the laser cutting.

6.3.2 Electrical discharge machining(wire EDM)

In electrical discharge machining, the masgris removed by creating an electric
discharge between two electrodes in a dielectrédlium:the workpiece and the tool act as
electrodes. In this work, wire EDM technology is used to prepare the sample. In tEsDMre
a constantly moving wire acts ase electrode and the tool, and the workpiece to be cut as
another electrode. Generally -amized water is used as a dielectric medium, and it also serves
to flush. Dielectric medium cools down the workpiece anddbéand 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, wh
contact between the workpiece, ahd tool (wire), the spark generateztwween them melts the
workpiece.Figure 615 shows a schematic representation of metal removal usingEiké.

The constant changing wire during operation helps in dhgdvity of the tool (Wwe). An
electric power supply (DC) is given for the tool to create an electric potential difference between
the tool and the workpiece. A CN@lotter helps in achieving better accuracy and creating
complex shapes. Hard metals casoabe cut using EDM, with is difficult in conventional
mechanical processes. The absence of physical contact and fast coolirejdmyrai medium

helps achieve the low residual stress in the material. The change in material properties on th
workpiece die to EDM is significatly lower than laser cutting. A smaller hesdfected zone

and low residual stresses are expected in the no{@®itifiL]. A notch tip radius is 150 to 180

pum is achieved in this worksigure 616 shows the sample prepared using the wire EDM
processFigure 617 shows the notch tip dimensions of tsemple created by the wire EDM

process. The notch tip radius is significantly larger than the laser cutting sample.
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Figure 615 Schematicepresentation of wire-EDM process.

00+ f

Figure 616 EWF testing sample created by wire EDM.

111360um|

Figure 617 Notch tip dimensions of the sample prepared using wire EDM.
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6.3.3 Fatigue precrack

The fundamental objectivef 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 cracKL1]. Fatigue crack generated from cycling loadisgised in most of the research
works. The count of cycles needed to initiate a crack is hard to predict and depends on factor
like material properties, load, notch radius, and quality of notch. In this weokdifferent
notch starters are present, aet of samples prepared from the laser cutting has a sharp starter
notch of 55 pum radius, and the other 1&9~180 um prepared from the EDM. The primary
requirement of fatigue crack for a DENT specimen istthetrack length on either side should
be thesame, and the crack should propagate straight forward on eitheFatdgie crack
initiation can be controlled either by force or displacement. According to the ASTM E1820
standard, the maximum stress intenkimaxduring fatigue precrack should notoeed 70% of
critical stress intensity factétic. The ratio of minimum to maximum foréeduring the fatigue
precrack is suggested as 0.1 for faster initiation of crack. The crack length should be more tha
0.2 mm on either side (in this work). It is dleamging to keep the length of fatigue cracks
constant in all specimens. At least, to keep the same fatigue precrack on either notch of th
DENT specimen, the sample is rotated after a few thousands of cypliése Crack on either
side of the ligamennust be equal for simultaneous crack initiation and growth. Fortheth
laser cutting anthewire samples, high cycle fatigue cracks are generated. The maximum load
during fatigue crack generation is lessrttilae yield strength of the mater{@&atigueprecrack
was prepared with the help 8OMTES FHTa.s, D 0 b S &€zesh Republic)

6.4 Digital image correlation technology

Generally, rain and displacemenbtained during the essential workfi@cture (EWF)
testing from arextensometeor a crosshead have only global data. Information obtained from
the extensometer and crosshead is the sample's average deformation without considering loc:
deformation. Digital image correlation (DIC) is a raontact optical measurement technique,
which utilizes a series of images and computation to give exact deformagorry location
on a samplg’2]. One or two cameras anged to capture images at several intervals during the
test. One or two polarised LED lights are used for belfiemination of the pattern. A
commercial software having robust algorithm and {postessing helps in fufield

measurement of deformatiaon the surface. To create the information on the sample, to
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digitally analyse the images, a pattern is creatéeé. gattern can be grids, dots, lines, random
arrows, and speckle patterns. A characteristic of a good pattern is to have a high amount c
information (pixel), no preferred orientation, and a -nepetitive (norperiodic) pattern for

easy analys[67.68]. ARAMIS commercial DIC(Figure 618) is used in thisasearch work.

The sample is first sprayeshtirely with awhite synthetic sprayand laterablack spray is used

to create a distinct stochastic pattéfigure 619 shows the stochastic pattern on the sample.

Secq‘r\n_en

Polarised Light§

Figure 618 Aramis 3D digital image correlatiof®IC) experimental setup

Figure 619 Stochastic patterns of DIC sample.
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6.5 Electron backscatter diffraction

Electron backscatter diffraction (EBSD) is auditional 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 straib the grain levdlr5]. Ease of sample preparation,
advancement in cameras, faster processing speed, and enhanced visualisaswitsahade
EBSD a reliable technique in the resdgafield and industry. The distinctive diffraction pattern
of Kikuchi bands was first observed in 1928]. EBSD is attached to a scanning electron
microscope, and a hightensity electron beam is made to fall on a finely polished surface at a
tilted angle (70°). The backstered electron with a minimum loss of energy wall fon a
phosphorus screen. The backscattered electrons carry information about the crystallographi
orientation of atoms, thereby generating the Kikuchi bands on screen. These unique Kikuch
bands will B compared with a database to find out the crystdl its orientation. The
phosphorus screen is kept at about 20 mm from the sample and parallel to the incident electro
beam. The phosphorus screen is connected to a CCD (dawargked device) camera teaord
the Kikuchi bands at the scanning locatione Bample's scanning can be done by mechanical
movement of the sample or digital beam scanning mode. The sample's grain size can b
precisely determined, and crystallographic orientation within eachagaialso be determined.
Inverse pole figure (IPF) npa grain size map, misorientation (MO) maps, kernel average
misorientation (KAM) map, and many more maps are generated after EBSD sEanniag

Figure 6.20 shows thesimple schematic representation of the EBSD operation

Lens Polepiece
Diffraction pattern
on phosphor screen

Electron
beam

CCD
|: camera

Specimen

\4

Data analysis Index Background Frame
and presentation [ pattern [ subtract N average

Figure 6.20 Schematic representation of EBSD in S[BBI.
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The DP450 and the IF steel samples are prepared for the EBSD analysis before and after tf
EWF tests. The steel sheets are cut into small rectangular shapes of 15*Thesmsmall
samples are mounted onto Bakelite resin capsules using greigbure mauting machine.

Then the samples are grinded using silicon papers ranging from 60 to 1500. The grindec
samples are then polished using a diamond pasteanfl 1 umThe Bakelite resin is broken

to remove the sample. The grinded and polished samplesanedlesing an ultrasonic cleaner

for 10 minutes. The mechanically polished samples are elpalished usingtruers electro
polishingmachine. The technical specificat for the electrgolishing is given infable 6.5.

A specially designed holder is used to place the specimen inside the SEM. The specimen i
tilted about 70° to the horizontal surfacepdbe current of 2B8lano amperestep sie of 0.27

um/pixel, 60.2fps frames per secondnd 20 kV accelerating voltage is used.
Table 6.5 Electropolishing parametsifor EBSD analysis.

Area (cm?) Flow rate Voltage (V) Time (s)
DP450 1 10 23 5
IF Steel 1 10 36 7

6.6 Holeexpansion test and Nakajima test

Figure 6.21(a) shows a simple schematic representationhai@ expansion testThe
essential components of the test are holderold & sample, cylindrical punch, and sample.
Aninitial bore diameterdp) 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 8diie (neasured after the
test.Several samples with different shearing clearance apaygé and testeéigure 621(b)).

The hole expansion ratesis calculated using equation 6.1. (Hole expamsgst, the Nakajima
test, and FLD test for the DP450 and the IF steel is done rettfical University of Liberec

in association witlfskoda auth

(a) (b)
Figure 6.21 (a) Schematic representation of hole expams$esf81]; (b) samples after the test.

79



— pPTT (6.1)

Figure 6.22 shows a schematic representation dfakajima test and sample used to create
FLD. Eleven samples having a width fron®40 120 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,@atteAramis

DIC collects thestrain 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.

Width 40120mm

Shaft length 40 mm

Fillet radius 20 mm \ _—
blank

holder -
Radius 100 mm punch

(@) (b)

Figure 6.22 (a) Samples of Bkajima test; (b) schematic representation of NakajimB&ist
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/.RESULTS AND DISCUSSIONS OF EWF TESTS

7.1 Optimization of testspecimendesign

Geometry and technology used in sample preparation will have a considerable effect or

test results. The methods used for the sample preparation are hsefiysgtd in sections 6.3.1

and 6.3.2Figure 71 shows the optical microscope images of the microstructure near the notch
tip of the DP450 steel. A high temperature generated by the laser theisgmple preparation

is affectingthe 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 cutédge Figure 71(a)). There is no grain refinement in

the EDM cut Figure 71(b)) because of dielectric fluid in the wire electrical discharge

machining.

It is hard to quantitatively estimate the change in mechanical properties in trefféetat

zone of such a small area. Microhardness measurement is used to analyse the efftagaf th
and the EDM wire cutting on the heaffected zone. It is not a precise way to estimate the
change in properties; however, it is convenient and availdar better sensitivity, HV 0.2
loading is used for the hardness measurentégure 72 shows the micrdardness graph
versus the distance from the edge for the laser and the wire EDM cut for the IF steel. The IF
steel is delibeately selected against the DP450 steel because of its more homogeneous

microstructure.

AR

o FEAR TR

Figure 71 Optical microscope images of microstructatghe notch tip of DP450 steel: (a) laser cuttiny;
EDM cultting.
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Figure 72 Microhardness versus distance from the edge for laser and wire EDMstafell-

A sharp increase of hardness can be seen near the edge and decreases as moved away frorn
edge. In general, thedar cut has produced higher hardness against the EDM cut. In the EDM
cut, the hardness drops suddenly after one or two measurearahthe remaining values are
uniform. In the case of laseut, 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 lasetrtiogtis 55um and 180um for the wire EDM. The notch

tip radius created by the wire EDM is dependent on the wire diameteresgulte the higher

notch tip radius from the wire EDM process, the effect on material properties is more negligible.
Though the dference in hardness is very little between the two methods, EDM is a safer and
better sample preparation method. HoweMee, presence of fatigue precrack in the sample
offset the limitations of the laser.

82



7.2 Essential Workof Fracture test resultsfor DP450

Several sets of samples are prepared using laser and EDM for the EWF test. Initially,
notched and precracked fftue precracked) samples prepared from the laser are tested, and
the deformation output is recorded using crosshead displacemém. $econd stage, notched
samples prepared from the laser and the EDM are tested, and the deformation output is records
using an extensometer. Finally, fatigue precracked samples are tested, and the deformation
recorded using the extensometer. Seddi@.2 describes the details of the EWF experiment and
the experimental parameters. The width and the heigh of the spewie¥s mm and 150 mm,
respectively. Each sample set has nine specimens and has a ligament length from 5 to 13 mr
The length of thdigament is measured before the EWF test usirgjeeeomicroscopei
standard crosshead speed of 1 mm/minute is used afase EWF tests. The physical
extensometer is kept at 50 mm apart, and it is well outside the plastic deformation zone. The
forceand the displacement are recorded until the force falls to 75% of the maximum force. The
area under the foredisplacementurve denotes the total work of fractufé Two different
methods can calculate the area under the fdisi@dacement curve. Therst method is the
direct calculation of curve area by trapezoid equations, and the second method is integratin
the besffit curve. Both the methods give identical results, and the first method is used in this

work.

7.2.1 Notchedsamples

This section is dedicated to notched samples. The notched samples prepared from th
laser and the EDM are tested. The notcdatples are tested in three different stages. Initially,
the notched samples prepared from the laser cutting are tasttdjeformation output is
recorded using crosshead displacements. In the second stage, the notched samples prepa
from the laser areested, and the deformation output is recorded using an extensometer. Finally,
the notched samples prepared from EDM tasted, and the deformation output is recorded
using the extensometer.
Laser notchedsampleswith crosshead displacements
Figure 73 shows the forceleformation (displacement) curves for the notched samples prepared
from the laser, andeformation is recorded using the crosshead movement. The area under the
curve increasesith an increase in ligament length wotlt changing the curve's shaBgecific
work of fracturews is calculatedy dividing thetotal work of fracturé\t by theinitial ligament

area.The maximum recorded deformation is considered as displacemerdtateva
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Figure 73 Force versuslisplacementdrosshead) diagram for notched samples prepared from the laser.
Table 71 shows the outputs and calculated parameters from thed@pkcement curves of
the EWF tests for the notched samespared from the laser (crosshedtigure 75 shows
the specific work of fracture wf versus original ligament length for notched samples prepared
from the laser (crosshepd linear cuve is generated based on the data pointgietermire the
specific essential work of fractuve and it is the zero intercept on theyis. In this case, the
specific essential work of fracture is 352.88+8.64rkJandb wis 30.36+0.9KJ/n?. b wis
the slope of the linear fitted line, and it equates to specifieassantial work of fracturef).
b is the shape factor of plastic deformation and is given @yd) aandb are major and minor
axis of the ellipsePearson correlationoefficient R? is an indicator for a linear relationship
between abscissa and ordinate values, one being perfectly line&% Vitiee is equal to 0.9934
(Figure 75), which indicate a good linear fit. The godithearity proves that the specific work
of fracture increases linearly with the ligament length within the specified ligament range.
Figure 74 shows the graph afleformation at fracture versus ligament length for notched
sampleprepared from the laser, and deformation is recorded from the crosalieadr cuve
is generated based on the data points to find crack tip opening displag@fem)] and
crack tip opening angle (CTOAY¥. The zerdigament length intercetf the fitted lineon the
y-axis is the crack tip opening displacement (CTOD)and slope of the linear fitted line is
half of the crack tip opening angle (CTO®). The determined CTOD and CTOAYy € from
the EWF tests are 0.6890+0.0881 and 13.65° respectively. The fitted line haRawalue of
0.9913.
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Table 71 EWF tests outputs (crosshead displacements) for nosaragdles prepared from the laser.

Total work of

Ligament Maximum Maximum Wi i
length (mm) force (N) stress(MPa) fraCt%Er}n;/Vf(N' (kd/m?) (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
2.4
/l
T 20 el
E e
= ’I/
® 1.6 M
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(&) [ =
@ e
i(—ul 1 2* P ’ i - — -
= P Equation y=a+b*
g 0.8 -7 Intercept 0.68907 + 0.0389
e L Slope 0.11918 + 0.0042
% | Pearson's r 0.99566
A 0.4 R-Square (COD 0.99134
Adj. R-Square 0.9901
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Figure 74 Deformation at fracture veus ligament length for notched samples prepared from the

Figure 75 Specific work offracture versus ligament length for notctsasnples prepared from the
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Laser notched samples with extesometer displacements

Figure 76 shows the forceleformation (displacement) curves for the notched samples
prepared from the laser, and deformation is recorded using an extensometer. The deformatio
recorded fronthe crosshead is much high&igure 73) in comparison to the extensometer
(Figure 76); hence, the area under the fodisplacement curve will also be larger. The higher
displacement from the crosshead is attributed to high elastic energy storage [BBpaps
probable slip due to metal coating and surface paints (DIC analysis). From the visual
observation and DIC images, crack initiatibappens near the peak load for the notched
samples. After the crack initiation, the decrease in load is not instansamestead, it is more
gradual. The gradual decrease in load indicates good crack growth resistance and ductil
fracture during the cr&ogrowth.

40
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Figure 76 Force versus displacement (extensometer) diagram for notched samples prepared from the laser.

Table 72 shows the outputs and calculated parameters from thed@plcement cwes of

the EWF testfor thenotched samples prepared frdmelaser(extensometerfigure 78 shows
specific work of fracture versus ligament length for the notsl@aples prepared from the laser
(extensometer). The specific eatial work of fracturewe6and slope of the fitted cuevare
200.14+4.84 kJ/fand 26.16+0.523 kJfirespectively. AnR? value of 0.9980 Rigure 78)
indicates the fitted curve's good linearigygure 77 shows the graph afeformation at fracture
versus ligament length for notched samples prepared from the laser (extensometer). Th
determined CTOD and CTOAy*® from the EWF tests ar@.3625+0.0016 mm and 7.66°
respectively. The fitted line has &3 value of 0.9962.
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Table 72 EWF test outputsektensometedisplacements) for notched samples prepared fhatase.

Total work of

Ligament Maximum Maximum fracture Wi(N- Wi Vi
length (mm) force (N) stress(MPa) mm) ' (kJ/m?) (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 371300 515.83 3807.55 528.97 1.1988
1.2+ _a
— |
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S -7
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Q e
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= g
8 0.6 .7
c P
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8 0.4+ Intercept 0.36253 + 0.01f
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% Pearson'sr 0.99812
a 0.27 R-Square (COD) 0.99625
Adj. R-Square 0.9955
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Figure 77 Deformation at fracture versus ligament length fochet samples prepared from thser
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Figure 78 Specific work of fracture versus ligament length for notckemiples prepared from the laser
(extensometer).
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EDM notched samples with extensometer displacements

Figure 79 shows the forcelisplacement curve for the notched samples prepared from
the EDM gextensometer)n all the figures Kigure 73, Figure 76 & Figure 79), the curves' shape
is similar for all the ligament lengths in their respective graduige the standard strestrain
diagram Figure 63), in the beginninga linear portion is observed before plastic deformation
(Figure 76 & Figure 79), and the curve is almost parabolic after deviating from the linear portion
until fracture.The forcewill gradually increase and decrease identically before and after
reaching the pealo&d. In the notched samples prepared from the EEijufe 79), there is a
sudden ¢ in force after reaching the maximum load. This load drop is attributed to the

beginning of the constant crack growth, but it is more visiblaerBDM samples.
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Figure 79 Force versus displacement (extensometer) diagram for notched samples prepared from the EDM.

Figure 711 shows the specific work ofdcture versus ligament length for notclszanples
prepared from the EDM (extensometer). The specific essential work of frastdend slope

of the fitted curve ar@25.39+6.96 kJ/fand 27.35+0.74 kJ/frespectively. ArR? value of
0.9948 Figure 711) indicates the fitted curve's good linearigygure 710 shows the graph of
deformation at fracture versus ligament length for notched samples prepared from the EDM,
and deformation is recorded from theangometer. The determined CTOD andCTOA y*®

from EWF tests are 0.4092+0.016 mm and 8.25° respectively. The fitted line Rfagadune of
0.9960.
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Table 73 EWF test outputsextensometedisplacements) for notchedraples prepared frothe EDM.

Total work of

Ligament Maximum Maximum fracture Wi(N- Wi Vi
length (mm) force (N) stress(MPa) mm) ' (kJ/m?) (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
1.4
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© ] -7
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< Pearson's r 0.99801
2 ] R-Square (COD)  0.99603
0O 0.2 Adj. R-Square 0.99547
00 T T T T T T T T T T
0 2 4 6 8 10 12 14

Figure 710 Deformation at fracture versus ligament length for notched samples prepared from EDM
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In section 4.3.2the experimental validityof the EWF tesin terms of maximum stress is
discussed in detailOne of the fundamental principles of the essential work of fracture
methodology is to keep a similar stress state iHigdiments.The maximum stress in the
ligament is calculatefly dividing the maximum forcéy the initial ligament areaTo verify

the above condition, the maximum stress in the ligament is plotted eip@igament length.
Figure 712 shows the maximum stress in the ligament verghesoriginal ligament length for
thenotched samples prepared frtme laser and the EDMhe maximum stress in the ligament
is expected t o bteo ily.ardtepéricareatimgtien thatfa sifilardstiess
state (plane stress dominant) is maintained ifigelments.In all the cases mentioned above,
themaximum stress was ihe specified rangéience a similar stress state believed to have
existed in altheligaments duringheEWF tests. The maximum stress in the ligament is slightly
higher inthe EDM sampleghanthelaser sample®A general trends that the maximum sss

in the ligament increases with a decrease in the ligament length. The variation of the maximun
stress is more pronounced for shorter ligaments; it indicates an increased portion-plaoneasi
strain dominant condition at theack initiation. Furthemcrease in the ligament length would

have reduced the maximum stress below the specified range.
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Figure 712 Maximum stress in ligament versus ligament length during EWF testsaga) hotched(crosshead);
(b) laser notched (extensometer); (c) EDM notched (extensometer).

7.2.1Fatigue precracked samples

Fatigue precracked samples are tested in two stagethdriirst stage, the preracked
samples are tested, and deformation auipuecorded from the crosshead movement. In the
second stagehe precracked samples are tested, and the deformation output is recorded from
the extensometer. Section 5.3.3 exmaihe detail of the fatigue poeack testFigure 7.13

showsSEM images of the fatigue poeackand magnifiedstriations ofthe fatigue crack

SEM HV: 30.00 KV WD: 15.50 mm ip VEGAW\ TESCAN SEM HV: 30.00 kV WD: 6.527 mm VEGAW TESCAN
v

SEM MAG: 100 x Det: SE 500 pm * SEM MAG: 5.00 kx Det: SE 10 pm
Date(m/d/y): 10/27/20 Mil P Digital Microscopy Imaging n Date(m/dly): 10/27/20 Mikroskop Digital Microscopy Imaging u

(@) (b)
Figure 7.13 SEM images of (afratigue precrack (b) striations othefatigue crack

Table 74 & Table 7.5 show the outputs and calculated parameters from -fiispgacement
curves of EWF tests for the preracked samples, and deformation is recorded from the
crossheadTable 74) and the extensometergble 7.5), respectivelyFigure 714 andFigure
7.15 show the forcadeformation (displacement) curves for the-pracked samples. While in
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the former, deformation is recorded usingt¢hesshead m@ment and the extensometer in the
latter. In Figure 715 (extensometer), the ape of the curves is similar for all the ligament
lengths and no significant differencengpared to the notched samples. HowevedFjgure 714
(crosshead), the shape of fortisplacement curves is not perfectly similar for gjament
lengths. Like the niehed 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 regaiti@rpeak load, the decreas

in load is not instantaneous rather more gradual. The gradual decrease in load indicates a got

crack growth resistance and ductile fracture during the crack growth.
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Figure 714 Force versus disptement (crosshead) diagram for precracked samples.
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Figure 715 Force versus displacement (extensometer) diagram for precracked samples.
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Figure 717 shows specific work of fracture \gars ligament length for the precracked samples

and deformation is recorded from the crosshead. The specific essential work of agiure
and slope of the fitted curve are 266.79+17.79 kamd 36.88+2.01 kJ/frespectively, which
are significantly lever than the notched samples. Rivalue of 0.9883Figure 717) indicates

the fitted curve's decent linearifyigure 716 shows the graph afeformation at fracture versus

ligament length for the precracked sampbesd deformation is recorded from the crosshead.
The determined CTOD and CTOAy*® from EWF ests are 0.4085+0.077mm and 17.38°
respectivelyThe fitted line has aR® value of 0.9868.
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Figure 716 Deformation at fracture versus ligament length for precracked samples (crosshead).
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Figure 717 Specific work of fracture versus ligament length for precrackedples (crosshead).

Figure 7.19shows specific work of fracture versus ligament length for the precracked sample

and deformation is recorded from the extensometer. The specific essential work of fraéture
and slope of the fitted curve are 154.22+7.26 kaimd 32.34+1.15 kJ/nrespectively, which
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are significantly lower compared to the notched samples&?Amlue of 0.9824Rigure 7.19)
indicates the fitted curve's decent linearfygure 718 shows the graph afeformaton at
fracture versus ligament length for the precrackathplesand deformation is recorded from
and CTOA y°® from EWF tests are
0.3251+0.01mm and 9.07° respectively. The fitted line h&® salue of 0.9917.

the extensometer. The determined CTOD
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Figure 718 Deformation at fracture versus ligament length for precracked samples (extensometer).
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Figure 7.19 Specific work of fracture versus ligament length for precradestples (extensometer).

Figure 720 shows the maximum stress in the ligament vergesoriginal ligament length for

the precrackd sampls. The maximum stress in the ligament is well within the previously
mentioned limit. However, the maximum stress of@acked samples is slightly lower than
the notched samples. Like the notched samples, the maximum stress increases witdsa decre
in ligament length. The variation in maximum stresses is predominant for shgalfeents;

due to increased quagslane strain area at the crack initiation.
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Figure 720 Maximum stress in ligament versligamentlength during EWF tests: (@yecrackedcrosshead);
(b) precracked (extensometer).

Table 74 EWF test outputscfossheadlisplacements) foprecrackedamples
Effective Total work of

ligament “:;)é;n}l,ilT sw:?srpl\l/lj ga) fracture Wi(N- k JV/vrfn 2 (n:/;n)
length (mm) 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 outputsektensometer displacementsr precrackedsamples

Effective Total

ligament Maximum  Maximum work of Wi Vi
length force (N) stress(MPa) fracture (kJ/Im?) (mm)
(mm) N-mm(W;)

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 2322549  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 reds

Table 7.6 tabulategshe EWF test results for the notched and the precracked samples of
the DP450steel in all conditions. The maresults of EWF experiments are specific essential
work of fracturewe and specific noressentl work of fracturenp. Other parameters like crack
tip opening displacement and crack tip opening angle are determined fronthe
deformation dataBy comparing the results @xtensometer and crosshead deformatithres
crosshead defornian is largerin all specimensLarger deformation recorded frothe
crosshead leads to higher speciéissential work offracture we and crack tip opening
displacement . Specific essential work of fractsee are352.88 kJ/n? and D0.14kJ/n¢ for
notched samplesvhere deformation is recorded frotine crosshead anthe extensometer
respectively. The specific essential work of fracturee determined fromthe crosshead
movement i¥6.31% larger thathewefrom theextensometeCrack tip opemig displacement
1 determined fromthe crosshead movement 00 higher thanthe| from the
extensometerParameters determined from the crosshead are significantly larger than the
extensometer. Hence, parameters determined from the crosshead moveroeiyt @ased for
comparison and do not truly represent the actual values. From here onwards, only paramete

determined from the extensometer are used for analyses.

Specific essential work of fractugev. are 200.14 kJ/Aand 225.39 kJ/Afor notched sampte
prepared from the laser and EDM, respectivelack tip opening displacemant are 0.3625

mm and 04092 mm fornotched samples prepared from the laser and EDM, respectively.
Specific non-essential work of fractusew, (wpb) are 26.16 kJ/hand 27.35 kJ/mfor the
notched samples prepared from laser and EDM, respectinelgk tip opening angés  are

7.66° and 8.25° for the notched samples prepared from laser and EDM, respectively. The notc
tip radii of 55 um(laser) and 180 um(EDM) have a considerable effect on the results. The
DP450 steel is sensitive to variatimnnotch tip radius for the notched samples.

Specific essential work of fractige are 200.14 kJ/fand 154.22 kJ/Afor the notched and
the precracked samples, respectively (extensometer) pEbdis essential work of fractuke

for the notched saplesis 30% higher than theve determined from the precracked samples.
Crack tip opening displacemdnt are 0.3625 mm and 0.3251 mm for the notched and the
precracked samples, respectively (extensometer). ok tip opening displacement for

the notched samples is 11% higher thari théor the precracked sampléSrack tip opeaing

angles[ are 7.66° and 9.07° fahe notched and the precracked samples, respectively
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(extensometer). Thaack tip opening angle for the precracked sangd is 18% higher than

the] for the notched sampleSpecific nonessentiawork of fracture wyp (Wpb) are 26.16

kd/m? and 32.34 kJ/ffor the notched and the precracked, respectively (extensometer). The
lowest possible notch tip radius is only achieved from fatigue precrack. Hence, the precrackec
sample result is believed to bleser to the actual fracture toughness. The parameteisaabta
from the EWF test of precracked samples are different from the notched sample results. Th
specific essential work of fractur@ve is the most sensitive to fatigue crack, and it is a
significant output of the EWF test. Hence, the fracture toughregssndined from the fatigue
crack is believed to be the actual value. However, the crack tip opening displdcensdats
sensitivethan thewe to the fatigue precrack. Theack tipopening anglé and the pecific
non-essential work of fractur@vp,bhave the opposite effect on the presence of fatigue precrack.
Both the parameters are lower for thédae-precracked samples compared to the notched
samples. The critical information is that both the parameters&(w,) are determined from

the slope. While theie and  are determined from zero intercepts.

Table 7.6 EWF test results for notched and precracked sample®450steel.

0 0 007 O 9 —0
q
Preparation
(]
s method Wpb 5 + wy )
e (Deformation We (kJ/m?) (kJ/m?3) R #(mm) CLI R
recording)
Laser 0.1192-0.004
352.88+8.64 30.36+0.93 0.984 0.68910.038 0.9913
(Crosshead) (13.6%)
2 Laser 0.06686+0.001
S 200.14+4.84 26.16+0.52 0.9980 0.3625+0.016 0.9962
g (Extensometer) (7.66°)
EDM 0.07206+0.001
225.3946.96 27.35+0.74 0.9948 0.409240.016 0.9960
(Extensometer) (8.259)
= 0.15120.008
o (Crosshead) 266.79+17.79 3688+2.01 0.9883 0.40880.077 0.9868
—:‘UU (17.398)
3} 0.079117+0.038
o (Extensometer) 154.22+7.26 32.34+1.15 0.9824 0.3251+0.01 (9.079 0.9917
o .
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Figure 721 (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 thaspecific esserdil work of fracturewe and crack tip opening
displacemerit arelower 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 wor
of fractureWthan the notched sampleSigure 721 shows the ligament length versus specific
work of fracture Figure 721(a)) and deformation at fractu(Eigure 721(b)) for the notched

and the pecracked samples. For shorter ligament lengths, the total work of fréétanel the
deformation at fracture is smaller fo the precracked samples. For larger ligament lengths, the
total work of fractur@\; and the deformation at fractuas largerfor the precracked samples.
Hence, the slope of the fitted curve for the notched samples is smaller than the precracke

sampls.
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Figure 722 Maximum stress versus ligament length for notched and precracked samples.
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The maxinum 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 mhizpipensvell before
reaching the maximum forc€igure 722 shows the maximum stress versus ligament length
for the notched and the precracked samples. The maximass $or the notched samples is
slightly higher than the precracked sde#pln 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 crpakpagation is more prominent than the energy

consumed till the initiatin.
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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. Dimensis 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 usinglfgh-intensity precision laser are used for the EWF
test of the IF steeDeformation during the EWF test is recorded using an inbuilt extensometer.

Figure 723 showsthe forcedeformation curves for the notched samples of the IF steel. The
area under the curve increases with an increase in ligaereggthlwithout significant change

in the curve's primary shape. Unlike the standard ssteas curve, the foredispla@ment

curve is parabolic in the EWF tests for the IF steel. Like the standard-shassdiagram
(Figure 66), in the beginninga linear portion is observdakfore plastic deformatiorF{gure

7.23), and the curve is almost leskewed parabola after deviating from the linear portion until
fracture. Unlike the DP450 steehet nonlinear 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
load is instantaneosi compared to the DP450 steel curvegute 76). The relatively fast

decrease in load is an indication of weak resistance to crack growth.

3 5 O T T T T T T

© 0~ O

PP o

0 0.5 1 15 2 2.5 3

Di spl aémemnent
Figure 723 Force versus displacement diagram for notchetpées of IF steel.
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Table 77 shows the outputs and calculated parameters from-thspégacement curves tie
EWF tests fothe notchedF steel samplestigure 725 shows the specific work of fracturev
versus original ligament length féine notched sampled-rom the extrapolation of data, the
specific essential work of fracture is 212.63+8.45 R)and b wis 44.17+0.9XJ/m?. The R?
value is equal to 0.996%igure 725), which indicates a good linear fit. Good linearity proves
that specific work of fracture increases linearly with ligament lerfgtiure 724 shows the
graph ofdeformation at fracture versus ligament length for the notched samplaefatahmints
are fitted with a linear curve equation to find crack tip opening displacement (GTCdd
crack tip opemg angle (CTOA)y®. The determined CTOD and the CTOAy® from the
EWF tests are 0.5042+0.02 mm and 17.86° respectively. The fitted line R&svalue of
0.9985.

Table 77 EWF test output for notched samples IF steé
Total work of

Ligament Maximum Maximum Wi Y
length (mm) force (N) stress(MPa) fraCtL:Tr]?n;Nf(N' (kJ/Im?) (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
a
2.4+ -’
E ’
E 204 =
— o
> ’
g g
g 16” ’.’
g -
T 1.2 L
€ e Equation y =a+ b*x
g - Intercept 0.50424 + 0.020
§ 0.8+ ’ Slope 0.15596 + 0.002
é_ L7 Pearson's r 0.99929
A 0.4+ R-Square (COD) 0.99858
Adj. R-Square 0.99837
00 T T T T T T T T
0 2 4 6 8 10 12

Ligament length L (mm)
Figure 724 Deformation at fracture versus ligament length for notched samples of IF steel.
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Figure 725 Specific work of fracture versus ligament length for notcbetiples of IF stée

7.3.2Precracked samples
Section 5.3.3 explains the detail of the fatigue greek testFigure 726 showsSEM

images ofthe magnifiel fatigue crackFrom thevisual observidon of the SEM images, the
fatigue crack's morpholygdiffers from the DP450 stedh the DP450 steel, the fatigue crack
path is intragranular. In the case of IF st¢led fatigue crack is partiallyntergranular.The
presence of intergranular fatigueack indicates relatively weaker grain bound48ék The
presence of carbides and nitrides along the grain boundary makes the grain boundary weaks

than the rest of the grain. However, no britthcture is identified.

Fa B St " IR X

VEGA\ TESCAN ~ SEM HV: 30.00 kV
50 pm ~  SEM MAG: 2.00 kx Det: SE
Digital Microscopy Imaging n Date(m/d/y): 02/11/21 Mikroskop

(a) (b)
Figure 726 SEM images ofatigue precrackof IF steel.

SEM HV: 30.00 kV WD: 9.346 mm
SEM MAG: 1.00 kx Det: SE

Date(m/d/y): 02/11/21 Mikroskop
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»

Digital Microscopy Imaging n
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Table 7.8 shows the outputs and calculated parameters from the-d@pRcement
curves of the EWF tests for the prmeacked samplesFigure 727 shows the force
deformation(displacement) curves for the-pracked samples. Figure 727, the shape of the
curves is identical to the notched samples. Fromavietservation and DIC images, crack
initiation happens before reaching the peak load for the precracked samples. After reaching th
peak load, the load decreases faster with shorter deformation.
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Li game[nt
I en ¢tmh
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——9.5 nm
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Di spl a¢memnent
Figure 727 Force versus dispcenent diagram for precracked samples of IF steel.

Figure 729 shows the specific work of fracture versus ligament length for the precracked
samples. The specific essential work of fractangd and slope of the fitted curve are
196.16+9.81 kJ/dand 52.42+1.62 kJfinrespectively. Thd? value of 0.9933Kigure 729)
indicates the good linearity of the fitted curtégure 728 shows the graph afeformation at
fracture versus ligment length for the precracked samples. The determined CTOBNd
CTOAYy*®from the EWF tests are 0.426+0.028 mm and 19.76° respectively. The fitted line has
anR? value of 0.9946.

Table 7.8 EWF test outputs foprecrackedamplef IF steel.
Total work of

Ligament Maximum Maximum fracture N- We Vi
length (mm) force (N) stress(MPa) mm(Wh) (kd/m?) (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 1954.3 422.72 2605.27 563.53 1.638
9.50 2659.06 408.41 4486.77 689.13 2.040
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Displacement at fracturev; (mm)

Specific work of fracture w; (kJ/m?)
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Figure 728 Deformation afracture versus ligament length for precracked samples of IF steel.
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Figure 729 Specific work of fracture versuigament length for notcheshmples of IF steel.

Figure 730 shows the maximum stress ithe ligament versus ligament length for notched

samples prepared frothe laser The maximum stresses in the ligaments are well above the

range ytod 1. .THR®Eaximum stress in the ligament is higher than the ultintetegs$t

(standard tensile test).ista clear indication that more energy is being consumed by the material

away from the ligamenHlills[33] criteria to verify the plane stress condition may not be valid

for the IF steel.However, ifJ.G. Williamson et g34] approack 1 awgkOX Uavg) is used, the

values are well within the limitLike the DP450 steel, the maximum stress in the ligament

increases with a decrease in the ligament lengphike the DP450 steelhé maximum stress

is slightly higher for the fatigue preracked samples.
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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 o
the IF steel. Therincipal output of the EWF test is specific essential work of fracture we,
whi ch does n o ticantlydoc thee mesracked samples compared to the notched
samples. The specific essential work of fractwr®r the notched samples is 8.39% larten
the precracked samples. Crack tip opening displacémeiot the notched samples is 17.93%
larger than the precracked samples. Specificessential work of fracture, (Wpb) is higher
for the precracked samples, i.e., the curve slope (spaafi of fracture vs. ligament length)
is higher for the precracked sampl€sack tip opening displament is more sensitivéhan
We to fatigue precrackThe crack tip opening angle andthe specific noressential work of
fracturedw,0havean opposite effecon the presence of fatigue precrack. Btith parameters
are higher forthe fatigue precracked samples comparedhe notched sampleslhe vital
information is botithe parameters( & wp) are determined frorthe slope. whilewe and
are determined from zero intercefisK. Chandra et §B6] have performed EWF test for IF
steel with similar mechanical properties to the steelduin this work. Theve 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 samplds sigel.

:

0 0 007 VI —0
C
Type 2 Wpb 2 -y 2
yp We (kJ/m?) (kJ/m?) R #m(mm) (-u P R
0.1559+0.002
Notched 212.63+8.45 44.17+0.92 0.9%9 0.5024+0.02 0.985
(17.769
pre- 0.1724+0.004
196.16+£9.81 5242+1.62 0.933 0.426+0.028 0.9946
cracked (19.769
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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 Dymddase (DP450teel andheInterstitial free(IF) steel. These
two sheets of steel have a different microstructure and mechanicalt@®pBoththe sheets
of steel have been tested in notched and precracked conditions. For comparison of notche
samples, samplgsepaed usinghelaser are chosefable 710shows the detailed comparison

of theDP450 steel anthelF steel EWF test results.
Table 710 EWF test results for notched and precracked sasnpiiDP450andIF steel.

r

0 0 0 0f VI —0
C
. Wpb 5 +ur 5
Type Material We (kJ/m?) (kJ/m?) R #m(mm) = B R
DP450 200.14+4.84 26.16+0.52 0.9980 0.3625%0.016 0'06((;8:;,?'001 0.9962
Notched .
IF steel 212.63+8.45 44.17+x0.92 0.9%9 0.5024+0.02 0.1(5157981%002 0.985
DP450 154.22+7.26 32.34+1.15 0.9824 0.3251+0.01 0'07?91(1)53)0'038 0.9917
pre- '
cracked
IF steel 196.16+£9.81 52.42+1.62 0.933 0.4260+0.028 0.172420.004 0.9946

(19.769

Forthenotched sampletheDP450 andhelF steels havare values of 200.14J/n? and 212.63
kJ/n?, respectively. The IF steel has about 6% highevalue tharthe DP450 steel. Fothe
precracked samplethe DP450 andhe IF steels haveve values of 154.2%J/m? and 196.16
kJ/n?, respectively The IF steel has abo@7% higherwe value tharthe DP450 $eel. we for
both the steels are approximately similar fbe notched samplesdowever, we for the
precracked samples have a significant difference. The preskEiatigue precrack itheDP450
steel has reducede by about 23%, while only 8% fothe IF steel. Crack tip opening
displacemerit for the DP450 andhe IF steel are 0.3625 and 0.5024nmrespectively, for
notched samples. IF steel has al®88%o higher] value tharthe DP450 steel fothe notched
samples. Crack tippening displacement for the DP450 andhe IF steel are 0.3251 and
0.4260 mm, respectively, foine precracked amples. Fothe precracked samplethe IF steel
has abouB1% higher] value tharthe DP450 steelThe presence of fatigue precrackitie
DP450 steel has reduced by about 10%, while it is 15% fdhe IF steel. Specific non
essential work of fracturey, (wyb) for the DP450 andhe IF steel are 26.18J/n? and 44.17
kJ/m?, respectively, forthe notched samples. Fdhe precracked samplesy, (wb) for the
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DP450 andheIF steel are 32.3kJ/m® and 52.4kJ/n?, respectively. Crack tip opening angle

[ for theDP450 andhelF steel are 7.66° and 17.868spectively, fothe notched samples.

For the precracked sampleg, for the DP450 andthe IF steel are @7° and 19.76°,
respectively

Specific essential work of fractuve is sensitive to the notch tip radius; however, the sensitivity
may vary from material to material. Both the DP450 thiedF steel have shown lowek value

for the preclacked samples. dvever, the IF steel is less sensitive to the notch tip radius than
the DP450 steeBased onwe value the IF steel's fracture toughnessiigher tharthe DP450

steel by 27%Crack tip opening displacemént is also sensitive to the notch tip radius and
has lower values for the precracked samples. Unlie is more sensitive to the notch tip
radius for the IF steeBased o value,fracture toughness tfie IF steel is higheriianthe
DP450 stel by 31% From the comparison of both the parametes(] ) for the DP450 and

the IF steel, the IF steel has higher fracture toughness than the DP450 steel.

Specific noressential work of fractune, (Wpb) is the curve slopeithe graph of speadf work

of fracture versus ligament length. For btitenotched antheprecracked samples, the IF steel
has a higher slopavgb) than the DP450 steel. As discussed earlier in section 4.2, the total
energy consumed to break the ligannis divided into two parts, viz, essential work of fracture
and noressential work of fracture. In the graph of specific work of fractreersudigament
lengthL, specific essential work of fractuve is constant for all ligaments, and specific non
essential work of fractuns, (Wpb) increases with an increase in ligament length. A higher slope
indicates more energy (specific ressential work ofracturewp) consumed as ligament length
increases. From the above results, the IF steel consumes a higher antbenbofessential
work of fracture energy (plastic work) as ligament length increases. In compahnis@i450

st e el 6 ghe nomessentiabviork of fracture energy (plastic work) consumption with
ligament length is lowethanthe IF steelThe primary reason for the aldifference might

be the IF ste& ability to redistribute the stresses away from the ligament. Thegsamtial
work is dependent on geometry and loading conditions; howlewtr the materials are tested

in identical conditions, so it is fair to cquare.Crack tip opening angfe is determined using
slope from the graph of total elongation at fracture versus ligament length. For both the notchec
and the precracked samples, the IF steel has a highdran the DP450 steel, in general, the

IF steel has larger deformation at fraet for every successive ligament length.
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7.5 Mode Il and mixed-mode EWF tests

Section 6.2.2 explains the geometry of m@dend mixeemode samples. The mo@eand the
mixed-mode tests are conducted to understaedapplicability and effectiveness tiet EWF

method in various modes.

7.5.1 IF steel
Mode-2

Figure 731 shows the forceleformation (displacement) curves for the m@dsamples of IF
steel.In Figure 731, the shape of the curves is differeamparedo themodel samples. From
visual observation and DIC images, crack initiates in ribdperpendicular to loading
directon), and after a short propagation, it changes the direction to-2¢4f6° to thdoading
direction). After reaching the peak load, the load decreases faster with shorter deformation
Figure 732(a) shows the maximum stress in the ligament verthesoriginal ligament length

for the mode2 samples. The stressim he | i gament i s w4iOt. OUniket h e
the model samples, the maximum stress in the ligament is almost similar for all the ligaments.
Figure 733 shows specific work of fracture versus ligament tanigr themode2 IF steel
samples. The specific essential work of fractangd and slope of the fitted curve are
317.79+61.65 kJ/fand 204.46+18.58 kJMrespectively. Ther? value of 09603 Figure

7.33) indicatesthe fitted curve's avage linearity However, the first and last values of the
specific work of fractures are slightly away from the fitted (iRigure 733). If these two values

are removed, thB? value increases to 0.9908: and slope are changéal 365.35 kJ/rhand
185.11kJ/n?. Figure 732(b) shows the graph oeformation at fracture versus ligament length
for the mode2 IF steel samples. The determined CTIODand CTOAYy € from the EWF tests

are 1.1788+0.260 miand 98.52°, respectively. The fitted line hasRhealue of 0.9599lf the

first and last valug (Figure 732(b)) are removed, the?value increases to 0.9963; andy®

are changed to 1.2648 mm and 91.71° respectively.

109



10

D

For@®)e

Li game
l engt
(mm
1=1.7 1
2=221
3=26 6
4=318
5=36 4
6=4.1 2
7=46 1

3

4

5

Def or m@amji on
Figure 731 Force versus displacement diagram for madamples of IF steel.

400 6
| L]
350+ 1. Ju 5 SE 5 -
T £ ou
§ 300+ ° o o e o e ® = \ )y .
S 250{-——-—mmmmmmmmmmm————— - E P
g 0. L9 S § / o
% 200+ = 34 -
2 S /./ ’ Equation y =a+b*x
g 1504 T e Intercept 1.17882 + 0.26
3 & 21 P Slope 0.85989 + 0.07
= 100 é e Pearson's r 0.97975
1 @ 40 R-Square (COD) 0.9599
>0 e Adj. R-Square 0.95188
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ 0 A S \
0 1 2 3 4 5 0 1 2 3 4 5
Ligament length L (mm) Ligament length L (mm)
(@) (b)
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Mixed-mode 30°

Figure 734 shows the forceleformation(displacemat) curves for mixeanode(30°)

samples ofhelF steel. InFigure 734, the shape of the curves is sesitcular. After reaching

the peak load, the load decreases rather slowly with longer defornfdagare 735a) shows

the maximumstress in the ligament versti®e original ligament length fothe mixedmode

(30°) IF steebampls. T h e

stress

i n

t he

l i gameng-0i 80al

Figure 736 shows specific work of fracture versus ligament lengthtHermixedmode (30°)

IF steel samples. The specific essential work of fraciwg@and slope of the fitted curve are
299.99+13.53 kJ/dand 32.02+1.41 ki, respectively The R? value of 0.9883Figure 736)

indicatesa relativelygood linearity ofthe fitted curve.Figure 735(b) shows he graph of

deformation at fracture versus ligament length for the mirede (30°) IF steel samples. The

determined CTOD

respectively. The fitted line has tRé value of 0.9957.
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Figure 734 Force versus displacement diagram for mireate (30°) samples of IF steel.
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Figure 735 (a) Maximum stress versus ligament length; (b) Deformation at fracture versus ligament length for
mixed-mode (30°) samples of IF steel.
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7.5.2 DP450 steel
Mixed-mode 3@

Figure 737 shows the forceleformation (displacement) curves for mixeadde(30°)

samples otheDP450 steel. Iirigure 737, thecurves' shapis not symmetrical about the peak

load (right-skewed) After reaching the peak load, the loadcrkases slowly with larger

deformation; the deformation aftére peak load is larger thahe deformation befarthe peak

load. Figure 738(a) shows the maximum stresin the ligament versube original ligament

length forthe mixedmode (30°) DP450 steshmpla. The stress in the ligament is slightly in

and out of

t J+ 6 . PHigore T38shows thelspedifts work of fracture versus

ligament length for the mixedhode (30°) DP450 steel samples. The specific essential work of
fracture aved and slope of the fitted curve are 215.2947B kJ/m and 36.12+1.61 kJfin
respectively The R? value of 09862 Figure 739) indicatesrelatively good linearity othe

fitted curve.Figure 738(b) shows the graph afeformation at fracture versus ligament length
for the mixedmode (30°) DP450 steel samples. The determined GTO&nd CTOAy € from
the EWF tests are 0.5766+0.065 mm and 11.83° respectively. The fitted line Ravahee

of 0.9680.
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Figure 738 Maximum stress versus ligament length; (b) Deformation at fracture versus ligament length for

mixed-mode (30°) samples of DP450 steel.
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7.5.3 Discussion of mod€ and mixedmode results

Essential work of fracture (EWF) methodology has been appligat6 andthe DP450 steel

in mode2 and mixeemode conditiongHowe\er, onlythelF steel has been tested successfully.
In the case othe DP450 steel, crack growth was not along the mddkrection, and the
specimen experienced torsion. Howevethimmixed-mode thecrack growth was through the
ligament, and didhot experience any torsiorl.able 711 shows the EWF test results fibre

mode2 andthe mixedmode samples dhe DP450 andhelF steel.

Table 711 EWF test results for moel2 and mixeemode samplesf DP450andIF steel.

0 0 001 o 1 —o
C
. pr 2 - =y P
Material Type We (kJ/m?) (kI/m?) R #m(mm) - P R
+
Mode-1  200.14+4.84 26.16+0.52 0.9980 0.362520.016 0'06((758;&,())'001 0.9962
DP450 -
Mixed 0.1033+0.007
mode  215.29+14.78 36.12+1.61 0.9862 0.576620.006 0.9680
(11.839)
(30°)
+
Mode-1  212.63+8.45 44.17+0.92 0.9969 0.502420.02 0'1(51?95;)002 0.9985
Mixed
+
IF steel mode  299.99+13.53 32.09+1.41 0.9883 0.9724+0035 0138620003 ) 507
(15.889)
(30°)
204.46+18. 0.8598+0.078
- -+ -+
Mode-2  317.79+61.65 55 0.9603 1.178+0.26 (08,529 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 spe@fisential work of fractus., crack tip opening
displacement and crack tipopening angley® increase as lating shifts from modéd. to
mode?2. Jodo P. Magrinho et §5] have observed an increase in the slope of the cumves (
vs. L) as loading shifts from moeleto mode2 for copper and aluminium samples; however,
We values did not follow any trend. In the case of the IF steel,vap#imd) are higher for the
mode2 samples. The EWF methodology for mé&end mixed samples has yet to be
adequately verifieddowever, this experimental testing shows that iikisly possible to apply

this methodology to mod2 and mixedmode conditions.
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8. MICROSTRUCTURAL AND
FRACTOGRAPHIC EVALUATION

Research of fracture response based on energy absorption at planeostdésss
requires the comprehensive study of all leéncing material parameters. The phase
composition grain size secondary phases distributjoetc, are influencing the basic
parameters driving the capacity for plastic deformation of the material dbhaByVF testing.
Usage of an electron backscati diffraction (EBSD) method to study the microstructure and
crystallographic texture is becomingvadespread 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 isone ofthe critical parameterswhich has a significant influence om
material's mechanical propertiesccording to the HalPatch relationshighe strength dthe
material is inversely proportional to the square of the grain Sixaller grain size helps in
blocking crack propagatiorGrain size can vary fronmanometres to several centimetrigs.
EBSD analysiscrystal latticeorientation isused as a referea to identify grain boundaries
Generally, gain boundaries have highenisorientationthan the resbof the grain. Grain
boundaries are classified into two categories, which are LAGB (low angle grain boundary) and
HAGB (high angle grain boundary). If tlmisorientation angle is less than 159, it is classified
as LAGB, and for HAGB, the misorientation d@ds higher than 15°.

EBSD scanning is done for as received steels and deformed steels from the EWF test. Th
EBSD scanning is done on an area of 188um, resolution of 512384 pixels, exposure time
of 16.4 milliseconds, accelerating current of beam 20gkdbhe current 0f£20 nA, step size of
0.23um/pixel and 60.2 fpsrigure 81(a) shows the grahsize distribution(number faction)
pattern obtained fronthe EBSD analysisIn Figure 81(a), colours are used to differentiate
grains, and they do not signify any quantitative data. Tieeage grain sizeare 6.3Jum and
7.23um (from two analyses and wiblut considering grains smaller than 100 pixefsyure
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 thetlstvatigput
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significantly affecting the DP steels' ductilif5i 87]. Uniform distribution of finegrained
martenge helps in reducing strain localisation and martensitic craf@®&gThe presence of a
hard martensitic phase increases stress locally as well as in adjacent ferrite and changes plas

flow patternduring plastic deformation.

(@) (b)

Figure 81 (a) Grain sizedistribution pattern(b) Grain size versusumberfraction of DP450 steel.

Crystallographic texture maps

Ferrite and martensite have body centcettic (BCC) and body centred tetragonal (BCT)
crystal structurg, respectively. Since BCC and BCT crystalustures are very similar, it is
extremely hard to distinguish thémEBSD. Therefore, martensite is either wrongly identified

as ferrite or not idexed at allHowever, combine&DS analysisvith EBSD, bandlopemaps

and other techniques are used ttiedentiate martensite from ferritéf. martensitic lattice
distortion is high, it is indexed as a zero solution. If martensitic lattice distostiomy, it is
wrongly indexed as ferrif89]. The dark and the unindexed part in the 1Q (image tyiatiap

can be considered as martensite; however, some small grains of the martensite is wrongl
indexed aderrite (Figure 82). Phase maps are constructed based on comparing the crystal
lattice at each pixel with standard crystal lattice. Imageality maps are constructed based on

a brightness level of diffraction bands and depend on phase intensity, orientation, and
dislocation§90]. A slight traceof residual austenite and cementitere identified along the

grain boundariesCementite in small quantities along grain boundasi#isincrease the strain

hardening of ultrdine-grained duaphase steels.
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