ABSTRACT

ANALYSIS OF TRIMMING DIE DURABILITY AND SHEARED EDGE
FORMABILITY OF ULTRA-HIGH STRENGTH STEEB
By

Saeid Nasheralahkami

Adviser. SergeyGolovashchenkaPh.D.

The increasing demand for lightweight, safe, and-&fietient vehicles has led to
greater use of advanced higtiength steels (AHSS), especially dpabse steels like
DP980, in automotive structures. However, these materials are often sensitivendrim
edge cracking if stretching along the sheared edge occurs during processes such as stretch
flanging. Excessive wear and early chipping of trimming tools are also significant issues
in mass production. This dissertation investigates these challengesligying the
sheared edg®rmability of DP980 and the durability of trimming dies using
experimental, numerical, and fatigue modeling methods.
Edge quality was assessed based on burr height, burnish depth, fracture
morphology, and microhardness mapping. Stretchability was evaluated through tensile,

sidebending, and hotexpansion tests, demonstrating that edge quagtyificantly



affectsthe sheet's ability to withstand secondary deformafiarm DP980 materials were
studied showing different stretchability results and highlighting the variability within the
same gradeA distinctive fracture mechanism was observed duringming of DP980
steel, resulting in a burr at the final stage

Finite element models were created using Abaqus/Explicit. Optimized meshes,
kinematic contact algorithms, and appropriate fracture criteria enabled reasonable
predictions of strain localization, fracture initiation, and punch load history, while also
reduang the penetration issue between the die and sheet médesimulation also
provided stress data for fatigue analysis of the trimming tool

This study also analyzed die wear and fatigue life over 230,000 cuts for D2
trimming inserts. Gradual tool wear decreased edge quality and stretchability, while
localized chipping on inserts aligned with local burrs on the part edge. Fatigue modeling
usingthe Goodman, Morrow, and Findley criteria showed that shased approaches
best matched actual failure modes, supported by microstructural evidence of-carbide
band effects.

Overall, the findingprovide valuable metrics and predictive tomoptimize

trimming processes, extend die life, and enseliable manufacturing of AHSS.
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CHAPTER ONE
INTRODUCTION

Products made of sheet metal are widely used in machines and structures. They
include a broad range of consumer and industrial items, such as beverage cans, cookware,
car bodies, file cabinets, metal desks, appliances, trailers, and aircraft fuselages. She
forming dates back to about 5000B.@hen household utensils and jewelry were made
by hammering and stamping gold, silver, and cofppefThe alvantages of sheet metal
forming includelightweight and versatilproductsa high productivity rate, efficient
materialuse easy servicing of the machines used, and the ability to employ less skilled
workers[1], [2].

Modern product design and manufacturing frequently use a variety of materials.
Advanced higkstrength steels (AHSS) are relatively new, and their use in the automotive
industry is growing significantly because they offer key benefits such as weight
reducton, better fuel economy, higher strength, improved crashworthiness, lower

maintenance, and increased production efficiency.

1.1. Advanced HighkStrength Steels

The trend toward more fuelffficient and safer vehicles has increased interest in

the latest generation of lightweight, higtstrength steel grades as an alternative to



traditional milder steel sheets used in the automotive industry. Thinner sheet thickness
can be used for weight reduction, and the increased energy absorption of these new steels
meets safety requirements.

Advanced higkstrength steels (AHS®nable engineers to meet requirements for
safety, efficiency, emissions, manufacturability, durability, and quality at a lovser
AHSSis a newer generation of steel grades titer extremely highstrength and other
advantageous properties while maintaining the high formability required for
manufacturindg3], [4]. Figurel.l illustratesthe strength and formability levels of AHSS
compared to older grades of automotive stgd|45]. Conventional lowto high
strength steels have simpler guigase structures and haseen widely used for many
years, whileAHSS have multiplgphase microstructural featurd$e figure shows that
ductility, as measured by percent total elongation, decreases with increasing ultimate
tensile strength of steels.

The term AABvmrengthHBgbel s0 generally i
above 280/300 MPa and a tensile strength above 590/600 MPa at improved formability
[6]. For tensile strengths exceeding 780 MPa, these steels are sometimes referred to as
AUl tr-&t Heglgt h Steel so (UHSS) .

Metallurgists classify AHSS intthreegenerationsThe first and most used

generation of AHSS includes deglhase (DP), compleghase (CP), transformation



induced plasticity (TRIP), and martensitic (MART) ste@&lse second generation

consists othose with a corrosieresistant austenitic matrix, such as twinninduced
plasticity (TWIP) and lighteweight steelsvith induced plasticity (HP). The third,

recently developed generation includeslti- and nanophase materials. The AHSS

derive superior mechanical and forming properties from their final roiongtituents
(ferrite, bainite, martensite, and retained austenite). For example, DP steels darive thei

strength from the martensite phase and their ductility from the ferrite ptfjafg.
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Figurell.Tot al El ongation (%EL) vs. Ulti mate Te
of automotive steelS8]i [5].

To consistenthydistinguish steel gradetheinternationalltralight steelauto body
(ULSAB) consortium adopted a classification system that defines both yield stress (YS)
and ultimate tensile strength (UTS) for all steel grgélpdn this nomenclature, steels

are identi fi @wheraXXigihe ¥peafstel, baa Is the minimum yield



strength in MPa, and bbb is the minimum ultimate tensile strength in MPa. The/pteel
designatoutilizesthe classification shown ifable1.1[9].

Forexample, DP 590/980 refersdaalualphase steel with a minimum yield
strength of 590 MPa and a minimum ultimate tensile strength of 980IMP& s b e e n

commonly known as DP98though.

Tablel.1. Steel type designat{9] .

Designator Classification Designator Classification
Mild Mild Steel Dp Dual Phase
IF Interstitial Free CP Complex Phase
BH Bake Hardenable TRIP Transformation Induced Plasticity
HSLA High Strength Low Alloy MART Martensitic
ISO Isotropic MnB Hardenable Manganese Boron

1.1.1. Dual Phase (DP) Steels

1.1.1.1. Microstructure of DP Steels

The microstructure of DP steel consists of a soft ferrite matrix and @isenet
martensitic islands, as shownRigurel.2. The ferrite is continuous for many grades up
to DP780, but athevolume fraction of martensiiacreasegas might be found in DP980
or higher strengths), the ferrite may becatiszontinuou$3], [10]. The volume fraction
of martensite determines the strength level of this s¥pelcific heatreating practices,
including quenching and tempering, are employed to due martensite phase. The

DP structure is produced by quenchingdocarbon steels from the alpha + gamma phase
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region resulting ina microstructure of martensiislands in a ferrite matr{x]. The
combination of hard and soft phaseéslds an excellent balance of strength and ductility
The soft ferrite in the final DP material is highly ductile. It absorbs strain around the
martensitic islands, allowing for uniform elongation with a high work hardening rate and
fatigue strength. Additionally, DP steels can absorb a significant amosinaiof energy.
Unlike conventional steadsincluding traditional BH steeds bake hardening in DP

steels does not decrease with increasingspeen([3].

Ferrite

Martensite

Figurel.2. Schematic of a typical DP microstruct(igé.

1.1.1.2. Application of DP Steels inAutomobiles

DP steel is currently one of the most widely used AHSS materials. Automakers
are increasingly using DP to improve the strength and reduce the weight of HSLA
structural components. DP steels provide an excellent balance of strength and ductility
due to thai high strength, ductility, and hardenability, which gives them good capacity

for strain redistributionfl1]. For some applicationthe initial yield strength of steels will



befurther increased by work hardening and the paint bakimgalled bake hardening
(BH) process.

Steels with ferritemartensite structusexhibit tensile strengths ranging from 490
to 1180 MPa, making them suitable for numerous car parts that require resistance to
denting, fatigue, intrusion, impact, and other stresghe high tensile strength results in
excellentfatigue properties. The high strength and strain hardening capacity of these
steels combined with a stronigake hardeing effect gives them excellent potential for
reducing the weight of structural and closure p&#sed on their high energy absorption
capacity and fatiguergingth, colerolled dualphase steels are particularly wsllited for
automotive structural and safety parts such as longitudinal beamspeodsersand
reinforcement$5].

DP is sometimeshoserfor visible body parts and closures, such as doors, hoods,
andfront and rear rails. Oth@ommonapplications include beams and crossmbers
rocker, sill, and pillar reinforcementsowl inner and outgpanelscrush cansshock
towers, fasteners, and whef$. An exampleotheappl i cati on of DP
automobiless illustrated inFigure1.3 for a 2019 Chevrolet Silverado, in which the
usage of dugbhase AHSS accounts for 12% of tb&al materiad used focabin, box,

and closure componentk2].
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Steels (AHSS): DP

l:l Advanced High Strength

Figurel.3. Application of dualphase AHSS ithe2019 Chewlet Silverado structure

Tablel.2 summarizeshe specifications, advantages, performances, and some

[12].

typical applications of DP steels.

Tablel.2. Summary of specifications and applications of DP s{8¢ls

Soft ferrite C, Si, P strengthen but must
Microstructure matrix, hard Typical be balanced for weldability,
features martensitic additions Mn, Cr, Mo, V, Ni increase
islands hardenability
Good; at highest strengths
Formability Excellent Weldability requires careful selection of
schedules
Advantage Performance Application

High bake hardening
capability, high-strength

Resists fracture

Beams, cross-members and
other structural components

High work-hardening
rates and strain energy

High UTS for given strength,
delays necking

Crash energy absorption

absorption
Excellent elongation, - Tailored blanks,
weldability Good manufacturability hydroformed tubes




1.1.2. Significance of AHSS

High strength of AHSS - Thesignificantadvantage of AHSS over other
lightweight materials igs wide range of strengths, extending from approximately 500 to
1700MPa.

Weight reduction capability and high fuel economy In most cases, high
strengh allows thickergauge components to be replaced by thigaerge ones while
maintainng the same performance. The potential for weight reduction increasesnwith
increase in thenaterial's yield strengtliReducing vehicle weight lowers the inertial
forces that the engimaust overcome and reduces the power reguio move the
vehicle.An estimatedL0% reduction in vehicle weight resultsag-8% improvement in
fuel economy[8].

Crash performance and energy absorption The steel fronend structure
absorbs significant portiorof the energy produced in a collisias it deforms under
impact. The structuris designed to collapsdie anaccordion to absorb the impacting
load A mat er i tlabds@b aa impatt depgnds on its toughness, which is the
product of strength and ductility. Also, a high strain hardening rate meansatierial
becomes stronger on impact and absarbee impact energjgs].

Material and costsavings- When AHSSs used, the mass reductifmom

downgauging results in less steek car. This reduces the amount of stieal needs to



be produced, thereldecreasing the demafal natural resources and the energy
required to convert iron ore into stg@l]. Additionally, components made of AHSS are
more durablend have lower maintenance costs

1.1.3. Challenges in Stamping of AHSS

Despitethe superior advantages of AHSBere are some challenges associated
with the implementation oAHSS as folows:

1.1.3.1. Higher Pres&oad

The energy requiretd deform a steel sheet plasticaBydirectly related to the
area underitstrue strésst r ai n curve, which represents
unit volume. Advanced Higstrength Steels (AHSS) often exhibit pronounced strain
hardening behavior, meaning their strength continuesctease with plastic
deformation. This characteristic not omlyuld contributdo higher formability but also
provides valuable information for estimating the press capacity needed during stamping
operationsHigherthannormal binder pressure and pressitage aralsonecessary with
AHSS to maintain process control goreévent binder bucklingA doubleaction or
hydraulic press cushion might be needed to generate the force necessary to control sheet
metal flow into the die cavity. Air cushions or nitrogen cylinders may not provide enough

force to set the draw beads or keep the binder seatedjdAhHSS stamping7].



1.1.3.2. Inconsistency of Mechanical Properties

AHSS are performandeased steel grades. Although their chemical compositions
may vary, several AHSS materials can meet the minimum strength requirements. Since
different mills may use various production methods, even if their tensile properties are
similar, other material parameters, such as elongation and weldability, migh{ 88fer

Figurel.4 (a) srows the engineering stressain curves of the two DP98Rexts
of steel The UTS of these two materiagsvery similar, around 1000 MPa. Only based
on the uniaxial tensile test results, one might expect that Material E has better formability
than MateriaD in stamping trials. However, as showrFigurel.4 (b), theB-pillar
made from Material D is formed successfully contrastthe part made fronMaterial E

has very long shear fractures along thet bemer region§l4].
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Figurel.4. (a) Engineering stresgrain curves of the two DP980 steels, and {pjIBrs
stamped out of two DP980 stefldl].
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1.1.3.3. Springback

Springback issues are muetore significanfor AHSS than for conventional
HSLA. However, a more clear way to describe it is that the springback of AHSS varies
from that of HSLA steels mainly due to the progressively higher initial yield strengths
and the greater work hardening rate, wisignificantly increases the yield strength
during forming. An example of this difference is showirigure1.5. The two channels
were made sequentially in a draw die with a pad on the post. The draw die was developed
to attain part print dimensions with the HSLAO2410 steel. The strain distributions
between the two parts were very closéh almost identicalihe lengthsHowever, the
stress distributiondiffereddue to the differences in steel propestbetween DP and

HSLA steeld4].

DP 350/600 HSLA 350/450

Figurel.5. The pringbackdifference betweetwo channels made out of DP and HSLA
steeld4].

1.1.3.4. Sheared Edge Cracking

After stamping, the excess material is trimmed off before operations such as

11



flanging or hemming are performed. During these-mshing operations, tensile
stresseslevelopin the trimmed edges, resulting in edge crdti, [15]. Some examples

of sheared edgeracking of AHSS are shown Figurel.6.

Figurel.6. Sheared edge cracking of AHSS after (leftyaigplane stretch flanging and
(right) in-plane edge drawin[d.6], [17].

Several studies hawvkemonstratethatFLD cannot predict edge cracks, and the
reason igelated tahe quality of thesheared edgé], [16], [18], [19]. The ability ofan
edgeto stretchwithout failure can be measured $lyearecdge stretchability testas
detailedlaterin Section1.3.1

Smith[15] demonstrated the effect of burr formation on the sheared edge
formability and introduced the stretchability graph, as showsigarel.7. The graph

indicated that burr formation requires cold working of the metal, which reduces the

material s formability | imit and | eaves
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Figurel.7. The effect of burr height on the sheared edge formalpllgj;

1.1.3.5. Tool Wear

Forming of AHSS involves higher contact pressures and temperatures atthe tool
sheet interface compared to forming mild steel, due to the higher strength and higher
strainrhardening behavior of AHSS. These conditions lead to galling, chipping, abrasive
andadhesive wear in the tool, and significantly reduce toalTié®l failure mechanisms
for cutting AHSSarediscussed in detail iBection1.4.2

1.2. Shearing Process

All sheet metal working processes can be divided into two main groups: plastic

deformationand shearing.

The sheet metal shearing process involves cutting material by subjecting it to

shear stress, usually between a punch and die or between the blades of2if&rest.
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blades or cutters may do the shearmgpecial machines driven by mechanical,
hydraulic, or pneumatic power. Generatlye operations consist of holding the sheet
metal blank rigidly while it is severed by the force of an upper sharp tool as it moves
down past the stationary lower tgaD]. The punch and die may béany shape, and the
cutting contour may beitheropen or closedHigurel.8). If the entire cutting line lies
within the sheet strip, not cutting the edges, it is a closed or otherwise op2h]clihe

plastic deformation and fracture theory appteesll operations irsheet metal cutting

processes.
(a) open cut (b) Closed cut
__— Top blade
- rree Free face—_ @ ———Punch
= s i __~ Shearing gap
/ Shearing gap — —
Pressure s
/ Pressure - [ Cuttin
Pressure g surtace surface edgeg
surface ~ \ /
// \
Blade = .
- / /
Open space Open space

Bottom blade T Die
Figurel.8. (a) Open andb) closed cuts in shearifgl].
Trimming is classified as an opent shearing process. The toolisgfupfor a
trimming process iglustratedschematically irfFigure1.9 (a). During the shearing
process, three phases are commonly described as f¢#pws

Phase Ii Plasticdeformation: As the upper blade begins to push into the work

14



material, plastic deformation occurs on the sheet's surfasehiown ifrigure1.9 (b).

(a) (b) _ (c)

Plastic

Punch
Sheet deformation Penetration
matenal
y, ‘«c clearance
ALY

Due

Figurel.9. (a) General positioning of tools in a shearing process, (b) initial cutting
occurring by plastic deformation, (c) shearing during punch penetration, and (d) fracture
following shearingadopted aftej22].

Phase IlIT Penetration: As the blade moves downward, penetration occurs in
which the blade compressti® work material and cuts into the metlgurel1.9 (c)).

Phase Ill'7 Fracture: As the blade continues travel into the work material,
fractures areinitiatedat the two cutting edgel the clearance between the blades is
correct, the two fracture lines mesgparatinghe work material into two par{gigure
1.9 (d)). Once the shearing aati causesa fracture of the sheethe punch force, F,
quickly drops to zerf22]. The thickness through which eagltearing mechanisotcurs
depads on the punetie clearance, cutting angle, cutting speed, and material thickness
and properties.

1.2.1. Sheared Edge Profile

The characteristic sheared edge of sheet metals has four typicalizoluesng
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rollover, burnish, fracture, and buas illustrated irfFigure1.10. In some caseshése

features are found on both the edge of theoffiupiece and the clamped piedeit in

alternate orientation8], [23]. Rollover represents a transition zone betwsmrerely

deformed materiadnd the nordeformed sheet. With a sharp cutting tool edge, the tool
creates a shiny, vertical edge identified asalmaish zoneThe rough fracture area is a

steep transition from the smooth burnish zone. The burr is usually causrddsgive
clearance, dullness of the cutting toolshboth The term penetratiomefers to the surof

rollover andburnishheights. These featuressult fromtwo consecutive stages in the
shearingprocessincluding cutting and fractur@4]. In general, many factors could

affect the configuration of the sheared edge, such as the clearance between the upper and
lower cutting blades (i.e., the cutting clearance), cutting angle, the degree of sharpness of
the cutting blades, cutting speed, ightion, sheet material parameters, strain rate, etc

[25]i [27].

Fracture
area

5‘7 /.
Fracture
angle

Figure1.10. Typical features of a sheared edge
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1.2.2. The Cutting Clearance

Figurel.11(a) and (b) show a schematic of the trimming and punching processes
The clearance is the horizontal distance between the upper and the lower shearing edges
in trimming, and the radial distances between the round punch and die in hole punching.
The clearance is significantfactor in determining the shape and the quality of
the sheared edgelowever, 0 absolute rules govern the clearance ambeatween the

cutting toolg[28].

(a)

Clamping
pad

Sheet

b4

metal
blank

=

™

Scrap

-

clearance

—

clearance

Figurel.11 Schematic of (ajhe Trimming process(b) the punching process @round
hole

Clearancas typically expressed as a percentage of the sheet metal thickness gap
Optimizing the amount of die clearancestot the material being cut leway require
some experimentation to minimigee condition of an unevefractured edge

According to Spitler et a[28], tight clearancegyenerally in the range of5%,
will result ina sheared surface with a high ratio of burnish to fracture, and a reduced burr

on the sheared edge, at the expense of accelerated tool wear and higher cutting forces
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Whenthere is insufficient clearance, the fracture, which starts from each side, may not
meet evenly, as shown kigure1.12, and a doubkburnish appearance may happen,
especially in thick materials.

(a) (b)

Sheet Punch

Burnish

Fracture

Figurel.12. Shearing with insufficient clearance: (a) fracture initiation, (b) multiple
fracture paths, (@dompleteseparation, and (d) sheared surface with a deulnieish
area[28].

As larger clearancegeneally in the10-20% range are used, the cutting force is
lower, the life ofthepunch and die is longer between resharpening, and the sheared edge
shows all featuresncluding rollover, burnish, fracturand burr. In the case of relatively
large clearanceasdemonstrateth Figurel.13, the sheared edge may have a pronounced
taper in the fracture area, and rollover depth and burr height also mayré@rominent

[28].

(c) (d)

Rollover Burnish

Punch

Sheet

R TR
A halhe e
A '///,;/f?'v,‘;t'///‘,ﬁ?:'{//,{"/'/h‘;t
MR MUK M
! IR WG o

Fracture Burr

Figurel.13. Shearing under a relatively large clearance: (a) fracture initiation, (b) crack
growth, (c)completeseparation, and (d) all sheared edge featurdisemtge[28].
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If the clearance is very larg®rces may be required that exceed regular forces
The burr height will be substantially higher in most materladsge clearances also
result in high lateral forcen the punch and die, whidan shorten tool life.

As the clearance increases, the zone of deformdfigarge1.14 (a)) becomes
larger, and the sheared edge becomes rougher. The sheet tends to be pulled into the
clearance region, and the perimeter or edges of the sheared zone become rougher. Unless
such edges are acceptable as produced, secondary operations may be required to make
them snoother (which will increase the production cogigurel.14 (b) shows that
sheared edges can undergo severe cold working due to the high shea2€fanderk
hardening of the edgegll then reduce their ductilitythereby adversely affectirige

formability of the sheet during subsequent operations, such as bending and stretching.

o
(a) b) > 88 o 3
T 2R © o o
oo o ©OF; -
< © N
= - - AN
PunchlrH Y Punch| oy [Punch —a" S
Jgmannn a::E E-E o
s o
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Die” T pier H e
c = c> c |- o 8839
. ) =4 N
increasing clearance, ¢ — - 8388
- -

Figurel.14. (a) Influence of clearance on the deformation zone in shearing, and (b)
microhardness (HV) contours for a 6 AISI 1020 hotrolled steel in the sheared
zone atacutting clearance of 11929].

1.2.3. Forcesand Moments durinthe Shearing Process

The cutting force is crucial when shearing hgitength sheet materialsuch as
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AHSS and UHSSThe forcesignificantly influences the toslperformance, as well as
factors suclas the noise level in the workshop. When making an intedapt, such as
when trimming or punching, higher forces involved will usually result in noisier
operationg30]. The forces necessary for the cutting process must be calculated for the
tool design and to estimate the production press in advance. Parameters affecting the
magnitude and profile of cutting forsmcludethe shear strength diematerial, sheet
thickness, lengthand geometry of the cutting line, cutting clearance, tool wear, tool
surface quality, tool coating, and lubricati@i].

The manitude of the maximum cutting force is directly proportional to the work
material'sstrength and the area to be cut. The maximum cutting force for a stragyht
shearing process can éstimatedusingEquation(1.1) [2], [21], [24].

O adJQ (1.2)

Whereg chand 'Q arethe cutting line lengthsheet material thicknesand
material shear strengtrespectivelyThe cutting force’O required for the cutting
process consists of various force compon#rasact betweerthelower die, sheet
material and punch in the sheaffected zoneRigurel.15).

According to Kopp et. a[31], the main part of the cutting forc®© is the
vertical force 'O, which acts on the cutting pundhis assumed thahé highest surface

pressures on the punch end surface occur in a region near the cutting edge and fall off
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with increasing distance to the cutting edge. The distance between the oreesl

"@e causes a bending moment thands or tilts the sheet metal blank. This moment
must be compensated for by a cowttending momentreated by bendingnd

horizontal normal stresses between the sheet andHootontal forces 'O and "Qe,
between the sheet material and the tool's lateral surfaces cause a sliding movement
dependingon the coefficient of frictiorr and the tool'sigidity. The forces acting on the
cutting punch are in the opposite direction tosemcting on the lower die due to the

balance of forces.

Binder

Fs  Cutting force acting on the upper die

F's  Cutting force acting on the lower die

Upper die ) )
Fy  Horizontal force component of upper die

F'y  Horizontal force component of lower die

Fy  Vertical force component of upper die

F'y  Vertical force component of lower die

Ms;  Bending moment

ug  Cutting clearance

F Lower die -l—«us

Figurel.15. Forces and moments acting on the sheet rfi&tal

Once the shearing action caufies fracture completion arabmpleteseparation
of thesheet materiathe punch force; O, quickly drops to zero. The thickness through

which eachshearing mechanisotcurs depends on tleatting clearanceThe optimum
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clearance will causafracture when the pungbenetratedalfway through the sheet.
Therefore, the shearing force increases arftécture occurs anthenrapidly drops to

zero, as shown iRigurel1.16 (a). Improper clearancg-igure1.16 (b)) will require
greaterenergy for shearing (energy is the area below the-fdistance plgtand will

cause excessive burr formation on the sheared[g@fe

(@) (b)

FS max f-------- - L

: F? max pem-m-mmmm - — — o,
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Figurel.16. Punch force required for shearing with (a) optimum clearance and (b)
improper clearangeadopted aftej22].

1.2.4. Geometryand Positiorof Shearing Tools

If the surfaces of both punch and die are #atshown inFigurel.11, the punch
force increases rapidly during shearing because the entire thickribesloéet material
is shearedimultaneouslyThe demand for lower cutting force can be met through a
suitable geometry of the cutting elements. Given an open cuttind-ime€1.8 (a)), if
the cutting edge of a shearing tool tilts atshearake angle —, as shown irFigure

1.17 (b), the cutting force is reduced because not the entire sheared edge is separated
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simultaneously32]i [34]. However, adisadvantage is that the cutting path becomes

larger, resulting indistortionof the sheet metal blank

(@) Side view (b) Front view

Upper Blade
(clearance angle) ?p

Back Cut Angle :,:I
I
1
I
I
I
I

Blank Holder
B w--- Upper Shear Rake Angle &,

&, 1Fiake Angle \

s
1
T e | o
Lower ! o Sheet Metal
Rake Angle '. ! ; Clearance Sheet Metal
1

1
—
1

Lower Blade

Figurel.17. Schematic of shearing toolth adjustable shearing angl@) side view,
and (b) front view32]i [34].

When piercing, the cutting force can be lowered if the end face of the punch is
beveled Figure1.18). This way, while the piercing scrap is deformeghréventdt from
being tornwhen the punch igetracted. Such measures sagnificantly reduce the
cutting force Beveling isprimarily suitable for shearing thick sheetsjtasduces the
force at the beginning of the stroke. It atlerreas s t he o per albecaase 6 s
it is smootherA beveling atwice the sheet thickness heigiain lower the maximum
cutting force to 30% of the value yielded if the entire cutting line gagal from the
start of cutting Figure1.19). The cutting force reduction caused by the beveled cutting

elements is associated with a greater cutting [jRdth
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plane cut sloped cut grooved punch conical punch

Ih \ Yh

Figure1.18. Modified punch and die shape for cutting force redudt&h
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Figure1.19. Blanking/punching force when punching-antn hole ina 1-mm-thick
Docol 1400M sheet metal at 10% cutting cleardaég

1.3. Stretchability of Sheared Edge

During postshearingoperationssuch as stretehemming and stretefianging,
tensile stresses develop in the sheared edges, leadidgearackingA substantial
guestion would be how much stretch can be imposed on the sheared metérial
alreadyfractured and severely deformed in the burr zone. Thus, a simulative experiment
is needed to quantify the sheared edge stretchability of various sheet materials, to provide

data for numerical analysis, andatiol in material selectioduringthe design stag@6].
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1.3.1. Sheared Edqge Stretchability Test Methods

The stretchability of a sheared edge for a known material can be assessed by four
different test methodss follows:

1.3.1.1. Sheared Edgé&ensileTest

The edge formability can be evaluated in the form of the total elongation of sheet
metal under stretching conditions. The stretching condition can be provided by tensile
testing of haHa-dog bone specimens or narrow metal stiypth one side representing
the sheared edd87]. A schematic representationtbe sheared edge tensile test is
shown inFigure1.20.

In addition to the total elongation data, the local strains near the fracture area and
adjacent to the sheared edge are measured using grid analysis and digital image
correlation (DIC) methods to determine the stretchability of the edge. The quality of the
sheared edge depends on several parameteltgling shear tool geometry, punch/die
clearance, sheet material type, and thicknesstértsletest can provide a comparative
study on the influence of each parameter on the fracture,gesinng as aeasure of
stretchability undedifferent conditions. There is no contact betwd®tools and the
edge in this test, so any possible effect of friction is omitted. There would be necking
strain included in the corresponding strain measurements; however, AHSS den®nstrate

limited diffuse neckindpeforefailure in the edge tension testakingthis method the
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properselection for the stretchability analysis of AHES].

Trimmed edge

(b) Metal-finished edge

Trimmed edge

Figurel1.20. Tensile testing of trimmed specimens: (a) faatfog bone specimen and (b)
sheet metal strip with one edge trimmed and the other edge polished.

1.3.1.2. Sidebending Test

The schematic representation of the didading test and a tested specimen are
shown inFigurel1.21. In this test, the metal strip specimen is clampgatevent buckling
in the planar areas. The specimen with the trimmed edge on the outer side is bent about
the rolling pin until the first crack is detected on the d@8¢ Two highspeed DSLR
cameraspositioned to face the edge and planar aczgure the edge fracture event
The fracture initiation and throughickness fracture strains are measured by the
pixelation methodThe sidebending test is a unique method that produces a strain similar
to that in the uniaxial direction on the edge but reduces the effect of necking, resulting in

more accurate fracture strain measurem@ps
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Figurel.21. (a) Schematic of sidbending testing of a trimmed specimen @ndbent
and fractured specimen.

1.3.1.3. Hole Expansion Test

The hole expansion tesis developed to evaluate the edge formability, @ege
stretchability or stretch flangeability) of sheet materials and has been widely used in the
industry[40]. Figure1.22 (a) shows the holexpansiortest setupA 10 mmdiameter
punched hole undergoes an axisymmetric hol
crack is observed at the edge, extending through the material thickhedmle

expansion ratio (HER) is defined Byuation(1.2).

00"y O (1.2)

o pTT
Where O and 'O are the initial holendinner diameter at the first crack
initiation (Figure1.22 (b)). For the testsonducted according to the ISO 16630 Standard

[40], the burr side of the blankeeds to belaced on the opposite side of the purimiri

up position).
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Figurel.22. (a) Schematic of hole expansion test, (b) measurements for the hole
expansion ratio

Thehole expansion tegienerally applies to closduohe cutting, such as punching
and piercing, and does not reflect the actual cutting conditions in blanking or trimming
dies. The main differendees in the ability to bend sheet material during trimming, as
opposedo minimal bending in hole punching. Friction also influences this method
because the punch is in direct contact with the sheet material; additionally, tuug burr
configuration produces different results than the-olorwvn configuratiorj41]. Lastly,
maintaining a uniform punch/die clearance along the tool's perimeter is challenging due
to tool misalignment or deflection during the punchingragion.

1.3.1.4. Half-Specimen Dome Test

A half-specimen dome test is developed to evaluatstteé&chability of the
sheared edge a 3dimensional forming and flanging mof&S]. As demonstrated in
Figurel.23(a), the asheared edge of the rectangtsaaped specimen is carefully
aligned along the centerline of the die, which is usually used for the limiting dome height

(LDH) test. A hemispherical punch strains the clamped specimen until the first crack
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appears on the edge of the specinasrshown ifFigure1.23 (b). Strain or thinning at
fracturecan be assessed as the edge stretchability maasnggrid analysis or digital

image correlation methods. Accurate alignment of the specimen with the punch and die is
a critical factor in this test. Mappropriate lubricant between the punch and specimen is

alsonecessaryo reduce the frictional effecf33].

(a) (b)

132.6 mm

fe.
1@,

105.7 mm Lock

! Y M Edge ffacture
' / Die AN

—_— e e
Blank holder

Sheet metal !
blank I

Figurel1.23. (a) Configuration of hatspecimen dome test (b) bulged and fractured
specimeri33].

1.3.2. Measuring Local Strains

1.3.2.1. Grid Measurement Method

Local strains are measurbyg marking the surface and comparing the condition
after forming to that before forming. These markings cacrbated by painting or
chemically etchingyrids. Etching supplies very robust markings, but the procedure takes
more effort. Also, a deep etching may act as a stress concepntrigitaiing early failure
[42].

An original square grid on the surface is changed intifferent shape, such as a
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rectangle, trapezoid, or larger squataring the forming operation, as showrFigure
1.24(a). Similarly, acircular grid isalteredinto an ellipseduring the deformatigras

demonstrateth Figurel.24 (b).

(a) (b)

= =

Figurel.24. (a) A square grid changes ttrapezoid and (b) A circle grid changes into
an ellipse after deformation.

The lengths of the two axes immediately indicate the major and minor strains,
while the orientation of the axes shows the principal direction of strain on the surface.
Therefore, marking a set of circles on the surface seems appropriate, and this approach
has long been widely accepted as a method for creating measurement grids. Since
automatic measurement methods and equipment are available, various grids have been
developed, including separate and intersecting circles, square grids, dots, and more
(Figurel.25). These regular grids have the advantage that they can be applied in the
laboratory, are not limited by sheet size, and can be measured in the laboratory after
having been pressed elsewhere. A limitation is that they rely on a perfeciagryd
irregulariies in the grid result in minor errors in the final results. Consequently, the

resolution is limited, and small strains are difficult to measure.
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Figurel.25. (a) Different types of grids, and (ahexample of an actual grid on a
product surfac§?2].

1.3.2.2. Pixelation Method

An innovative approachsesvery fine dots as a reéime index of local strain
[43]. To do so, the sheet metal surfacpainted with very fine black doésd a traceable
coordinate systerbefore deformationrhe geometrical changes in the shape of dots due
to deformation, whicleventuallylead tofracture, are tracked and measure(re
1.26). Observing the process using a camera to assess the strain at various time intervals
throughout the deformation is necessdiyis limitation restricts the applicability, but it
allows for the measurement of tiny straiaadthe progress during all intermediate stages

can alsde studied.

Fracture

Before deformation After deformation

Figurel.26. Pixelation method for the strain measurement
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1.4. Cutting Tools

1.4.1. Cutting Tool Steels

Tool steels are either unalloyed or alloyed and are used for applications with
surface temperatures below 200[2@]. They can be producdyy conventional melting
processes followed by refining steps, ompoyvder metallurgy. The requirements for
cold-work tool steels used in cutting tools focus on minimizing abrasive and adhesive
wear whilereducing the risk of breakouts at the cutting edges. Therefore, a balance must
be maintained between wear resistance gained through high hardness and adequate
toughness to prevent breakokigure1.27 illustrates the typical tradeffs between high
hardness and toughness in conventiaoéd-work steelq45].

Cold work tool steels for stamping applications typically conta?®% of Si,

Mn, Cr, Mo, W, and V, and 0.63%C. The steels are hardened and temperaddage

of 56-66 HRC, providing an optimal combination of properties, including wear and
indentation resistance, toughness/ductility, hardenability, temper resistance, surface
hardening characteristics, weldability, machinability, and grindalpd@y. The
microstructure may vary from a plain martensitic microstructure to one that contains
nearly 30% of hard and weegsistant carbides/nitrides. Depending on the properties
profile, the production route is either conventional ingot castuitly or without electro

slag remelting (ESRpr powder metallurgy (PM). They are increasing the solidification
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rate, enabling the manufacture of alloys with more carfmdaing elements, increased
homogeneity, and advanced propertieable 1.3 presents potential tool steel grades for

stamping applicationigl7].
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carbide-
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Figurel.27. Properties of conventionally produced cold work tool steslspted after
[45].

Tablel.3. Potential tool steel graddor stamping applicatiorf80].

Steel grade Process %C %Si  |%Mn | %Cr |%Mo %W |%V [%Co
AISI A2 1,0 0,2 0,8 53 1.1 - 0,2 -
AlSI D2 Conventional 1,5 0,3 0,4 12 0,8 - 0,8 -
Carmo/Calmax 0,6 0,4 0,8 | 45 0,5 - 0,2 -
Sleipner 0,9 0,9 0,5 7,8 2,5 - 0,5 -
Caldie Conv. +ESR 0,7 0,2 0,5 5,0 2,3 - 0,5 -
Vanadis 4 1,6 1,0 | 04 [ 80 | 15 - |40 -
Vanadis 4 Extra 1,4 04 0,4 4.7 3,5 - 3,7 -
Vanadis 6 PM 2,1 1,0 | 04 [ 68 | 15 - |54 -
Vanadis 60 23 0,6 0,3 472 7,0 6,5 [6,5] 105
Vancron 40 Vi |05 | 04| a5 |32 |37 |85 -

High-carbon, higkchromiumcold-work tool steel D2 is one of the most widely

used grades, often employed for dieblanking, trimming, forming, and calibration.
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With a long history spanning many decades, AISI D2 offers a strong combination of
properties, including excellent wear resistance and toughness, while mainéaining
favorable cost balance. The steel's 12% chromium and 1.5% carbon content produce a
significant amount of chromiusrich carbides, mainly MCz, which improve its wear
resistance and hardness. However, the amount, distribution, and orientation of these
carbides can influence the steel's toughness and fatigue res[g@jnce

Reducing die maintenance costs and press downtime is crucial for cutting overall
production expenses. Achieving optimal tooling economy, wimeblves minimizing
the cost per part produced, depends on selecting the right tool steels for various stamping
operations based on factors such as sheet material strength, design considerations, press
tool manufacturing methods, expected production voluand the cost and availability of
die material.

1.4.2. Cutting Tool Failure

Since the dimensional and shape accuracy of the workpiece is determined by the
guality of the tool used, the tool must be kept@eent shape. The loads applied during
the cutting process cause the tools to wear and fail, harming the quality of the blanked
parts and the required cutting work. If the extent of wear is excessive, the tool must be
replaced or resharpened to maint#i@ required tolerance.

Tablel1l.4 summarizeshe different types of tool failurdat can occur during
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sheet metadtampingincludingthosefor AHSS. It alsoillustrates the mechanism of each

failure type, the potential cause, and the steps that could help to presmnfailures

Tablel.4. Tool failure mechanisms, sources, and recommended solutions to prevent each
one[24], [35], [49]

Changes in Tool
Tool Failure Mechanism Source
Increase Decrease
] Wear Abrasive-adhesive or Sliding - Hardness - Friction
mixed contact - Ductility coefficient
r Plastic Exceeding of yield Contact - Hardness - Local die
Deformation strength locally pressure - Yield stress pressure
A2 . Cracking at cutting . - Toughness
Chipping edges and surfaces Fatigue _ Ducility - Sharp corners
% . Total cracking of the . - Fracture - Hardness
Cracking Fatigue
M tool toughness - Sharp corners
Material pick up; L o
Gallin . Sliding - Surface - Friction
aling Same as adhesive contact hardness coefficient
wear

1.4.2.1. Tool Wear

Wear is damage to a solid surface involving loss or displacement of material. It is
caused by sliding contact between the workpiecetaebol [18], [50], [51] There are
two main types of weamcluding abrasive and adhesive wear. Abrasive wear is caused
by hard particles forced against and moving along a solid surface. Adhesiveceaa
due to localized bonding between contacting solid surfaces, resultimgtémial transfer
between the two surfaces or loss from either surface.

During the trimming of AHSS, the contact pressure between the workpiece and
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the tool surfacéencreasesincreasingool wear[24], [52]i [55]. Wear is a dynamic and
complex procesthatmay be studied as a function of materials involved, local working
load and stresses, shape and geometry of die and part, surface finish, surface hardness,
lubrication, and other process parameters fsgare 1.28). The complexity of having a
vast array of process paramejematerial propertiegnd their combined effect poses
difficulties in accurately predicting wear loss in todter arobust trimmingoperationof
AHSS, it isessentiato understand the wear mechanism and deweetopthodology for
predicting the magnitude of wear on the die surface. This understaatting with a

wear modelwill enable tooling engineers to implement tool wear reduction techniques
on specific tooling surfaces with severe wear. The enabling technologies designed to
reduce die wear incledoptimization of tooling geometries, improved heat and surface

treatmentsand tool steel alloy optimizations for advanced die matgbéls

Local
working stresses
Residual stresses Gy (X.¥Z,1)

O es (X:1,2)

Materials
(substance, structure)
Macrogeometry

(shape, dimensions)
Surface hardness

M{féﬁgﬁﬁ’;‘fs"" (penetration resistance,
surface defects) elastic force)
Figurel28. Par ameters influencing di e2Wear
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Wear mechanisms should be divided ifdor basic fundamental phenomenaa

depicted inFigure1.29[35]:

outer (non-
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teristic)
boundary
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substrate material

- —————— —— —

- — ]

wear at
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wear
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Figure1.29. Depth effect of wear mechanisms on metallic surff@sls

Wear at surface layeri The application of load, frictional heating, lubricant, and

the surrounding medium leads to the buifglof an interface layer at the die/material

interface. The shear strength of the interface layers is less than that of the metals, so they

are easilyemoved under frictional shear stresses.

Adhesioni Adhesion, also called cold welding, occurs due to nuclear adhesive

forces between the frictional partners. The emergence of adhesive forces presupposes the

following:

- Plastic deformation at the peaks of the roughness of contacting surfaces (sheet
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and die),

- Surface expansion brought about by the forming process, which removes the
adhesiorpresenting boundary layers and brings bright metal surfaces in
contact with one another,

- Similar material structures of the frictional partners. The more significant the
difference between the frictional partners, the lower the tendency to develop
cold welding.

Abrasion i Abrasive wear includes all processes of parting or separation at the
interface of frictional partners, where material is released in submicroscopic particles
through a material removal process. The difference in the hardness between the two
surfaces ofrictional partners is a critical factor for assessing abrasive friction. Abrasive
wear represents a generally inevitable loexgn wear effect on the die.

Surface fatiguei Fatigue wear is the separation of micaod macroscopic
material particles. This separation is caused by fatigue cracking, progressive cracking,
and residual fracture resulting from mechanical, thermal, or chemical stfates]
conditions, as well agepeated impact loads. Generally, surface fatigue plays a minor role
in forming dies. However, fatigue is common in cutting tools, such as those used for
trimming, blanking, and piercing, where an increasing normal tensile stress is applied

the front surface in addition to a variable frictional shear stress that exists over the entire
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external surface arga5]. A more detailed explanation of fatigue failure and the methods
for fatigue assessment is provided in secligh2.2

When shearing AHSS, theimposed stresses exceed the fatigue strength of the
tool material, microcrackdevelop on the face of the punch edges, as showigime
1.30(a). When these cracks propagate further during shearing, the puncipexthese
micro-chipping and chippingRigure1.30 (b) and (c)). Further cracking leads to macro

fracture and gross fracturgigure1.30 (d)).

Figure1.30. (a) Micro-cracks produced on the face of the worn cutting edge, (b) imicro
chipping on the punch edge, (c) chipping wear on the punch cutting edge, and (d) gross
fracture on the worn cutting edfis], [57].

Depending on the location of wear on the taaarcan be categorizeasside
wear and face weaas shown irFigure1.31.
Side weari In this case, the vertical wall of the die or punch is worn during the

shearing process. It is also called flank wear and resultsti@mombination of
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adhesivefatigue and abrasive weabide wearincreases the clearanbetween the
punch and the djeas well as the workpiece's deformation (edge dmgwduring the
shearing process.

Faceweari face wear results from abrasion and michipping, making the
punch and die edges round and dull. It reducestthgpness of the punch during shearing
andincreass the deformation of the blanks a result, the burr height on the sheared

edge becomes more prominesntdmore noise is produced in the pr&sg|i [59].

Yooys
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Punch Side Wear

Tip Wear of Punch
Cutting Edge ——»

Punch Face Wear

Die Face Wear ~ :
Tip W f Di
Y, C'tF:ttinega rE(c;ge *

0 Die Side |
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Figurel.31. Schematic illustration of side and face wear in cutting t@&alk

1.4.2.2. FatiqueFailure

Fatigue failure is a slow and localized form of structural deterioration that occurs
when a material is subjected to repeated or cyclic loading. Unlike static failure, which
occurs when the applied load exceeds the mateyialtsstrength, fatigue failure can
happen at stress levels well below the yield strength due to the repetitive nature of the

cycles. Fatigue failure is particularly dangerous because a component can appear to
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function normally until it suddenly breaks, often without any prior visible signs of
deformation61], [62].

The process of fatigue consists of three stages: crack initiation, crack propagation,
and final fracture. In the initial phase, stress concentration at specific points causes
localized plastic deformation, which leads to the formation of microcréiksocracks
typically originate from microscopic defects, suchragdusions, surface scratches, or
sharp corners. As cyclic loading progresses, these microcracks begin to grow, or
propagate, until the remaining uncracked section of a part becomes too weak to withstand
the applied loads. Eventually, this results in dd&n fracture of the weakened section
Various environmental factors, including temperature, corrosion, and surface condition,
can significantly impact overall fatigue performaféa].

Trimming tools used in sheet metal forming are exposed to repeated and localized
high stresses at the cutting edges. These tools often work under cyclic loading conditions
with each press stroke. Over time, the repeated contacshett metatauses fatigue
damage, especially when stress concentrators are present at the trimming edge, along
with microstructural defects or surface roughness from wear or improper machining.

Fatigue failure in trimming tools appears as microcracking and chipping along the
cutting edge. These tools are typically designed to withstand thousands to millions of

cycles before they need regrinding or replacement, highlighting the importance wé fatig
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resistance for tool durability and maintenance intervals. Insufficient fatigue resistance can
lead to early tool failures, compromising cut quality, increasing downtime, and

potentially damaging stamping presses or dies. This problem is especially wiitecal
working with ultrahigh-strength steel (UHSS) materials, as they impose greater
mechanical and thermal demands on the tools.

Therefore, understanding the fatigue mechanism and improving the fatigue
resistance of trimming tool steels is crucial for ensuring-effsttive and continuous
operation in the automotive and higblume manufacturing industries. This process
involves the careful selection of tool materials, controlling microstructural features (such
as carbides and inclusions), and optimizing heat treatment processes to achieve a good
balance between hardness, toughness, and fatigue strength. Additionally, fatigus analys
methods can be employed in tool design or simulationde accurately predict the

service life under actual operating conditions
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CHAPTER TWO
LITERATURE REVIEW

Beforediscussing the current research, it is essential to review earlier work by
other researchers to gain a deeper understandihg shearing of AHSS sheet materials.
This chapteprovides an overview of the relevant literature, organizgxsix main
sections. The first sectigirovides a brief description of the experimental work
conductedo analyze the sheared edge profile and its key parameters. The next section
reviews studies on the experimental investigation of sheared edge stretchability. The third
section examines research on the numerical simulation of sheet metal shearing processes.
The fourth section discusses previous efforts related to shearing toollvedifth
section summarizes studies on the impact of compressive mean and shear stress, as well
as other researchers’ work on estimating fatigue life in tooling materials. The final section

highlights research gaps and presents the framework of thetdinesis.

2.1. Experimental Works on Sheared Edge Characterizafié¢fHSS

Numerous studies have besamducted on shearing processestaed
characterization of the sheared edge. Weaver and Wein@@jnnvestigated the stages
of sheared edge formation and the effeétslearance, tool dullness, and other

parameters. Thegemonstrated that the nature of the shearing process |leadsamely
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high levels of work hardening the slear-affected zone.

Li [64] experimentallystudied thenfluence of the clearancthe shear rakangle,
andthesharpness of the tool on the trimmed surface, burnish depth, and bury &ietght
presented the micrmechanisms of fracture and deformation in the trimming of
aluminumalloys.

Johnson and Slat@s5] investigated the effect of pundhie radial clearance on
the sheared edge finish obtainewlerdifferent experimental conditioné series of
punches withvariousdiameters and punetie radial clearancesasused to study their
impactonthesheared surface quality. It was concluded, diathe radial clearance
increases, the level of plastic deformation decre&sgshe burr height increases for
mild steel and alumima.

Jana and Onfp6] studied the effect of highpeed blanking on the sheared edge
Their investigationsevealed that higher press speeds generally yield an improved
surface finish compared those obtained at lower speeds

The part edge quality also depends on the material anisotropgtammed
sheet Le et al[23] conducted an experimental study owidely used aluminum alloy,
6111T4, illustraing the effects otutting clearancenthe trim line's longitudinal,
transverse, and diagonal orientatioglstive to the rolling direction. llinich et §67]

determined the influence of material anisotropy and trimming method on the total
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elongation of the trimmed edge of DP500 sheet stbdelwingthat the total elongation in
DP500 steel exhibits significant sensitivity to specimen orientation with respbet to
rolling direction and trimming method employed. In a work by Wu dR8&l, the effect
of punchdie clearance, material strengémd sheet orientation in RD and TD on the
relative edge zone height@wsobtained

Overthelasttwo decads, a significant effort has been madedeveloprimming
methods foAHSS and UHSSas well as to characterize thefccording to Chintamani
and Sriran{68], thelimited quality ofthesheared edge is one of thiestacles tthe
extensive application of AHSS in th@tomotiveindustrydue totheformationof splits
and burrs from thehearedurface Among the parameters studied, burr height
significantly influenced by other edge parameters and is a practical parameter that can be
monitored easily to track the performance of trim dies.all materials studied
including BH210, DQSK, and DP500, increasing the die cleanastgts inan increase
in burr height

Wiedenmann et aJ69] conductedh blankingstudyon 1.4 mmthick DP590 and
examined the effect of clearances in the range of %6 on part edge quality after
blanking of 10 mmdiameter holesThey showed that ralver and fractureepths
increase with clearance while tharnish zonelecreases

Mori et al.[70] developed a punching process using local resistance heating of a
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shearing zone to shear UHSS sheetsa lesult, the punching load decreasand the
burnishsurface of the sheared edge increased.
To eliminate slivers and burrs, Golovashchefd modified the conventional
shearing process by usiagcrapsupport underneath the blaalongwith a dull upper
trimming tool.Inthissec al | ed Ar obust 0 prefereniahmiechgnispofoc e s s
fracture development from the lower trim edges promotedAccordingly,a higher
guality sheared edge has been achieved, and burrs have been reduced across a wide range
of clearances without compromising the total elongation or edge stretchability. Even
though the elongation for DP500 and DP600 was lowspime cases than that observed
from the conventional trimming process, it has not deteriorated
Golovashchenk§r 1]i [73] alsoemployedthis robust trimming method for
aluminum AA6111T4 sheet metal blanks and showledtalmostno burr was formed on
the part edgesvenwith arelativdy wide clearance of 10% of the sheet thicknessie
alsoreveaéd that theresence dhairline slivers generatlduring conventional
trimming, which can be attributed to fracture development from the upper trim die and

the bending of the scrapan be prevented.

2.2. Research on the Sheared Edge Stretchability of AHSS

As described in sectioh1.3.4 the traditional Forming Limit Diagram approach

[74] does not applyo sheared edges due to Hignificantstrain in thesheared affected
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zone resulting in steep strain gradients. A substantial question would be how much
stretch can be imposed on the materidlich is alreadyractured or severely deformed
in theburrzone. Thus, a simulative experiment is generally used to compare edge
formability, to provide data for numerical analysis, and to help in the material selection.
The most common method of characterizingstretchability of the sheared edge is the
hole expansion test described by ISO Stanfi#l] in which a 10 mm in diameter
punched hole undergoes an axisymmetric hol
In an early work by Adamczyk and Mich&b], the edge formability of a
spectrum of higkstrength colerolled steels was evaluated using the hole expansign test
and the effects of edge condition, microstructure, and tensile properties on hole expansion
performance were determined. They showed that deformation modes generated in a hole
expansion test were drawear the hole edge and stretcfather from the edge
In work conductedy Mori et d. [76], the stretch flangeability afifferent ultra
high-strength steedheetsincluding DP590, DP780, and DP9&@as examinedusing a
hole expansion tedtt was revealethat the blanked edge quality playsracial role in
thehole flangeability of the sheet materialhen a secondary smoothing operation was
used to improvéhe formability ofthe punchedhole.The uneven surface onetlsheared
edge was smoothed lpplying shear and compressive deformation with thecabn

punch having an angle of 308pplying highersmoothing loads reseltlin a higher
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limiting expansion ratio. They showed thiag¢ limiting expansion ratio for DP980 sheet
material can be increased by 40% by smoothing the sheared edge

In AHSS, the microstructure plays a vital role in determining the quality of the
sheared edge due to the high volume fraatiomard phases. Hasegawa e{ar]
indicated that the difference in phase strengths is the main factor influencing the crack
path and edge stret cfomionag idd g e (toftoged tsu rsen o wn
burnish, fracture, and bung not consistently observed on the sheared edges of the
AHSS. These findings suggest that measuring the edge geometric featsufisient
to determine the AHSS edge qualiymd further investigations are necessary to
characterize the AHSS sheared edge.

Wiedenmann et aJ69] performed experimental work on the hole expansion of
DP590 sheet material punchedair different clearances (5 to 20%), using two different
punch geometries (conical and spherical) and two different pasdfdyurr-up and bur
down.They also conducted a numerical simulatibrvas found thathe outer edge
always experiengmore significanstretching fotthe conical punchin theburr-up case,
the fracture zone is located at the outer edge and is likely to fracture earligr tian
burr-down caseThe spherical punch yieldamore uniform distribution of damage value
along the sheared edges. Thus, the influence of burr orientation on HER is less significant

for this punch geometry.
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Empirical formulas predicting the hole expansion ratio vaieneelopedy
Comstock et al[.78] for different grades of steelscludingferritic, ferritic stainless, and
austenitic stainless stee®imilarly, Stanton et a[79] developed empirical formulas to
calculatethe hole expansiomatio for 6xxx and 5xxx aluminum alloy$heir
methodologywas based on the approantroducedby McEwan et al[80] to incorporate
the hole expasion test results into the Forming Limit Diagram (FL.Bgsuminghatthe
deformation modén hole expansiors uniaxial tesiononly. However, this approach did
notaccount for punching process parameters, which critically affect the hole expansion
ratio, and assumeazhly optimal cutting clearance conditions

In work done byKonieczny and Hendersdgal], the effect of blanking clearance
and various edge morphology parameters on the formabilitgradusAHSS was
investigated. Thegemonstrated that positioning the burr in contact with the punch
results ina higher hole expansion ratiResultsreveaéd thatthe hole expansion ratio
(HER) washighest for all materials with reamedige holes and second highest for laser
cut holes, except for DP780 and DP980 steels, where the HER values fauldseles
werehighest.

Levy and Van Tyne [74,75] conducted a detailed analysis of the strain path in the
hole expansion test with both conical and flat punches. ifiigyated that more

stretching occurs if the flat punch is employ&deycalled the hole expansion test with
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the conical punchole extrusionwhile the process with thféat punch was called hole
expansionThey concludedhat the shape of thexpanding punch is itical factorthat
may affect thexperimental results.

Chiriac and Shj81], [82] studied the effect of the prior deformation on the edge
stretching limit and performance bP780 andP980sheetexperimentallyThey
concluded that i& conical punch is used for thele expansion test, the strain
distribution along the hole circumference is uniform, and the HER is the same across
variouspre-straired samples. However, when a flat punch is used fdndleexpansion
test, the strain distribution around the hole circumferenbeghly concentrateénd the
HER decreases with increasing {steain levels

Karelova et al[83] reported the experimental evaluation of the edge stretchability
of AHSS in standard punched, lagert, and drilled holesTheyrevealed mperfections
and damagentroduced duringlrilling and punching operations. Thegncluded thathe
edge stretchability could ®ibstantially improved by applying a more effecshearing
processResults also showed a higher hole expansion f@atithe complexphase CP800
than for the duaphase DP800.

Hance et al[84] assessethe @lge stretching performancsingthehole
expansion test for a variety of automotive sheet steels, includingawrearbon IF

stee| duatphase DP980an austenitic stainless steel (204), an annealed martensitic
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stainless steel (410 AN), and a ferritic stainless steel (429 MOD). They compared
punching results to other hole fabrication methods such as machining, wated |jitse
cutting.

Shih et al[32]i [34] developedan adjustable straigletdge shearing device
enabling variablangles of shear rake angle, lower rake aragid back cut anglas
shown inFigure1.17. Theyidentified the optimal shearing conditions, including rake
angle combinations, shearing speeds, and cutting clearances, which reghlkeeloeist
sheared edge stretching performaftceDP600 and DP980 sheet materi@ased on
their work, a optimal combination of all threghearangleswith 15% die clearanceas
recommendedbr the production trimming setup 8HSS. The half-specimen dome test
was employed to measure the strain at failure adjacent to the sheareskedgg as an
index of edge stretchability. They alswestigated the edge stretchability of the sheared
DP980 specimens produced via different cutting methbasydemongrated that high
energy techniques, including laser cutting, milling, and waterjet cutting, tend to produce
total elongation that is significantly higher than thatnafchanical shearing

Based orpreviousresearch, advanced and higinergy cutting methodgeld a
bettersheared edgia terms ofboth quality and performand83], [41], [68], [83]
However, in largerolumesheet metal stampingspecially for automotive applications,

part edges argypically trimmed, blanked, or punched
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Atkins et al.[85] conductechnanalytical and experimental study on the hole
expansion of aluminum sheegisdicaing thatmultiple necks and cracks formed along
thehole's perimetefThese results correlate with observations by Chjgérand
provide evidence thdlhe hole expansion ratio is substantiafigre significanthan the
total elongation in the tensile testhere only one neck usually occurs.

According to Wang et aJ87], the hole expansion (HE) test was developed to
evaluate the edge formability (i.e., edge stretchability or stftdolyeability) of hot
rolled steels and has been widely used in industrial prattmeever, although it is
useful as a comparative measure, the HE test does not mimic the actual mechanical
conditions during blanking or trimming. In trimming operations, the sheet experiences
localized bending and complex shidansile stress interactiongar the cutting edge,
whereas the hole punching involviedthe HE test involves minimal bending and a more
uniform stress state. This key difference restricts the direct application of HE test results
to real trimming situations.

Golovashchenko and llinid87], [67], [73] presenteaddge formability in the
form of total elongation of sheet metal under stretching conditidmey introduced
tensile testingf half-dog-bone samplesyith one side representing the sheared edge for
DP500 and DP600n addition to the edgstretching limit, they studied the influence of

trimming clearance on the fracture mode duteggsile testing. They showed thatall
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clearances promote ducthiglure modes along trimmed edges, and larger clearances
promote brittle (less desirable) failure modes

The sheared edge tension test alassuccessfully applied by Wang et @7] to
investigate the formability of the sheared edgseseralAHSS sheet materials
including DP590, DP780, PM780, TRIP780, and DP980. The results showédHthat
exhibited limited diffuse necking before failure in edgasiontesting.They
demonstrated thaheared edgension testing can serve as an alternative method for
evaluating edge formability and candesily implemented for product quality assurance

Le et al.[23] performed the tensile testing of hattlogbone sheared samplies
characterize the edge stretchabibfyaluminum alloy 611414 sheet materiallhey
measured the fracture straiearthe sheareddge as theémit of edge stretchingThey
investigatedhe effects of trimming process parameters (clearance and ahgle),
orientation of the trimming line to the rolling direction, and-pii@in defomation. They
demonstrated that for all sheet orientations, increasing the cutting clearanca led to
substatial reduction in material strethability along the sheared edddne analysis of
material prestrain onsheared edge stretchability for various combinations of minor and
major strains revealed that, for the widely accepted indgsairydard gap of 10% of the
material thickness, prstrain has a significant effect on stretchability, which intensifies

with increased thinning of the sheet during-pteaining With an extended clearance of
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40%, the effect of prstrain was less pronounced, indicating that the sheared edge had a
greaterimpact on these cutting conditions thare-strain Analysis of the effect of the
cutting angle on stretchabilitgvealed that higher elongations were obseateld® and
20° cutting angles with widely used 10% clearance, compared to orthogonal cutting
with the samelearance.

Later, Wang and Golovashchenk88], [89] investigatd the mechanisms of
fracture ofthealuminumAA6111-T4 blanksubjected to shearing and stitehg along
the sheared edge. They showteat early fracture during stretchin§the sheared edge
originates from the burr tip and propagates perpendicular to the sheared.dMdéiple
small cracks origiate from the tip of the byrindicating that there is no single local
defectthatleads to reduced material elongatioritefsheared surfac&hey also
demonstrated that deburring or solution heat treatment of AAG4Isamples can
increag edge stretchability

More recentlyNasheralahkami et dB0]i [92] conducted an experimental study
on the effect of clearance and tool wear on the trimmed edge quality and stretchability of
DP980, comparing it with other steel sheets of varying strength Javelsding
HSLA340 and BH210Nasheralahkami et d36] also performed a finite element study
on the trimming process of DP98Dheyexperimentally investigated how fraots wee

initiated and propagated duritige tension test othesheared edge.
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2.3. Finite Element Modeling of Shearing Process

One of the earliest research works was donBdpat et al[93], who studied the
optimal punchkdie clearance and punch penetration using fieléenentmodeling.

Results showed that the optimum putlé clearance strongly depesttbn thelocal
fracture strain of the materialhe percentage of punch penetration whenctiack

initiated at the optimum punecHie clearancéid not depend on parameters such as sheet
thickness, workhardening exponent, and ductility.

Singh et al[94] studied the design of various punchiesg finite element
simulation.Theydemonstrated that the clearance between the punch and die affects both
the punching forcandthe quality of the finished product. Theinalysisalsoindicated
that punches with balanced convexaoncave shear faxeequire a lower punching
force and havareduced noise level

Goijaerts et al[95], [96] conducted experimental and finite element analysis on
the blankingof X30Cr13 stainless steel with varying purdile clearanceanging from
1% to 15% Simulations werg@erformedusing different ductile fracture models,
including plastic work criteria, Cockroft and Latham, Rice and Tracy, and Oyane et al.'s
damage criteridAuthorslateradopted the Rice & Tracy criteria, changed a constant
parameter within the damage formwuad showed that éseadopted criteria correlate

very well with the experimental results.
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Sartkulvanich et a[26] studiedthe blanking of AHSS DB90 with four punch
die clearances. Different fracture criteria were evaluated for FE modeling of blanking
and the results were compared with experimental data. The adapted Rice & Tracy
criterionis shown togive the closest results when comparing siraulatedpart edge
measurement® the experimental result&dditionally, the results of this criterion for
hole expansion simulations with a spherical punch demonstrated that the predicted hole
radii at fracture alignvell with experimental results

Hu et al.[97] examinedhe traditional and advanced trimming of AA61T4
aluminum sheetssingfinite element simulations. The Rid@acy damage mod&las
employed for the simwdtion and damage parameters were estimated éxquerimental
observations of thgrain aspect ratio near the fracture surfaceimimed partsFine
mesles at the shearing zone, adapmeshing, and adaptive contact techniques
accurately capture the contact interactions between the atraugrsof the trimming
tools and the blank to be trimehd=E Results showed thdte crack initiation location
wasshifted to the sharp corner of the lower trimming, leading to the formation of burrs
on the scrap side. Therefotke part side showed significantly improved blanking quality
in the robust trimming process

In another work done by Hu et 8], a finite element model was developed to

predict the trimmed edge tensile sthetbility of AA6111T4 sheets byncorporating the
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burr geometry, damagena plastic strain from trimmingimulations into subsequent
tensile stretchability simulationSimulation resultsvere shown to successfully capture
experimentally observedhriations in edge crack initiation and failure mottes

different trimming clearances.

2.4. Tool Wearfor Shearing AHSS

Extensive researdhvolving bothnumerical simulation and experiments has been
conducted to study and predict tool weag@&meralsheet metal stamping. It is helpful to
briefly review the development of wear modtat describe the quantification of wear
loss and the wear mechanisms during the sliding ofleAHSS sheet materials.

Archard[99], [100] pioneeredstudiesto quantifywear loss and proposed that
wearwas proportional to the applied stress and hardness of the material. Lim and Ashby
[101], [102]workedunderthe assumption that the wear coefficient was dependent on
sliding speed and applied lgaahd constructed wear maps for steel based on wear rate
calculations and wear mechanisms. Hoffman gt8B] presented a combination of
classical wear equatisaeveloped by Archarand a finite element simulation model to
predictdie wear. Progressive die wear, determined by measuring the volume loss, was
observed with an increase in the die radius. Efdosnberget al.[55] studied the
numerical simulation of tookear duringhe sheet metal drawing process, applying the

modified Archard model. A correlation was established between the wear coefficient and
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volume losswith the dissipated energy attributed to the phase changieswebrkpiece
during the stamping processes.

Pereira et al[104], [105]demonstrated a qualitative description of the evolution
and distribution of contact pressure at the die radius for a typical cHanméhg
process. Thewnalyzedhe deformation conditions, contact phenomeama underlyng
mechanicsidentifyingthree distinct phases. The initial and intermediate stages resulted
in severe and localized contact conditions, with contact pressure values significantly
exceeding the yield strength of the blank matefilk final phase corresponded to a
larger contact areaith steady and reduced contact pressline.proposed contact
pressure model was comparecaeiisting results and discussed in relatiotot wear.
Palanisamyet al.[106] focused on predicting tool wear using tmadels, including
regression and artificial neural networks

Ko and Kim[107] suggested an analytical schemegdmdictingtool wear in the
shearing proceagilizing thefinite element method and a wear model. They claimed that
the need for regrinding ofi¢ shearing toolauld be deterrmed for an allowable burr
height using the suggested schefiiteey performedhe pin-on-disk wear testand the
wear coefficientvasd et er mi ned usi ng |Avasdénomstdatedthatve ar
the wear coefficient increased as both velocity and load increased thaiwgar test.

Ko et al.[108] conductedh finite element analysis to investigéte wear
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mechanism and predict the wear profildled Ti-N-coated tool in the piercing process as
a function of the production volume

Hambli[109] proposed a wear model ftire sheet metal blanking process based
on afinite element codeThe tool wear was consideradunction of normal pressure and
material properties. The toglsowever, werenodeled as rigid baes and the wear
variables were computed by considering the contacting elements.

In work byHusson et al.110], the effect of tool wear was simulated by assuming
different punch corner radiit was shown thatool wear leads to the formation of byrrs
andburr heightincreasess the cutting clearance increagewsiasalso observed that the
effect of tool wear is more pronounced at higher blanking clearances

Makich et al[111] proposed a method using 3D topographical images to measure
the volume of a burr in a blanking operation and to correlate it with punch wear. They
demonstrated that the overall trend is an increase in burr volume as the number of press
strokes increases, thia higher rate of growth up to 100,000 strokes. This pattern and the
volume of generated burr are shown to depend on the sheet material.

Luo [57], [112]investigated the worn behaviors of the punch in piercing aihole
a larger thickness plate of AISI 52100 steel using two kinds of convex double shear
angles. Hernandez et §0] presented theoreticaimodelof the effects of tool wear on

the shearing mechanism and resulting form eremsvell as an experimental study of
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edge drawin, depth of crack propagatipand burr height foAISI 304 stainless steel
sheet.

Cora and Ko¢113] investigated and comparéue wear performances of
different, uncoated die materials (AISI D2, Vanadis 4, Vancron 40, KSODUR,
Caldie, Carmo, 0050A) for punching AHSS DP600 sheet material. ihliegtigated the
impact ofthedie material, surface roughness, and plastic deformatiovean
performance.

Krause and Bell114] conducted a die wear studp to 200,000 strokes on PM
4%V, 60 HRC punch for punchirayl-mm-thick 1400 MPagradesteel sheeflhey
examined three different clearasde6%, 10%, and 14% andconcluded thathelower
clearanceaused gallingin comparisonhigher clearance caused high bending stresses in
the cutting edgencreasing the risks of edge chippiddney found that 10% is the
optimum clearance fdhe materialstudied resulting in minimatool wear

Hogman[30] studied the influence of pundatie clearance on the pch life for
blankinga rectangulashapedartout of Lmmthick DocolDP800 sheet materialhe
tool material was Vanadis with a hardness of 60 HRChe results showed that the
punch with a puncldie clearance of 10% at tinectangle corner lasted 40,000 strokes
before chipping, while the punch with a purdike clearance of 20% at the rectangle

cornerlasted 20MO0 strokes without chipping.
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Zeidi et al.[115] studied the failure mechanisms of AISI D2 punch heads,
focusing on damage caused by wear and fatigue. Using microscopic evaluation and
microhardness testing, they identified three main types of damage: swollen, mated, and
cracked punches. They found ti@even chromium carbide distribution and
microstructure inconsistencies were the main reasons for material failure and cracking.
Three types of chromium carbides were present in the D2 punch material, including
coarser CiCs and smaller GeCs and CgC2 carbides. Cracks began at the punch surface
and gradually extended inward. Both abrasive wear and fatigue played significant roles in
the development of larger cracks; additionally, layers accumulated on the punch surface
over time.

Among the limited studies addressing trimming tool failure in-gira@lse steels,
the work of Choi et a[116] stands out as the most relevant to DP980 material. Their
combined experimental and finite element analyses revealed that burr height
progressively increased with the number of strokes due to tool failure under high contact
pressure. Furthermore, anegativée e i ncl i nat i on skeargdledge (T 10 A)
quality by reducing trimming load and mitigating stress concentration at the die edge,
whereas positive inclination (+10°) promoted tool damage and burr formation. The FE
results also indicated that@earances between 12% and 21%, hydrostatic compressive

stresses at the lower die corner suppressed crack initiation from the bottom side, leading
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instead to crack initiation from the upper tool edge under tensile stress.

Despite its importance, this study had several limitations. No results were
presented for clearances larger than 21%. Moreover, the authors did not investigate the
posttrimming performance or stretchability of the sheared ed@esessential factor for
forming operations that follow trimming. While Choi et [dl16] reported no significant
burr formation in their tests, our experiments on DP980 revealed distinct burr formation

and subsequent burr breaf, leaving the trimmed edge nearly biree

2.5. Fatigue Analysis of Tool Materials

In practical engineering situations, components rarely experience idealized
loading cycles; instead, they are often subjected to fluctuating loads that introduce a mean
stress component to the stress cyitci@ur case, trimming tools mainly undergo
compressive and shear stresses during the sheet metal cutting process, especially in the
early stages before fracture initiation. Therefore, understanding how compressive mean
stress and shear stress influencrgtet life is crucial for our broader analysis

2.5.1. Mean Stress Effect

Mean stressccurs when the loading conditions are not fully reversed, resulting in
a difference in magnitude between the maximum and minimum.|baciserous
mechanical designs experience cyclic loading, where the applied loads are asymmetrical.

It has been understood for a long time that-rero mean stress can affect the fatigue
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behavior of materials. It is widely accepted that compressive mean stress is advantageous,
while tensile mean stress is harmful to fatigue performgkicd.

The mean stress, , is the algebraic average of the maximum strgss , and
the minimum stress, , in onecycle as written in Equatio(2.1):

(2.1)

The stress amplitude, , is onehalf the range of stress, as Equaf(@2)

s s (2.2

Also, the stress rati®, is given by Equatio(2.3)

(2.3)

Several models have been proposed to explain how mean stress affects fatigue
behavior. Some of the most commonly referenced sbhassd mean stress equations in
the literature include the Modified Goodman, Morrow, Soderberg, Siigtson
Topper, Gerber,ral Walker equations.

The Modified Goodman equation is givenbguation(2.4) [118]:

A (2.4)

Y

Where, and, are the corrected alternating stress and the material's ultimate
tensile strength, respectively. TNodified Goodmammodelsuggests that as the ultimate

strength of a material increases, becomes less sensitive to mean stress.
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Morrow [119] suggested modifying the Goodmiahationship by employinthe
true fracture strength instead of tensile strength, as shown in Eq(&fpn
A (2.5)

Y

Where ,, isthe true fracturstrengthin themonotonic tension tedtor materials
with low necking, the gap between tensile strength and true fracture stress is small;
therefore, the Morrow and Modified Goodman equations produce similar results. In
contrast, for materials that show high necking, the difference betwede ttrength and
true fracture stress can be considerable.

The Soderberffl20] line equation is similar to the Modified Goodman line
equation, with yield strength, , substituting the ultimate tensile strength:

(2.6)

The Soderberg method is viewed as more conservative than the Goodman and
Morrow models.

Anotherpopularequation is th&erber parabolas represented by Equation
2.7):

(2.7

This method tends to overestimate fatigue lives and isvatig for tensile mean

stresses, as it inaccurately predicteemfuleffect of compressive mean stresiexl ).
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Regarding tensile mean stresses, the Goodman and Soderberg models tend to give
conservative predictions, while the Gerber model producesoaservative results.
Conversely, for compressive mean stresses, the Goodman and Soderberg models may
offer noncorservative estimates, and the Gerber model might not be syit2&le

Anotherfatigue models the Smith, WatsonandTopper (SWT)123]. Three

equivalent form®f this model are shown in Equati¢h8).

, v (a)
) ) L (b) (2.8)
, o o ()
The SWT modelhas the advantage of not relgion any material constant and
has been shown to give acceptable and consistent resultgitmrssmaterialg121].
Walker[124] used asimilar approach, introducing product of the maximum
stress and the stress amplitude with an exponential parametepredict the fatigue life

under norzero mean stress conditiofidiree corresponding equivalent forms gresn

in Equation(2.9).

, P (a)
” ” — (b) (2.9)
, y ()

Note that, ” » SO that Equation@.8) and(2.9) alsoprovide the
generafunction of ,, Q, h,
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Values of[ for Equation(2.9) can vary from 0 to lhut metals are usually 0.4 to
0.8.Iff ™, Equation(2.9) reducesto Equation(2.8). Theterm (0 [ ) can be
considereh me as ur e o0 BenditiWiteto mean seraskweerl[ ongeans more
sensitivity to mean stress than higher values].

Figure2.1 displays a schematic diagram comparing the described models. The
Goodman relationship focuses on mathematical simplicity and applies to brittle materials.
In contrast, the Soderberg equation is typically applied to ductile materials due to its
conservatie values. Additionally, the Gerber model is commonly used for ductile
materials (&, ). The Morrow and Goodman theories are also comparable for brittle
steels. Furthermore, multiple curves, known as mean stress curves, can be

constructed if test results are availajdl26].
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Figure2.1. Schematic of Soderberg, Gerber, Goodman, and Morrow diagi2Tis

Most of thesefatiguemodelswerefirst introduced for tensile mean stresses;
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however, some have been extended to the compressivestnesslomain anchave

been appliedh the literature.

It is often reasonable to extrapolate the correction line for compressive mean
stressesas illustrated by the dashkdes inFigure2.2 [128]. Manyexperiments have
shown that it is saffL29]. According to Schijvg¢129], acrack opening requires a larger
stress amplitude & negative mean stress is presémtpractice, it implies thdatigue is

rarely a problem for a negative mean stress

450
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Figure2.2. Haigh diagram showing different mean stress correciiotiee compressive
mean stress regidt28].

Dowling [130] demonstrated good correlation between Goodraaife
correction and experimental data for both tensile and compressive mean stresses for AlSI
4340 steel gradéleyer[131] showedhat the modified Goodman method provides good

data correlation for smooth specimens under compressive mean stress. However, for
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notched specimens, it tends to be overly conservative regarding compressive mean stress
data while being nogonservative for tensile mean stress data.

Dowlingetal[l125lus ed Goodmandéds met hod and demon
compressive mean stresses, the calculated stress amplitude is slightly lower and predicts a
longer life than experimental results for selected steel grades. They also applied
Morr owds mod e langafoom cosmgressive ® terfisile Imean stress for two
steel grades, showing that the theoretical predictions closely matched the experimental
data.

Meyer[131] used the SWT equation to calculate the average compressive and
tensile stresses for fatigue analysis of cast iron. He showed that SWT offers more
accurate fatigue predictions for notched specimens than for smooth ones, across both
tensile and compressivegan stress ranges. Dowling demonstrated that SWT is a reliable
method for predicting fatigue in aluminum alloys. However, tested steel grades give non
conservative estimates of compressive mean strgis3@js

According to Meyerthe Gerber equation is highly n@onservative andannot
account for compressive mean stridsxl]. The Gerber equation is limited to tensile
mean stresses, as it incorrectly predicts a harmfutteffecompressive mean stresses
[121], [125]

da Silva et al[132] investigated the impact of mean stress on the fatigue behavior
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of hard carburized steels with a Rockwell C hardness -@&358nd ductile prstressing

wire steel. They compared their experimental results with several commonly used mean
stress correction models, including the Goodman/Morrow, SWT, and Walker relations.
The findings demonstrated that these mogetsided a reasonable fit tbe

experimental datéor tensile mean stresses in hard steels. However, the study found that
the experimental data did not align well with these traditional models for compressive
mean stress conditions, indicating a need for further research to develop more accurate
predictive models for such scenarios. As a result, the authors proposed a hew mean stress
model that combines the Morrow rule for positive mean stresses and equates the
maximum stress in a fatigue stress cycle to the fully reversed constant amplitude stress
for negative mean stresses. This new model has proven effective in providing accurate
predictions for hard carburized steels in both tensile and compressive mean stress
regions.

2.5.2. Multiaxial Fatigue Models

Predicting fatigue behavior under complex, multiaxial, and ofterpnoportional
loading conditions requires models that incorporate both shreen damage
mechanisms and the influencenarmalstressOne approach to extend continw@ased
uniaxial damage formulations to multiaxial fatigue is through critical plane analysis. In

this approach, a fatigue damage parameter is calculated on multiple planes with various
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orientations, and the plane showing the maximum damage parameter is identified as the
critical plane where failure is most likely to occur. Undepirase loading, the

orientation of this plane remains constant, while for constarglitude loading, the

damage accumulation rate on that plane remeamstan{133].

Depending on the applied stress state, environmental factors, component
geometry, and stress amplitude, fatigue damage may be dominated by crack initiation
along planes of either maximum shear stress or maximum normal[$8é453Viodels
based on the critical plaramalysisare therefore especially effective, as they explicitly
consider the stress or strain histories acting on these physically meaningfud plaosss
on which fatigue cracks originate and subsequently propagate. The idea of combining
normal and shear stress@sa specific plane within a material was first suggested by
Stanfield[135] and later developed and extended by other researchers. In this section,
some of the most popular multiaxial fatigue models are briefly discussed.

Findley[136] proposé a modelconsidering the effect dhemean stress value,
where the equivalent amplitude of shear stress on the critical plane (shear plane in this
case)He suggested that the normal stress, acting on a shear plane might have a
different linear influence on the allowable shear staesglitude y—. According to this
criterion, fatigue failure starts from the plane on which the left term in EqQUEtL0) is

maximized
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o

y?’r Q Q (2.10)

Parabolic forms were examined, but Findéeycluded that a linear model was
adequate to descrilbee experimental data. In this contdkis a material constant linked
to the material's sensitivity to normal stresses,fatiectly correlates with the material's
fatigue strength.

Dang Van[137] proposed a multiaxial fatigue criterion based on mesoscopic
(grain boundary) stress observatidhe Dang Van criterion assumes that fatigue failure
does not occur if all grains within the material reach a stable elastic state. In other words,
after an initial transient period lasting a few load cycles, the material undergoes isotropic
hardening, aftewhich the stregstrain response remains within the elastic domain. The
mesoscopic shear stress,, combined with the hydrostatic stregs,; , controls the
onset of critical deformatio.he maximum mesoscopic shear stress value is determined
based on principal stresses.

The stresses discussed above are combined using a linear function that defines
effective sheastress, T
T t Q i (2.1

The parametek is determined by Equatiq®.12) as a function of fatigue limits in

alternating torsion,;t , and fully reversed bending,
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0 —— € (2.12)

Another multiaxial model based on critical plane theory was presenteatémi

and Socig138]in 1988. The model is as follows:

o T, .
p ‘o 5 60 roqU (213

n| X

The shear strain ranga 9and the maximum normal straéssa plane ,, 5,
are the two parameters considered in this model. Shear loading is required for crack
initiation since fatigue cracks begin on higihear planes. Normal stress is also
significant In Equation(2.13), Bis the coefficient of shear fatigue strendiis the
exponent of shear fatigue strength is the ductility coefficient of shear fatigue
strength ¢, is the exponent coefficient of shear fatigue stren@tis the shear modulus
andk is a normal stress sensitivity parameter

Next, previous research on the fatigue life prediction of tool steels has been
reviewed, as the durability and lifespan estimation of metalworking tool materials have
been investigated in several studies.

Fu et al[139] presentda simulatiorbased methodology for evaluating and
enhancing the fatigue life of M2 tool steeltihregear forging operation. The authors
employedstresdlife and straidlife approaches to predittdol fatigue life, integrating
finite element analysis (FEA) to simulate the stress and strain distributions during

operation.Theyidentified potential fatigue locations in the punch andwlegre the
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maximum principal strains and maximum principal stresses are the greatest, respectively.
Then, thegpunch and die fatigue &fwas estimated using the stréifa and stresdife
diagrams for M2 tool steel.

Another studyby Tong et al[140] proposes aimilar approach to the CAE
enablel die fatigue life analysis and improvement methodolddye Goodman mean
stresscorrectionis used to represent the relationship betwderstress and its
corresponding fatigue life, leading to the constructiontdamh diagram for M2ool
steel. Once the potential areas of fatigue and the variations in loading cycles are
identified, the stress panorama and the maximum and minimum principal stresses are
identified. Finally, thedie fatigue life has been estimated.

Longet al.[141] examined the fatigue performance of H13 steel tools used in
Friction Stir Welding (FSW) of aluminum alloys. The researchers demonstrated that
during steadystate FSW, the welding tool experiences multiaxial stresses, including
tension, compression, torsicand bending. These conditions can lead to multiaxial
fatigue. For this analysis, the maximum principal stress of the tool was used as the fatigue
analysis stress for thel$ curve, simplifying the calculation model. The stress analysis of
the welding tol indicated that all average stresses at the pin root of the tool are tensile.
As a result, the correspondingNscurve for the tool is lower than the standafN S

curve. The standardS curve for H13 steel, constructed using the Basquin model, was
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appliedto analyze and predict fatigue life

In studies conducted by Skdlansen and his teajh42], [143] low-cycle fatigue
analysisand fatigue crack growth testing were performed on-tmiging tool materials.
These tests were combined with finite element modeling to préeitddl's lifespan
The models first calculated the number of forming cycles required for crack initiation
subsequently leading to catastrophic failure during the crack growtb.@wspplying
the strain levels identified through finite element analysis, the reseacchidestimate
tool life by comparing these predictions wittetactual lifespan measurements obtained
from the material tests. They utilized the Modified Goodman model to account for the
effectsof mean stress on fatigue life

Alimov et al.[144] employedthe MansonrCoffin-Basquin equatiarwith
Morrow's mean stress correctjomplemented in QForrfinite element softwardo
predictthefatigue lifeof hotforging dies madéom AM -processed 14PH steelDue to
the absence of any considerable plastic strains up to the last few cycles beforeHailure,
strain term in the fatigue equatiaras neglectedl hey simulatedhedistribution of the
first principal stress surfacuringtheforging process for all die elemerdsid then
calculated the corresponding fatigue life for each element.

Ab-Kadir et al.[145] developed an integrated approach combining Finite Element

Analysis (FEA) and the stredife method to estimate the fatigue life of cold forging
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punches used in fastener production. The study examined stress distribution, elastic
deformation, and forging load to identify potentakas prone to fatigué&sing

DEFORM F3 software, four punch designs with varying corner radii were analyzed. The
stresdlife approach was employed to predict fatigue life while incorporating modification
factors to enhance punch performance. Simulation results confirmeddressing the
corner radius of the punch reduced stress concentration, elastic deformatia@rgartd f
load. The largest corner radius design demonstrated the lowest stress, minimal elastic
deformation, and the longest fatigue lifdese results highlight the need to optimize
punch geometry to improve durability and efficiency, offering a method to refine die
designs.

Salunkhe et a[146] presented an Artificial Neural Network (ANN) model to
predict the life of compound dies used in sheet metal forming. The model consiegred
die components (die block, punches, and stripper) and factors like punch force, stripping
force, and material propertigsinite Element Analysis (FEA) was employed to
determine stress values, and fatigue life was estimated using\twi$e and
Go o d ma n 6 s Hosvever,ahe propnsed model includes several simplifications
such as assuming uniform loading cdiwhis, ignoring local stress concentrations, and
limiting consideration of microstructural effedtsvhich restrict its applicability to

specific die geometries and operating conditions, thereby reducing its overall validity for
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complex industrial situations

To the authords knowledge, there are
analysis and life estimation of trimming dies used for AHSS. However, the work done by
Picag[147]is the most relevant in this ar&éis work provided a detailed analysis of the
microstructural, mechanical, and tribological properties of variouswott tool steels,
including 1.2379 (D2 equivalent), K360, UNIVERSAL, and HWS, used in UHSS and
PHS trimming and punching applicationgcd® examined crack nucleation and growth
under both monotonic and cyclic loads, finding that crack initiation typically originates
from carbide cleavage or inclusion particles once the surrounding matrix yields. The
work also showed that traditional Linear Elastic Fracture Mechanics (LEFM) models,
such as those based on Parisodéo | aw, have
assume prexisting cracks and ignore nucleatimd surface changes caused by wear
and plastic deformation.

Building on these findings, Picas reviewed several fatigue life prediction models
and categorized them by their approach. Fragngehanicdased models linked fatigue
limits to carbide or inclusion size distributions using probabilistic methods. Meanwhil
other studies introduced finite element (HEsed algorithms to simulate wear and
fatigue by incorporating fracture parameters. Despite these advances, none could

accurately describe fatigue failure in UHSS shearing ttaigely because of the
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complex interactions amomygicrostructural anisotropy, cyclic contact stresses, and
surface wear. To address these limitations, Picas proposed a newmairanical
damage model that links the degradation of the elastic modgt)lus (

to the applied stress and the number of loading cycles. This approach was claimed
to enable toolife prediction based on the progressive softening of the metallic matrix,
rather than relying on predefined crack geometry or propagation criteria. Hosleer,
did not further develop or validate this concept witth@mnwork, leaving it as a theoretical

framework and a suggestion for future research.

2.6. Summary andResearchNeeds

To summarize the key findings from the reviewed literature, two tables were
prepared: onésting studies conducted on materials other than DP980, and another
dedicated exclusively to research on DP980 sheet steel. Table 2.1 summarizes the works

on other materials, while Table 2.2 focuses on DP980

Table2.1. List of studies othe shearing of other materials

Author(s) Materials| Topic Method |Key findings/contributions
Weaver & Weinmanr| Mild Sheared edge feature| Exp yCl ear ance
[29]; Johnson & steel, Variables: clearance, def or mati on
Slater [65]; Jana & | Al tool sharpness, speed high-speed blanking
Ong [66] improvesedgefinish.
Li [64] Al Trimming parameters| Exp Links clearance/rake to
BXXX Variables: clearance, burnish depth & burr;
angle, sharpness micro-mechanisms of
trim fracture
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Table2.1.7 Continued

Author(s) Materials| Topic Method |Key findings/contributions
Le et al. [23] Al Trimming parameters| Exp yCl earance
6111T4 |Sheared edge tensior stretchability; 1020° cut
variables: clearance, angles at 10% clearance
cut angle, RD/TD improved elongation; pre
orientation, prestrain strain effects depend on
clearance
llinich et al. [67]; DP500; |Sheared edge featurg Exp Elongation sensitive to
Wu et al.[25] DP T variablesmaterial orientation & method;
steels |strengthclearance, zone heights tied to
RD/TD orientation clearance strength/
orientation
Chintamani & Sriram |BH210, |Burr as a QC metric V Exp Burr height tracks die
[68] DQSK, [clearance performance;
DP500 yClearance
Wiedenmann et al. [69 DP590 |HER & edge geometriExp+ |§ Cl ear anc e
I variables: clearanceg FE yroll over / f
punch shape, burr Zburnish; s
up/down reduces burprientation
effect on HER
Golovashchenko Al ARobust o tExp Significant burr
[71-73] 6111T4 | (scrap support + dull reduction; maintains edg
DP500/ |upper) stretchability; prevents
DP600 hairline slivers
Adamczyk & Michal |Steels & Hole expansion test |Exp HER is highly edge
[75]; Al Edge prep effect; condition dependent;
Comstock et d78]; empirical HER model empirical HER formulas

Stanton et al. [79];
McEwan et al. [80];
Karelova et al. [83];
Hance et al. [84];
Atkins et al. [85];
Chiriac [86]

(steels, Al); HER test
stress state differs from
trimming
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Table2.1.7 Continued

Author(s)

Materials

Topic

Method

Key findings/contributions

Golovashchenko
[37-39];
Wang et al. [87]

Several
AHSS

Sheared edgension
alternative to HER;
localized strain

Exp

Small clearances favor
ductile edge failure;
simple QA methods for
sheared edges

Popat et al. [93]; Singh Various
metals

et al. [94];
Sartkulvanich et al.
[26]; Goijaerts et al.
[95, 96];

Hu et al. [97, 98]

Finite Element
Modeling (FEM) of
blanking/ trimming;
Influence of clearance
mesh size, fracture
criteria

FE

Rice Tracy and related
criteria frequently best fit
robust trimming shifts
crack/burr to scrap;
integrated
sims predict edge
stretchability

Table2.2. List of studies on the shearing of DP386el

Author(s) Topic Method| Variables/ Key findings What is Missing?
metrics
Mori et al. | Hole Exp | Conical punchj Smoothing raise( - Experimental
[76] expansioh postpunch DP980 HER by |punching and HER
edge smoothing ~40% only
smoothing loads - Punchings not
directly reflective of
Chiriac et al] Edge Exp | Prestrain; Coni cal trimming
[81, 82] stretchability punch shape |uniform edge . No modeling work
with pre-strain strain, HER
(flat vs conical insensitive to pre
punch) strain;
localized strain,
HER decreases
with prestrain
Hance et al.| Edge Exp | Punching vs | Non-mechanical
[84] preparation machining, cutting improves
methods vs waterjet, laser |HER vs punching
HER for DP980
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Table2.2.7 Continued

Author(s) | Topic Method| Variables/ Key findings What is Missing?
metrics
Shih et al.| Adjustable Exp | Shear rake, Optimal angle | - Novel
[32, 34] |straightedge lower rake, andcombo + 15% | stretchability
shearing for backcut clearance method.
AHSS, angles, improved DP980| - Complex three
Stretchability by, clearance edge angle cuttingloes
half-specimen stretchability; not seenpractical in
dome test laser/mill/waterje| real production!
t > mechanical
shearing
Wang et | Sheared edge | Exp | Half-dogbone | AHSS incl. - Experimental worl
al. [87] tension test with one DP980 shows |only
sheared edge |limited diffuse |- Two clearances
necking; simple |only
QA test for edge
formability
Cheng et | Postnecking FE Microstructure | Calibrates grid | - Some assumption|
al. [161] |grid-size based model |sizedependent |- No physical
dependent fracture strains |validation
fracture model for accurate - Usedthe
for trimming of DP980 failure  |extrapolated SS
DP980 prediction curve
Choi et al.| DP980 Exp +| Burr vs Number of - No study for
[116] trimming, FE strokes; die st r ok e s yclearances larger
focusing on tool inclinedangle; |-1 0 U a n g |than 21%
failure edge profle |f ai | ur e Z- Upto 20,000 cuts
Tool: Hardened FE results: only
casttool steel compressive - No part
57-58 HRC str ess @stretchability
no crack from |evaluation
lower die corner |- No tool failure
Y no b urlmechanism
for lower

clearances only
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Despite significant progress in understanding the shearing and trimming of
AHSS, important gaps still ex&tespecially for ultrehigh-strength grades like DP980.
While earlier studies have examined the effects of cutting clearance, tooling geometry,
and pettrimming stretchability hainly throughhole expansion tegtcritical issues
related to tool life, fatigue failure mechanisms, and edge formability under industrial
trimming conditions remain less explored.

Specifically, limited attention has been given to:

The fracture behavior of DP980 during trimming, especially whenfoer
edges form at large clearances.
- The posttrimming stretchability and cracking behavior of sheared edges
during subsequent forming operations.
- The degradation and fatiguelated failure of D2 trimming dies after very
high stroke counts typical of industrial use.
- The lack of predictive frameworks for trimming tool life, especially those that
combine experimental data with simulatibased approaches.
These gaphighlight the need for a comprehensive investigation combining
experimental and numerical methdddetter understanaind predicDP980's trimming
behavior improve edge quality, and increase tool durability. The next chapter details the

specific objectives and methodologies used to address these research needs.
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CHAPTER THREE
RESEARCH OBJECTIVES AND APPROACES

The motivation for this research came from early production experiences with
ultra-high-strength DP980 steel, whigxhibitedminimal burr formation even at large
clearances. Although trimmed DP980 edges often displayed unusually smail burrs
especiallywhen compared to loweatrength grades likBH, HSLA, DP50Q or DP600I
these bunfree edges still tended to crack prematurely during forming operalibiss.
observation for DP980 contradicts the wedkablished relationship between stretchability
and bur height illustratedin Figurel1.7. Simultaneously, trimming tools used for high
volume DP980 stamping were found to suffer from excessive wear and chipping,
particularly after extended use, raising concerns about tool durability and the ability to
maintain consistent edge quality.

The current research seeks to address these knowledge and application gaps by
focusing on the following main objectives:

1. Improvethe sheared edge quality and performance of UHSS DP980, which

has high potential for reducing weight in automotive strusture

2. Understand the main impact of the fracture mechanism on edge stretchability

when there are no large burrs on the sheared edge DP980
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3.

4.

Develop a numerical model predicting the trimming process with a
deformable die.
Make maintenance of trim dies predictable and prevent catastrophic die

failures during highvolume trimming operations.

The following approacheare employed to achievke above objectives

1.

Analyze the trimming mechanism in DP98Mevelop a fundamental
understanding of how ultraigh-strength steel is trimmed and explain why the
trimmed parts have reduced edge stretchability
Cutting parameter optimizatianidentify trimming conditions, especially
cutting clearance, that create advantageous sheared edge morphologies and
enhance the stretchability of DP980 during downstream forming
Development of diagnostic tools for edge qualitgased on analyzing
sheared edge parameters under various cutting conditions, develop a non
destructive quality control method that enables early detection of declining
quality in trimmed parts.

Tool wear characterization and maintenance criieAaalyze the
progression of tool wear and chipping over high stroke counts using
profilometry and optical methods, and establish thresholds for predictive

maintenance
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5. Fatiguebased life prediction dfimming toolsi Use experimental data and
finite element modeling to simulate the fatigue lifdoadadly used?2
trimming inserts, incorporatingxisting fatigue modeland reaiworld loading
histories
Together, these approachel provide an integrated experimeritalmerical
framework for enhancing trimmed edge performance, extending tool life, and reducing

downtime and costs in the mass production of automotive UHSS components.
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CHAPTER FOUR
SHEARING PROCES&ND CHARACTERIZATION OFTHE
SHEARED EDGE OF DP980

This chapter details the materials used in this stilndyexperimental procedure of

trimming and punching operations, aheé results othe sheared edge characterization

4.1. Materials

Ultra-high-strength duaphase steel (DP980) was selected as the primary sheet
material for this study. For comparison, several other sheet steels with different strength
levels were also examined:

- High-strength lowalloy (HSLA 340/410), 1.4 mm thick
- Bakehardenable (BH 210/340), 0.55 mm thick
- Interstitiatfree (IF) mild steel, 1.2 mm thick
Two commercial DP980 steels from different suppliers were examined. Their

nominal chemical compositions, based on mill certificates, are listEahie4.1.

Table4.1. The chemical composition thfe studiedDP980shees.

Material Chemical composition (%owt.)
. Supplier
index Cimn| P | s | si|Ni|cr|Mol| A |Nb

DP9801|Supplier 10.154| 1.89|0.019/0.003/0.527| 0.01 | 0.04 |0.004|0.048/0.002

DP9802|Supplier 4 0.10 | 2.32|0.012/0.002/0.117/0.014/0.583/0.097|0.033/ 0.037|
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The mechanical properties thfe two DP980 sheetse presented ihable4.2.

Table4.2. The mechanical properties BP980shees.

i As-received| Yield Tensile | Uniform Total
Material ) . ) n-value
index thickness | strength| strength| elongation| elongation (4-6%)
(mm) (MPa) | (MPa) (%) (%)
DP98061 1.45 786 1004 7.3 13.5 0.078
DP98062 1.50 696 1027 9.2 13.7 0.085

From the name designatidmpthDP98G1 and DP98& are duabhase steels
with a minimumultimate tensile strength (UT®§ 980 MPa. Even though their chemical
compositions arsimilar, their mechanical behavioraypdiffer. Tensile test results of
these two DRteelsare shown irFigure4.1 for different directions relative to the rolling
direction and the results dhelongitudinal direction are marked in the graphs for
comparison purposes. Wigtsimilar ultimate strength level, DP980exhibits
significantly lower uniform elongation compared to DP28Mut displaysoticeably
higher posinecking deformation.

The scanning electron microscopy study was performed to analyze the
microstructure and grain morphology of two DP steat&l the microstructures are
illustrated inFigure4.2. The figure shows that the studied steels have different gras size
of martensite and ferrite phases. The average grain size in EHS&Dbout onghird of
that in DP986L. Thiscouldexplain why the amount of uniform elongation in DPG813

much smaller tham DP98062.
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Figure4.1. Engineering stresstrain curves for (a) DP98Dand (b) DP98@ sheetsLD,
TD, and DD denote the longitudinal, transverse, and diagonal directions, respectively.
Markeduniform and posheckingelongations are relateblely to LD

(b)
e

Figure4.2. Scanning Electron Microscopy microstructure of (a) DPB&nhd
(b) DP9802 steel sheets.

4.2. Trimming Operation

A schematic of the mechanical trimming pesses employed in this study was
shown earlier irFigurel.11 (a). The clearance is the horizontal distance between the
upperandlower trimming tools. In our trimming experimentation, clearance was

precisely controlled and varied using a set of shaashown irFigure4.3. Significant
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attention was paid to provith the experimental die with substantial stiffnéssavoid
clearance variation during the cutting processs @issertation expresses the percent
clearanceatio of this distance to the sheet thickhés the trimming experiment, the
upper and lower cutting inserts were made of D24aigtbon, highchromium coldwork
steel Thetypical chemical composition of Dol steesis 1.55wt.% C, 11.5w:t.% Cr,
0.8wt.% Mo, 0.9wt.% V, 0.3wt.% Mn, and 0.4wt.% Si[148]. Both insertradsharp
trimming edges witla zero-degree cutting angle.

Clamping Pad Upper trimming insert

Nitrogen
Cylinder

Sliding
Plate

Stainless Lower trimming insert
steel shim

Figure4.3. The experimental trimming tool.

The timming line for cutting specimens includedecoiler, straightener,
automatic feedeanda 65-ton Minster mechanical presas shown irFigure4.4. The
specimens were trimmed aspeed of 45 strokes per minutdie schematic diagrgrmas

shown inFigure4.4 (d), provides an overview of the trimming line's functional layout,
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showing the material flow from the coil through leveling, feeding, and shearing stages.
This setupensures consistent and repeatable environment for evaluating tool durability

and sheared edge formability under productike conditions.

Trimline

(d) . Upper

Clamping pad trim blade

Feeder

Guide pins
and rollers

Straightener Lower

trim blade

Clamping bed

Coil / Decoiler

Figure4.4. The trimming line consists of (a) decoiler, (b) Dallas Industries straightener
and automatic feeder, (c)@6n Minster mechanical presand (d) schematic
representation of trimming line

Trimming clearance was varied using precision shasgletailed in Tablk.3,
for each sheet ghaterial.
The dimensions of the trimmed specimen are showigare4.5 (a). To study
the effect of material orientation on the sheared edge quality, shearing operations were

done on sheets with different cutting directions with respect to the rolling direction, a
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shown inFigure4.5 (b). Based on the orientation thietrim line to the rolling direction,

we will have longitudinal (LD), transverse (T2nd diagonal (DDyrimmed specimens

Table4.3. Variation in trimming clearance by material type

) Sheet Thickness ) )
Material Type Trimming clearance (%t)
(mm)
DP980 1.45 4 10 17 20 30 40
HSLA340 14 4 11 18 21 32 43
BH210 0.55 - 12 18 27 36 45.5
IF 1.2 5 12,5 17 21 25 37.5
(a) Trimmed surface
¢l 1]
127 mm Sheet Orientation gg g{g %’E
HEER
] I l

—— L—I2.7 mm

(b) 00e Transverse direction (TD)
Trim line direction 450
Diagonal direction (DD)

\Q
. 0°
Sheet rolling direction Longitudinal direction (LD)

Figure4.5. (a) Dimensionsof trimmed specimen(b) trim line directionwith respect to
the rolling direction.

4.3. Measurements dbhearedEdgeFeatures

Measurement of the burr height of the trimmed specimens was carried out using a
Mitutoyo MDC-1 6  Sli¥ital micrometer Figure4.6 (a). Five repeated tests were

conducted for each test condition, and measurements were taken at ten locatiacis on
90



specimen. The experimental results in gtiglyarepresented as averaged values with
their standard deviationsased on 50 measurements. To meath@mllover, burnish

and fracture zones of the trimmed specimens, the specimens were photographad under
Nikon SMZ745T micoscopeand MATLAB softwarg[149] was used for image
processingFigure4.6 (b) and (c)) The difference between the thicknesses at the edge

measured by the microscope dndthe micrometer was takenthg rollover length.

Rollover
Burnish

Fracture

Burr

Figure4.6. Measurement tools including (@gital micrometer (b) Nikon Microscope,
and (c)Matlab measurement scheme.

4.4. Influence ofTrimming Clearance oishearededgeQuality

As previously defined by published literature, the most critical factor influencing
trimming qualityis the clearance between the cutting edgigire4.7 shows the
experimental plotepresenting the effect of trimming clearance on the depth of rollover,

burnish, and fracture zonesnd the height of burr for DP980sheet materiakigure4.8
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showstrimmedsurface and crosssectiors of DP9801 as well.Similarly, for DP9862
sheet material, the effect of trimming clearance on the sheared edge features is shown in

Figure4.9, and surfaces and cressctions of trimmed edgese shown irFigure4.10.
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Figure4.7. The effect of trimming clearance on the sheared edge feafubé29801.

A4
Sheared
surface

Cross
section

Clearance: 4%(t) 10%(t) 17%(t) 20%(t) 30%(t) 40%(t)

Figure4.8. The surface and crosection of trimmed DP980 sheet material for different
trimming clearances
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Figure4.9. The effect of trimming clearance on thleeared edge features of DPIB0

Sheared
surface

Cross
section

Clearance: 4%(t) 10%(t) 17%(t) 20%(t) 30%(t) 40%(t)

Figure4.10. The surface androsssection of trimmed DP98R sheet material for
different trimming clearances

4.4.1. RolloverDepthAnalysis

The rollover region undergoes an increase in bending deformation. The overall
trend for this region is that it increases with clearance due to larger bending moments, as

observed irFigure4.7 throughFigure4.10, for both DP980steels
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4.4.2. BurnishDepthAnalysis

The burnish area, also known as the shear area, is the smooth and shiny region
formed during the shearing of material. Along with the rollover area, it indicates the
penetration depth before fracture begins. Generally, more ductile materials tend to have
larger burnish areas. Hydrostatic pressure within the sheared zone increases in smaller
clearances, which enhances the material's ductility and enlarges the burnish zone. As a
result, the burnish depth is greater in smaller clearances compared to laggéiise
effect is more pronounced in relatively ductile matefials].

Well-known fine blanking processes are based on increased hydrostatic pressure,
which allows the burnished zone to propagate through the entire thickness. However, a
different behavior was observed during the trimming of DP980. In this case, increasing
theclearance to 20% resulted in an increased burnish depth, followed by a decrease at
larger clearances for DP980 For DP98E2, the same trend was observed, but the
maximum burnish occurred at 17% clearance. Graphs of burnish depth versus trimming
clearane for these two steels are showrigure4.11.

4.4.3. Fracture Area Analysis

The fracture and burnish areas cover most of the sheared surface, and when the
rollover depth is included, it equals the original sheet thickness. The depth of the fracture

area for trimmed DP980 materials is showirigure4.7 throughFigure4.10, decreasing
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with clearance due to the increased sum of rollover and burnish.

According to Wu et al25], the actual edge profile of the fracture zone can be a
combination of multiple micr@racking progressions, so that the detected rough surface
can be the summation of various miam@acks at different length scales within the lattice,

between grain and pke particles, and among martensite clusters.
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Figure4.11. Burnish depth as a function of trimming clearanceviardifferent DP980
materialstrimmed inthe transversdirection.

4.4.4. Burr HeightAnalysis

Figure4.12 shows the graphs of burr height verthus cutting clearance fawo
DP98G. For DP9801, as the clearance incredfeom 4% to 17%, no visible burr was
observedhowever, the average burr height increased above the 17% cledtaneayer,
burr height for DP98@ was noticeably less sensitive to the clearance than DP8ad

showed almost no considerable burr for all clearances ranging from 4% to 40%.
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The fracture mechanism ¢fie DP980 sheet material during the trimming process
is describedater inSection6.4. As aresult of this mechanism, the heavily deformed burr
is removed from the trimmed edge at the final stage of trimngaging the part side

with no noticeable burdespite having large clearances.
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Figure4.12. Burr heightas a function of trimming clearance tero different DP980
materialstrimmed inthe transversdirection

Although the cutting force applies vertically on the blank and produces a
corresponding vertical reaction force on the tools, a horizontal force component tends to
increase the clearance between the tools. During the design and manufacturing of the
experinental die, considerable attention was given to ensuring substantial stiffness and
preventing clearance variation during trimming. A simple way to verify the clearance
after trimming is to measure the distance (c), as showigure4.13. The actual

clearance percentage is then calculated as (c/t) x100. By taking these measurements at
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crosssections oFigure4.13for DP9801, the actual clearances are 4.7%, 10.6%, 17.7%,
20.8%, 30.9%, and 40.6% for the nominal clearances of 4%, 10%, 17%, 20%, 30%, and
40%, respectively. Thus, the clearance remained relatively close to the target values

during the trimmingexperimentation.

«C

Nominal clearance ‘ 4% ‘ 10% 17% ‘ 20% ‘ 30% 40%

Calculated (5
clearance \t

X 100) 4.7% ‘ 10.6% 17.7% ‘ 20.8% ‘ 30.9% 40.6%

Figure4.13. Calculation of actual clearance for DPSBO

4.5. Influence of Material Type on Sheared Edge Quality

The part edge quality also depends on the material sbeayed41], [68], [111]
Materials withhigh ductility, low yield strength, and homogeneity will produce better
sheared edgguality and tightedimensional toleances|t can also be expected to have a
longer tool life based on the expectatiohincreased fatigue life under lower loda4].

Burr heightresultswith respect to the trimming clearance for different sheets
including mild steel (IF)bake hardenable steel (BH21high strength steel (HSLAB),

andDP9801, are plotted irFigure4.14.

97



45 ...+ BH210 *
40 —e—IF e

35 1 =& =HSLA350

30 4 --%--DP980-1

Burr Height/t (%)
N
(=]

0 5 10 15 20 25 30 35 40 45 50

Cutting clearance/thickness (%)

Figure4.14. Burr height as a function of trimming clearance for different sheet materials
trimmed in the transverse direction

All four sheet materials exhibit the same trend in response to increased clearance,
characterized by growth in burr heigB0]. Pretty similar to DP980, for smaller
clearances up to 15%, the formed burr for BH, HSLA, arstéEs is very small and
negligible. At higher clearances, BH21Gidely used for exterior panel applications,
exhibits a visibly larger burr height thather materials. I18teelhas a higher burr than
HSLA and DP98Gteels These differences in burr height are related to the materials'

ductility, with more ductile materials showing more burrs.

4.6. Influence ofMaterialAnisotropy onShearEdgeQuality

As other researchers in the literature review showrelmaterial anisotropy may
affect the part edge qualifg7].
Burr height resutconcerninghe trimming clearance for two different DP980

and different trim line orientations relativetteerolling direction are plotted iigure
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4.15. As describegbreviously, all configurations exhibit the same trend with increasing

clearance, characterized by an increadsurr heightFrom the influence of material

anisotropy, DP98@ exhibits relative isotropy and minimsgnsitivity to clearance.

However,DP9801 shows some anisotropy in burr height; TD is more sengititiee

clearance than LD. In other words, anisotropic effects on trimmed edges become more

dominant with increasing trimming clearanaadinteraction between trim edge quality

and anisotropy exister DP98G1.
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Figure4.15. Burr height as a function of trimming clearance for two different DP980 and
different trim line orientationeelative to rolling direction.

The influence of material cutting direction for IF, BH210, and HSAA8heetss

shown inFigure4.16, Figure4.17, andFigure4.18, respectivelyFor all materials and

directions, burr height increases with trimming clearance. Also, as a general trend, the
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burr height increasedightly with shearing orientation lagive to the rolling direction,

i.e., burr height in TD is larger than DD and therin LD cuts
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Figure4.16. Burr height as a function of trimming clearance and different trim line
orientations relative ttherolling directionfor IF sheet material.
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Figure4.17. Burr height as a function of trimming clearance and different trim line
orientations relative to the rolling direction iBH210sheet material
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Figure4.18. Burr height as a function of trimming clearance and different trim line
orientations relative to the rolling direction id6LA340 sheet material

4.7. Microhardness Gradient Characterization Across the Sheared Edge

The hardness distribution near the sheared edge was characterized using a Wilson
VH3100 microhardness tester with a diamond Vickers indeRiguie4.19). An applied
load of 300 mN waselectedaccording to ASTM EL40 guideline$150], to ensure
consistent indentation size amgnimizeinteraction between neighboring inderas.
rectangular measurement grid was mapped across the sheared edge area, ine@iding 65
measurement points arranged systematically. Each indentation was carefully spaced to
record the hardness gradient from the edge to the bulk material. The collected data were
compiled and processed to generate adimoensional hardness contour map, reineal
local variations in hardness caused by the shearing practssdiferent trimming

clearancesThe actual measurement data for each point are detailed in Appendix A.
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Figure4.19. Wilson VH3100 Microhardness Tester

At the smallest clearance of 4%, the sheared region showed a significant increase
in hardness, with localized values exceeding 335 HV near the cut edge, as shown in
Figure4.20. This strong hardening effecan be attributetb substantiaplastic
deformation caused by shearing at tight cleararides deformation zone is highly
narrowed, resulting in significant strain hardening, but it may also cause embrittlement
near the edge due to excessive strain localization.

The hardness maps for clearances of 10%, 17%, and 20% are illustrigitgparén
4.21, Figure4.22, andFigure4.23, respectivelyAt 10% clearance, the hardened area was
still visible buthad spread across a wider zone, with peak hardness values exceeding 395
HV in some areasThis indicates than increase iclearancereates a larger shear

affected zoneBy 17% and 20% clearance, the hardness maps revealed a larger area with
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values closer to those of the bulk material {ZZ HV). This suggests reduced strain
hardening compared to smaller clearances, reflecting a more balanced fdactimated
shearing mechanism that appears at intermediate clearances.
For large clearances of 30% and 40%, as illustrat€eure4.24 andFigure

4.25, respectively, the hardness distribution showed a clear asymmetry: highly hardened
areas were concentrated in specific regions of the sheared edge, especially in the burr tip
and fracture zonesith hardness exceeding 395 HMowever, large parts of the sheared
surface exhibited hardness levels comparable to those of the base material. This
unevenness indicates that at excessive clearances, deformation becomes focused in
localized zones, resulting in inhomogeneous edge giepetuch conditions may
decrase overall edge quality and create weak points that can initiate cracks during

subsequent forming ayclic fatigue loading.
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Figure4.20. Vickersmicrohardness contour mapithe sheared edge profile of DP980
1, trimmed at 4% clearance,30x magnification.
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Figure4.21. Vickersmicrohardness contour mapsthe sheared edge profile of DP980
1, trimmed at 10% clearance, at 150x magnification

Legend

I > 395.0HV
I 385.0- 395.0 HV
I 375.0- 385.0 HV
[ 365.0-375.0 HV

355.0 - 365.0 HV

345.0 - 355.0 HV

335.0- 345.0 HV
[ 3250-335.0HV
[ 315.0-325.0 HV
B 305.0-315.0 HV
I 295.0 - 305.0 HV
[l 285.0 - 295.0 HV
Il 275.0 - 285.0 HV
Il <275.0HV

Figure4.22. Vickersmicrohardness contour mapsthe sheared edge profile of DP980
1, trimmed at 17% clearance, at 150x magnification
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Figure4.23. Vickersmicrohardness contour mapsthe sheared edge profile of DP980
1, trimmed at 20% clearance, at 150x magnification
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Figure4.24. Vickersmicrohardness contour mapsthe sheared edge profile of DP980
1, trimmed at 30% clearance, at 150x magnification
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Figure4.25. Vickersmicrohardness contour mapsthe sheared edge profile of DP980
1, trimmed at 40% clearance, at 150x magnification

Overall, the results demonstrate a clear relationship between-pudh
clearance and the hardness gradient near the sheared edge. A small clearance of 4%
causes a high work hardening in a narrower shffacted zone, while large clearances,
over 30%Jead to highly localized hardening and uneven edge properties. Intermediate
clearances (~120%) offer a balance, with moderate hardening and a relatively uniform

hardness distribution, which may be beneficial for achieving both good edge quality and
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resistance to crack initiation.

Themicrohardness profiles measured with the FutDeeh FM700 hardness
tester further emphasize how purtokdie clearance influences deformatiowluced
hardening in both the burnish and fracture zones of the sheared edge. In the burnish zone
(Figure4.26), the hardness values near the edge were consistently higher than the bulk
hardness, indicating severe plastic deformation in this area. The highest hardness levels,
close to 390 HV, appeared at the smallest distances from the edge for the largest
clearares (30% and 40%). These values gradually decreased with increasing distance
from the edge, stabilizing around approximately 325 HV beyond roughlyi 2600 pm.
In contrast, smaller clearances (4% and 10%) resulted in lower peak hardness near the
edge (~36i 360 HV), with a quicker decline toward the bulk hardness. This shows that
larger clearances lead to more intense strain hardening in the burnish zone, though with a
broader and less uniform distribution.

In the fracture zond={gure4.27), a similar trend was observed, although the
overall hardness values were generally lower than in the burnish zone. The highest
hardness levels near the edggre observed at large clearances (30% and 40%),
exceeding370HYV in some areas. These hardness levels decreased more gradually with
distance, indicating that fracture at high clearances cautsspar, more penetrating

strain gradient. Conversely, at smaller clearandek0s), the fracture zone showed
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lower hardnes§~320 HV at the edge), with only a slight gradient toward the. Auik
softening at low clearance may be due to the predominance of plastic compression and
uniform deformation rather than localizedrdeningrom burr breakage, ascussed
further.

Together, these findings support the fact that clearance has a significant influence
on the mechanical state of the sheared edge. Small clearances promote uniform
deformation with minimal edge hardening, while large clearances lead to concentrated

strain fardening that extends further into both the burnish and fracture zones.
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Figure4.26. Microhardness profile in the burnish zone for differimiming clearances.

107



380

370

360

350

340

330

Microhardness (HV)

320

310

300

"k'40%

@ --30%
\ -=-20%
\ >17%

0

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600

Distance from the sheared edge (pm)

Figure4.27. Microhardness profile in thieacturezone for differentrimming clearances.

4.8. Correlation Between Microhardness and Strain Level

A novel method was developed to estimate local equivalent stress and strain

levels based on measured Vickers microhardness values. This corretatibes

guantification of deformation histories in specific regions, such as sheared edges, where

direct strain measurement is challenging. To establish this relatio&8hspquential

rolling operations were performed on DP9BBteel samples, each resultingam

incremental thickness reduction of about 0.1 rRor. DP9801, the initial sheet

thicknessto, was 1.45 mmgorresponding to zero psgrain, and the rolling process was

continued until the minimum thickness of 0.24 mm was reached

Assuming the+value of material is equal to onbetequivalentrue strain level
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for thei™ thickness &, was calculated usingquation(4.1) as follows:

C el 41
Mo p8 v *.)

Whereti is the current sheet thickness after rolling, this equation, derived from
volume constancy and the assumption of plstn@n deformatiomn rolling operationis
explained in more detail in Sectiéril.7.3 The rolled specimens were sectioned,
mounted, and polishednd the Vickers microhardness measurements were undertaken
using a Wilson VH3100 automated tester. For each strain level, five indentations were
performed to ensure statistical reliability. The measured average microhardness and

corresponding standard deviations are summarizédhie4.4.

Table4.4. Microhardness and strain levels of rolled DP98@amples.

Thickness mm True strain ] Average Std. deviation
level Microhardness, HV
1.45 0 329 8
13 0.086 340 12.1
1.2 0.18 355 7.1
11 0.28 376 4.9
1 0.39 380 9.7
0.9 0.51 368 5.4
0.8 0.65 391 4.3
0.7 0.82 395 6
0.6 0.99 401 8.5
0.5 1.19 417 3.9
0.4 1.45 426 9.1
0.29 1.86 431 7.2
0.24 2.04 435 12.6
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The correlation between average microhardness and strain level is illustrated in
Figure4.28. The measured data (blue line with error bars) show a general increase in
hardness with increasing strain, consistent widstrainrhardening behavior of dual
phase steels. A secondder polynomial trendline (red dashed curve) was fitted to the
data,resulting inthe regressioiquation(4.2):

HV=1 22.69% + 93.520+ 336.84 (4.2)

With a strong positive correlation between hardness and strain level up to

approximately 2.0. Despite local variaticm®und B-0.5 strain, the overall trend

reflects continuous workardening throughout the rolling process.
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Figure4.28. Measured HV Microhardness versus true strain level for rolled samples of

DP9801.

This empirical relationship enables an indirect estimate of plastic strain from

hardness measurements at any location, especially along sheared or deformed regions of
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trimmed edges. Once the strain level is obtained from microhardness, the corresponding
equivalent stress can be calculated using the trueisttessa curve of the material,

allowing for a complete reconstruction of the local sirssain state. This miedd offers

a valuable tool for validating numerical simulations, assessing localized deformation in
high-strain areas, and evaluating material response near fracture or-tgitve

zones in advanced higgtrength steels.

4.9. Punching Operation

In addition to the trimming, punching experimewereperformedon DP98G1
and DP98 sheemmaterials using a 10 mm punch aswldifferent die diameters to
provide clearances of 6, 10, 17, 24, 84d 46 % of the sheet thickne8sschematic of

the punchingprocesses employed in this study was shown earliegurel.11 (b).

4.10. Influence ofPunchingClearance orthearedEdgeQuality

Similarly, the holepunched specimens were measured for rollover, byraunsh
burr heightsAs shown inFigure4.29, each punched spemen was divided inteight
zonesand averages of these eight zones are reported as the height or depth of each edge
feature. |ach zone was phographed under the microscoped the burnish and fracture
heightweremeasured by pixel counting. The thickness and burr heiglemeasured by
a Mitutoyo PMU15025MX sheet metal micrometer with a detypoated frame. The

difference between the thicknesses at the edge measured by the microsdppthand
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micrometer was taken #se rollover length.

Rolling
Direction

Figure4.29. Measurement locations on the punched hole and locations of RD and TD
crosssection samples

Figure4.30 shows the results of punchingxperimentexpressing the effect of
punching clearance on the depth of rollover, burnish, and fracture, amdethe height
of theburr for DP9861. Also, the crosssections of the sheared edge in transverse and

rolling directions for DP98Q after the hole punching are showrFigure4.31.
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Figure4.30. The effect of punching clearance on fieared edge features of punched
DP9801.
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Figure4.31. The crosssection of punched DP98Dsheet material in the transverse and
rolling directions for various punching clearances

A stacked area chart thesheared edgeatures of DP98@, showing change®
the punching clearanc¢és depicted irFigure4.32, andcorrespondingrosssection

images in rolling and transverse directions are shoviAigare4.33 as well.

Figure4.32. The effect of punching clearance on the sheadegg features of punched
DP98062.
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