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Abstract

Extended Experimental and Numerical Study to Improve the
Blanking Process in Terms of Wear Resistance of the Tool and

Product Quality

Mahmod Gomah
Ph.D., Department of Mechanical and Aeronautical Engineering
Thesis Supervisorssoc. Prof. Dr Murat DEMIRAL

The shearing processes including sheet metal blanking have been widely used in the
industry to manufacture work pieces for industrial, comnaérand experimental
purposeslin order to understand the underlying physics of the blanking process,
specifically the tool wear and the surface finish of the samples with blaug
features such as the amount of roll over, and the extent of the bdramie and the
fracture zone various tests were conducted using A36 steel alloy sheet. The
experiments are performed for different blanking clearances (2% and 15%), punch tip
geometries (flat, concave, shear, concave shear, asfieat faces) including the
novel flatface centepoint punches with various corner radius values (0.001 mm,
0.01 mm, 0.1 mm, and 0.2 mm), temperatur
coating typesTiN, TiSiN, AICrN, CrN andAITiN, contact conditiongi= 0.1 to 0.6),

and specific tool type: polycrystalline diamond compact punch. Scanning Electron
Microscopy(SEM) was used for microanalysis, conducted at the Institute of Materials
Science and Nanotechnology (UNAM), Bilkent University.

Prediction of the product quality isiportant for investigating the blanking process,
process development innovation, and optimization. Consequently, a validated
numerical model of this process is expected to have great value; therefore, after the
experimental study, a detailed finite elemerdel has been developed. The Johnson
Cook material model and its complementary damage model was used to represent the
behavior of the sheet material, where the material constants available in the literature
were used. The simulations were performed gisicommercially available
Abaqus/Explicit in a quasstatic manner. A reasonably good agreement between the

tests and simulations has been obtained. It was found that the clearance between



punch and the die, geometry of the tool tip, corner radius of timehp initial
temperature of the sheet strongly affects the process a clearance of 2%, corner radius
between 0.01 mm and 0.02 mm and an initial temperature 3 400the samples,

were considered as optimum process values. Experiments show that théatovel
faced centepoint punch was not a promising alternative to the blanking process. It
was also observed that the tool with AICrN coating and the PDC cutter show the best

performance to minimize the wear on the tool surface.

Keywords: Blanking process, Wear resistance, Clearance, PVD coating.
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Ayérma i1 Kleminin kesici takéema ai
numune kalitesi bakéméndan deney:
gel i ktiril mesi

Mahmod Gomah

Tez Danékmaneéeé: Do- . Dr . Mur at DEMI RAL
Sa- met al kesme i1kl emleri ayérma da dahi
ama-1| ar I -in yaygénAyelramaa ki kKR welmli aan &l naal ki tte

anlamak icin, ozellikle kesici uctakikae nma ve numunel erin yg¢
ayréelan b°l geye ait yuvarl anma b°l gesi,
b°l gesi 36A -elik alakéemlé | evha kull ane
Deneyl er, farkI|l & ay 8 delgiauc deamettilerikKdlzaichekey( % 2

kesme, icbikey kesmevekre s me vy ¢zl eri ) d¢z yeéezl ¢ orta

czere, del gi k°ke yaré-ap dejerleri (0. O
(25¢C, 100¢eC, 160eC ve (BNUSNACNEMNDE kapl a
Al Ti N), temas -Robularase) (©@e=po0] 1lkristali
kull anél arak yapél méktér. Mikroanaliz - al
ve Nanoteknol oj i Enstit ¢s ¢ 'ikroskebu (SEMY A M) T
kull anél arak yapél mékteéer .

i réen °zelliklerinin tahmin edil mesi, ayeért
optimizasyonu ger-eklexktirmek i-in ©°neml
bir sayeésal model i milmMmalsg&y Jpke khierni d e] érod as
-al ekxmal ardan sonr a, sayeésal arakter ma
geliktiril-Qoewki mMmal 2emesanrodel i ve tamaml
l'iTteratg¢rde mevcut ol an mall zzeenmeen | sna bdi at vl rea
model |l enmi stir. Sim¢gl asyonl ar Abaqgqus /
kull anélarak yaré statik bir kKekil de ge
arasénda benzerlik elde edil miktiun. Zémb

geometrisi, takém Kk°ke yar é-ape Ve t at



parametreler ol duju g°r¢l megkt r. %2 ayeéer
k°ke yarée-apé ve 400A numune sécakl éejé of

Deneylerde,diy ¢ z1 ¢ mer kez noktal é kesici al etir
ol madejé sonucuna vareéel méxteér. Al Cr N ka
yézeyindeki akénmayeé en aza indirerek iy
AnahtarK el i mel er: Ayér ma prosesi; AkKkénma dir

Sonlu elemanlar yontemi
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NOMENCLATURE

$ Punch diameter
$ Die diameter
2 Punch corner radius
2 Die corner radius
4 Mel ting temperature ( )
4 Room temperature ( )
44 Homologous temperature
HER He Expansion Ratio
E Thermal Conductivity
$ Fracture parameter (JohnsGook fracture equation)
$ Fracture parameter (JohnsGook fractureequation)
$ Fracture parameter (Johns@ook fracture equation)
$ Fracture parameter (Johns@Gook fracture equation)
$ Fracture parameter (Johns@Gook fracture equation)
YR Increment of the equivalent plastic strain
R Equivalent plastic strain (Johns@wook constrictive model)
R Equivalent strain to frdaare
R True fracture strain measured from a smooth specimen test
R Void nucleation strain
Re Dimensionless plastic strain rate
R Equivalent strain to fracture (Johns@ook fracture model)
R Discrete value of the strain ratel(s
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Discret value of the dimensionless strain rate
Stress triaxiality
Stress triaxiality of the original specimen
Stress triaxiality of the specimeftex fracture
Lode angle
Adjusted variable
Normalized third stress invariant (MPa)
von Mises flow stress (Johns@ook constrictive model)
Ratio of the average of the three normal stresses
Finite element analysis
Finite element method
Two dimensional
Three dimensional
Specific heat capacity
Critical damping
State variable idluctile criterion
State variable in shear criterion
Maximum shear stress

Yield stress at the onset of damage
Shear stress ratio
Passionds ratio
Shear stress

Displacements

Element strain increments

Material parameter

Domain of elements
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Stress

Density

Stress triaxiality

Effective displacement at complete failure

Relative to the effective displacement at damage initiation
Displacement

Time increment

Von Misesequivalent stress

Pressure stress

Vector of externally applied force

Authentic exterior and outward area

Defects outward and exterior area
Current and effective dilatational wave speed of the mater

Damage evolutiorariable
Strain

Elastic modulus
Force

Shear modulus

Vector of internal element forces
Master stiffness matrix

Eccentricity parameter
Characteristic length of the element
Bulk mass matrix

Lumping matrix

. odedegree of freedom velocities
Equivalent plastic strain rate
Velocity field

Effective plastic displacement

Effective plastic displacement at failure

Effective plastic strain
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Py
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Equivalent plastic strains are at the onsatashage
Equivalent plastic strain in shear criterion

Equivalent plastic strain at failure (when the D=1)

Equivalent plastic strain in ductile criterion

Equivalent plastic strain at the onset of damage

Original thickness of theohesive element
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INTRODUCTION



1.1 Background

Some sheet metal formation processes including stamping, blanking, and bending
are generally required for manufacturing metal sheets. These processes are
normally combinations of several processes, which are used to make metal sheets
or sheet parts. Pidrng as well as blanking are shearing procedures, which shear
the input sheet materials and convert them into the required shape. During the
blanking process, removed material pieces are the desired outcome, and during
piercing, removed materials are comsiell as scrap, and the residual strip part is

the product, which is illustrated in Fig.1.1. The current study is significant because

it interchangeably uses piercing and blanking processes because both the methods
process the material through similar plegsiprocedures. During blanking, a
metal sheet severely deforms because the sheet metal shearing/separation results

in slug formation.

Starting stock produced by |
shearing operation from a
big metal sheet

N\'\
~
“' | Washer
-"'.AJH

-

- g:)
‘\1| Scrap }/
. . g
- .
Blanking Punching

Figure 1.1: Differences between blanking and piercing

The next Fig.1.2 is the schematic diagram of blanking. When the blanking process
is carried out, a stripper plate (blank holder) holds the metal sheet applying force

denoted ad-. The sheet material, which lies between the die and the punch



deforms to a grat extent. In this case, the punch penetrates sheet material at a
certain velocity denoted as. The mentioned stripper plate removes the slug

from the punch when the punch moves upwards.

F

¥

clerance
—ip]

D4

Figure 1.2: Schematic diagram of the blanking tool setup
1.1.1 Blanking Process

Blanking includes many phases, during which, sheet metal becomes deformed and

separated, which is illustrated in Fig. 1.3.

Contact with the punch: First, the punch touches fixed sheet. On the point of

impact, compressive stress imiiegely develops, which sends a shock wave.

Plastic and elastic deformation:When the punch penetrates a sheet, it initially
causes elasticity and later, it results in plastic deformation.

Crack formation and shearing: The increase in stresses leadsieesing, which
results in formation of a fracture. A fracture starts from a sheet's die end and the
punch end. When both of them meet, a complete fracture occurs in a metal sheet.



Breakthrough: Whenever a sheet material is either thick or strong, theipign
process needs more force. When the fracture or sheer processes occur, at that time,
the tool has compressive forces. A complete fracture means comprehensive
forces' instantaneous release, which generates a shock that sometimes breaks the

punch.

Strip ping: When the punch moves towards the bottom, it rejects the slug/part. On
the bottom dead center, the punch motion and direction reverses. Some friction
takes place between the punch surface and the stock that lifts the sheet with the

punch. A blank holdr/stripper strips blank from a punch.

a) Contact between the punch and the sheet b) Slight bending at the early
stages of deformation c) Plastic deformation and crack formation d)

Breakthrough e) Stripping

Figure 1.3: Phases of the blanking procestifr Handbook, 1998]

1.1.2 Forces and stresses

It is a fact that the cutting force is not linearly applied along the cutting edge but
horizontal and vertical forcé® and™O apply in a small area, which is located
closer to the cutting edge. It is illustrated in Eig. Bhese compressive forcase
nonuniformly distributed. The distance betwéénand™O is |, which means that

the bending has to be compensated for through a celbereling that is generated

as a consequence of bending and normal horizontal stresses between the tool and
the work piece. The figure depicts that the resulting frictional forces a pnd

K. "0, which increase the overall blanking force. For further investigation of the



blanking process, the changes in the blanking force should be monitored because
duringthe cutting process, this force changes the punch entry time, displacement,

or angle of the crack.

Figurel .: Stressei blanking

1.1.3 Characteristics of the part edge

A blanked/sheared edge has many zones of material deformation. These

deformationmodes or zones are shown in Fig. 1.5.
1 Rollover zone @ ): It forms as a consequence of plastic material deformation.

1 Shear zoned) ): It consists of a shiny and smooth segment that forms because

of shearing.

1 Rupture/Fracture zon&)(): It is a rough area that forms after the formation of

material cracks.
9 Burr zone @ ): It forms after plastic deformation.

1 Depth of crack penetratioi®( ): It is an angle formed in the fracture zone, and

its degree depends on clearance.

1 Secondary shear: This situation emerges when the cracks do not move and

rupture the sheet ithhe direction of each other, so, secondary shear takes place.



The ratio between different zones is influenced by parameters such asdseinch
clearance, punch corner radius and sheet material properties. A large shear zone
and small rollover and burr aremerally desirable in the blanked part for post
processes like assembly and flanging. Punch/Die Wear affect the quality of
blanked edge as it has impact on the die corner radius and-gienclearance.

The punch and die wear are influenced by the blankintpe sheet material,

coating, die/punch material, punch geometry and corner radius of the die/punch.

Clearance Clearance
> - > -

Fractured
Blankholder zone

Sheet

cross-sectional view

Rollover

/ T Roll over zone (Z,)
Shear zome (£;)

Blank / Part 2

/// Fracture zone (Zy)
¥ _

\u_T_Burr zone (Zp)

Depth of the crack
penetration (Dep)

Figure 1.5: Different zones of blanked part edge



1.2 Aims and objectives

There are two fundamental objectives of this study:
1. Improve the purigdie life
2. Improve the blank edge quality of the parts

These objectives can be fulfilled by using two important approaches: (i) design

approach (ii) material approach.

The materials used to manufacture die and punch are very significant because they
have a definitive impact on the wear; therefore, the most feasible die and punch
coating and material help minimizing the wear. Additionally, the researchers
applied different process designs, which can help improving the life of the tool,
the current stugldiscusses desigiocused tool wear minimization. Another aim

is to develop a verified and accurate numerical model for predicting the properties

of products, which undergo blanking process.



1.3 Methodology

This research presents systematic experimental and numerical analyses of the
blanking process. The following methodologies have been implemented

throughout the thesis.

1 Performing several blanking experiments with different process
parameters to identifyre significant ones, which have a definitive impact
on the die/punch life as well as the quality of the blanked edge. Also,
various coatings for the tool tip and different cutters have been used to
evaluate their performances.

1 Developing the FE model ohé blanking process with correct material
model and data to accurately represent the experiments. After calibrating
and validating the model, the underlying physics of the tool wear and
surface finish have been investigated, which could not be performed
during the experiments. This is followed by identifying the optimized

process values.

This thesis has been organized as follows: Literature survey about thelamgle
joint has been presented in Chapter 2. Description of the materials used in the
experimets and relevant experimental studies have been given in Chapter 3.
Chapter 4lescribes the Finite Element Method (FEM) including the explicit time
integration scheme and different damage models followed by the details of the
developed numerical model. Im@pter5, the validation of numerical model has
been proved after comparing the results with the experimental data. Some critical
results are also discussed in this chapter. The thesis ends with some concluding

remarks, which are mentioned in Chager



LITERATURE REVIEW



2.1 Fundamentals of blankingi the impact of various process

parameters on quality of blanked edge and punch life
2.1.1 The impact of punchkdie clearance

In general, whenever clearance increases between die and punch, the roll over and
fracture zones, burr and fracture angle increase, and the shear zone reduces.
Insufficient clearance produces secondary shear i.e. the cracks originating at the
punch and diglo not meet; so, the material is further stressed to its shear limit
that uses more energy. Excessive clearance causes large plastic deformation, large
burr and high fracture angle. Furthermore, improper clearance reduces the tool
life. Some research stig$ were conducted to study the impact of pudieh
clearance on punch life and part edge quality. These studies are mentioned below.
Husson et al. [2008] studied blanking simulations by applying them on a 0.58mm
thick copper alloy. Later, they obtainedethesults for comparing them to the
experimental outcomes. They studied the impact of pdlieltlearance on part

edge quality within the range 15um (2.5%0)0um (19%) during blanking holes

of 3.5mm diameter. The FE simulations show that the shear edgjeeardlover

boost while fractured edge reduces when blanking clearance is increased. It is
shown in Fig.2.1. The fracture angle significantly increases with increasing

clearance.
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Figure 2.1: Effect of blanking clearance on part edge as predictedfinsiag

element simulations on 0.58mm Cu alloy [Husson et al, 2008]
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Figure 2.2: Effect of blanking clearance on part edge in DP590 steel having
1.4mm thickness [Wiedenmann et al, 2009]



Wiedenmanret al. [2009] studied blanking process for 1.4 mm thick DP590. They
assessed the impact of clearance on the part edge qualitg0%#o while
blanking holes of 10 mm diameter. They found that the fracture and the roll over
increase with more clearance awmide versa. It is shown in Figure 3.2. The
findings of Grinbaum et al. [1996] endorse the findings of Weidenmann et al.
[2009] when they blanked low and high carbon steel alloys and metals such as
aluminum, copper, and brass (sheet thickness: Z3%0). Trey blanked 12.7 mm
holes. The velocities of blanking ranged from 6316 m/s. The shear zone length
reduced when clearance increased for all the studied materials mentioned before.
The results are illustrated in Fig. 2.3. It was noticed that some msigeed more
sensitive than others as far as pudahclearance was concerned. The tests were
conducted at different blanking velocities. The shear length increases with rising

blanking velocity for all materials, but it significantly increases for copper.

. —e—Ilow carbon steel
—a—low carbon steel T —a— high strength steel
—o—high h steel | b —a— M 2008 —
s Al 2008 e —s-- Copper 110
\--‘__h_h .- Copper 110 T
~— T
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:'; 1I0 1.5 2I0 25 5 1;3 1:’) ZIO 25
punch-die clearance [%)] punch-die clearance [%]
Figure 2.3: Puncldie clearance impact on shear edge length in case of varying

blanking velocities [Griinbaum et al, 1996]

Bell [2006], in his investigative study, used 1400MPa sheet with 1 mm thickness,
and blanked it with PM 4% V, 60 HRC punch at 6%%land 14% clearances.

The measurement of the punch wear was done 200,000 strokes. The experiment
showed that the lower clearance resulted in galling and the higher resulted in
bending stress of the cutting edge that further increased the danger of edge
chipping. In this situation, an optimum clearance point exists between both, at

which, tool wear is lower (Fig.2.4).
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Figure 2.4: The impact of punahe clearance on the wear of the tool [Bell
2006]

2.1.2 The impact of punchkcorner radius [Picas, 2010]

The punchkcorner radius as well as clearance has a definitive impact on punch
wear and stress. Picas et al. [2010] conducted an experimental study on blank
material DP1000 with 2mm thickness. Punch material was cast steel (D2)
tempered and hardened to-6DPHRC. The simulations indicated that the punch
corner radius had a dominant impact on Von Mises stress as compared to the
impact of clearance. The maximum stresses on the punch show a decrease of
500MPa as corner radius is raised from 0.01 to 0.1mm, whilea reduction of

about 50MPa was noticed when the clearance was increased from 10% to 20%. It
is illustrated in Fig.2.5a while Fig. 2.5b illustrates the fact that the punching load
does not significantly change with change in the corner radius. Expésisteow

that the punch works only for a few hundred strokes before showing the first signs
of wear and 3000 strokes before the fracture while the corner radius was 0.01 mm.
The punch with 0.1 mm corner radius that worked for 15,000 strokes without
showingany signs of damage whereas 30,000 strokes showed some wear and

chipping on the edge.
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0.1- and 0.01 mm corner radii (b) Experimental laisiplacement diagram at

corner radiu®.1mm and 0.01 mm [Picas et al, 2010]

The effect of having a very large punch corner radius on the blanked edge

guality isn't discussed.
2.1.3 Press stability and reverse loading

Stability of the press, tools and punches plays a very important roleofonged

useful life of a tool and good component quality. There are several reasons that
can lead to press and tooling deflections, some of which are (i) uneven blanking
loads (i) inaccurate guiding systems (iii) reverse loading during blanking. Jimma
etal. (1990) have looked into the relation between press rigidity and part quality
during highspeed blanking. Behrens et al (2010) have considered machine
properties for sheet forming simulations to couple with the press performance
during the sheet formgprocess. Groche et al. (2007) have described a process
for generating numerical models to make machines, and illustrated processes for
experimental machine parameters, which can be utlized for numerical

simulations.

Snapthru or reverse loading is amhetr important factor that contributes to the life

of the press, tools and punches. Stiap forces are evident while blanking thick



or very strong materials. During blanking, some portion of the material is sheared,
and the rest is fractured. The frachgihappens much faster than shearing, and
there is a significant reverse tonnage at the end of the fracture on the press. The

press components reach their maximum deflection just before fracture.

After fracture, the press components spring back to thiginal shape at a very

high velocity and there is a sudden release of energy. The ram is accelerated to a
high speed. The drive train of the press has clearances around every moving
component. When the clearances reverse, the ram stops suddenly exp#nding
the energy and sending a shockwave. The press deflects in the opposite direction
when the forward tonnage is developed. The ghap forces are also called
reverse tonnage. The reverse tonnage can go as high as 50% or more in case of

very strong matéals, which are shown in Fig.2.6.
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Punch staggering, nitrogen cushion cylinders and hydraulic dampers are some of
the commonly used solutions, which are used to address the proldeaptiru;
however, nitrogen cylinders and hydraulic dampers are not viable solutions during

high speed blanking, since they cannot operate at high speeds.

2.1.4 Effect of stripper pressure on blanked edge quality of thin parts

Very little data is available in the literature on the effect of stripper pressure on
blanked part quality. Stripper plate primarily helps the punch withdrawal from the
sheet, and ab helps holding thin sheets during the blanking process. It plays an
important role for changing the patterns of stress and the fracture path. Using a
spring stripper for cutting sheet metal has been experimentally studied by Bing &
Wallbank (2008). Thie findings are as follows:

1. Utilizing spring stripper lowers the burr height on the cut edge. It reduced by
twice in some places and reduced secondary shear on the external edge.

2. This process is managed with the help of sprung stripper holdeliseaditg

prevention devices.

3. Horizontal burr formation is possible on the return stroke, and that happens in
case the sprung stripper is utilized. This happens when the strip is pulled from
above with a friction from a withdrawing punch while the biglikept flat with

the help of a stripper. It results in the misalignment of the die, and the emergence

of lateral unbalanced force.

4. The average height of burr varies near the hole, and the same applies to the
readings of burr height. This does not depen the stripper type. Jimma et al.
(1990) studied various factors that affect the dimensional accuracy of lead frames.
Some of them are (i) mechanical properties of the strip (ii) static and dynamic
accuracy of press and blanking tools (iii) accuracyeef (iv) slenderness of

punch (v) tool wear (vi) lubricant used (vii) blanking speed (viii) shagtding



force (ix) order of progression (x) shape of the curved lead frames (xi) ratio of

length and width to thickness of leads.
2.1.5 Different Punch Mateials and Coatings Used in Blanking.

The punch materials and coatings used in blanking depend largely on the sheet
material and the expected tool life.

Steels
According to Sandberg (2004), some of the tool steels are:

AISI D2 i high carbon/chromium tdcsteel with high quantity of chromium
carbides (13%), and a hardness potential @Bb$RC after secondary hardening

AISI S71 shock steel with exceptional impact properties. It is widely used for

mediumrun cold work tools.

Carmo/Calmax the first gmeration of car body die steels with a pure martensitic
matrix structure. It has optimized profile in terms of wear, ductility, weldability
and induction hardening. 58 HRC is the potential hardness after low temperature
tempering.

Diemaxi new developed atrix steel with an optimal combination of ductility,
hardening and temper resistance at hardness up-58 $¥RC. Hardening is

possible through high temperature tempering, which facilitates surface coating.

Caldiei new car body die steel developed fram old grade Carmo but it has
high temperature tempering facilities providing a hardness-6289RC and still
maintaining a very good ductility and temper resistance. It is suitable for surface

coating.

Sleipneri the development of AISI A2 and D2 imped ductility as compared
to D2 because of less quantity of chromium carbides 6% vs.13% (D2) and higher
hardness potential, 64 HRC vs. 61 HRC (A2/D2) after secondary hardening.



Rolteci a spray formed grade in between PM and conventional cold work steels.
It is steel that has substantial ductility and abrasive wear resistance, and besides,

its hardness potential can be up to 65 HRC.
Some of the other commonly used tool steels for blanking are:

AISI M2 - provides properties such as toughness, compressesggth and wear

resistance. These properties make it better than most of the other alloys.

CPM M4 - appropriate choice with greater vanadium content, and HSS, which
exhibit improved toughness and wear resistance as compared to M3 as well as M2

for coldwork punch, die insert and lighter higpeed light cutters.

Powder metallurgy (PM), Cermets and Ceramics

PM [Sandberg, 2004]

Vanadis4 - PM steel sheets assure excellent ductility and wear resistance in

tools, which are developed for top performance.

Vanadis 4 Extrd An optimal combination of ductility, wear resistance, mixed
abrasiveness and adhesiveness for all PM cold work steels.

Vanadis 6 PM steel with better abrasive wear resistance than Vanadis 4 Extra.

Vanadis 10" a high vanadium alloy with PM grade that offers both high

ductility and abrasive wear resistance.

Vancron401i a nitrogen alloyed PM steel with very good Hriction properties

for excellent galling and adhesive wear resistance.

Cermets / Cemented Carbides

They are popular composites, which are added to several wear applications
because they offer high strgth, toughness and wear resistance [Klassen 2011]
TiC - TiCs and their cermets (including Ni alloys/steel binders) are successfully
applied in situations requiring strength, more adhesive wear resistance, high weld

ability and high oxidation resistandélgssen 2011].

MYy



When metals such as nickel, copper, and iron are machined, the cemented carbide
wear is generally fast because cobalt, nickel or copper, which exist in cemented

carbide, result in quick cement carbide deterioration [Misumi Tech Central].

Ceramics

Advanced ceramics need certain properties such as fracture resistance/toughness,
strength, appropriategrain size, and minimum porosity because their utilization is
mainly in corrosive and damaging environments.TAP (yttriatetragonal
zirconia pdycrystal) is a zirconialloyed ceramic, which is used for some
punching applications. Although it has great wear resistance, it is not very
commonly used in metal forming applications because it is very inappropriate for
bending. A comparison between thear characteristics of the tools is conducted

by Uddeholm, which has been illustrated in Fig.2.7.
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Figure 2.7: Tool Material Characteristics by Béhler Uddeholm [Bell, 2006]

Surface Treatments and Coatings

The common surface treatment processes include
(i) Nitriding

(i) Physical Vapor Deposition (PVD)

M ¢



(iif) Chemical Vapor Deposition (CVD)
(iv) Thermal Diffusion (TD)

CVD and TD are used mainly in those applications, in which, high precision is

not needed.

Since the temperature is high during @ssing, naturally there is a change in size
and distortion. PVD has lower processing temperatures; hence it can
accommodate more precision during tooling. Some of the coatings, which are
commonly used in metal forming tools, are TiN, TiC, TiCN, TiAIN TiCrN

Al Cr N, and CrN. MoOSTE is a PVD solid
sulfur and molybdenum [Dayton Progress]. It should be understood that not all
coatings go well with all tool materials in terms of coating adhesion. Similarly,

surface treatmentre not recommended for all the tool manufacturing materials.

2.2 Environment Friendly Metal Forming Tribo Systems [Bay,
2010]

Many punch manufacturing alloys as well as coatings, which are applied-to dry
blank electrical steel sheets, were used for conducting experiments and
investigations. It was found that the insulating glass coatings result in extra wear.
Moreover, PM High Sped Steel (HSS) and AISI D2 punches were tested using
PVD coating using diamonlike carbon, DLC metal containing, Electro
discharge Coating (EDC) add E Fhese coatings increase/increment punch life
almost three times. When EDC combines with AISI D2 geyuc treatment, it

can extend the tool life up to nine times. Another relevant blanking investigation
on layered steel shows that the PM HSS and TI@ICrN, \ and TiAIN + WC/C
carbide coating extended the tool life, but the best performance combinaiso

PM\ HSS +\ AICrN. In addition, the results &f E #punch coating in case of Al
sheet perforation extends the life of the tool by 10 times becausapigduces,

and wear resistance increases. According to a report by Oerlikon Balzers, the



punch cating using AICrN extends tool life by approximately 3 times as

compared to TICN and TiN coating.

2.3 Improving tool wear resistance for stamping purpose
(Straffelini, 2010)

Various tool materials and coatings were evaluated. The correlation between burr
height and tool wear was first established in a study conducted by Straffelini
(2010). Various tool materials and treatments/coatings are evaluated based on the
burr height. The blank is 2.2mm thick, while it is made using cold rolled strip
subjected to gheroidisation annealing. Its chemical composition is: 0.7% Mn,
0.7% C, and 0.2% Si. Fig.2.8a and 2.8b show the part's shape and the tools. Fig.2.8
¢ shows the burr height for various tool materials and hence, their performances
as well. S390 is a PM HS$®om Uddeholm, QTC and QCT are two different
cryogenic treatments on the S390 steel. Hard metals are carbide and Ceratizit
H40S\ AICrN is PVD coated on S390 steel by Oerlikon Balzers Italy. From this
graph, it can be seen than S390 witH ah # @6 $oatirg is the best performer

followed by the ceramic.
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Figure 2.8: (a) Part formed (b) Tools used in the experiment (c) Burr height

measured for various tool materials/treatments/coatings (Straffelini, 2010)



2.4 Punch Failure Mechanisms

Punch failure has the following forms:
Wear

Wear means solid surface damage/s, which results in losing material
displacement. Wear takes place when a continuous sliding contact occurs between
a tool and a work piece. In l@der terms, wear has two types [Uddeholm and
SSAB 2008; ASTM G40 2005]:

1. Abrasive wear takes place, when tough particles/specs come in contact and

cause friction with a solid surface.

2. Adhesive wear takes place when local bonding between any twactiogt
solids results in transferring material/s, which might result in wear/damage to a

single or both the surfaces.

Flank/side wear [Luo, 1999]

This kind of wear takes place on punch sides, which result in partially wearing
out the punch. The mentionsdie wear generally takes place because adhesive,
fatigue, and abrasive wears combine, which further results in reducing the inner
diameter of punched holes and increasing thgdiech clearance. Moreover, this
kind of deformation does not increase thavdrin edge of a worpiece while

shearing.

Face wear [Luo, 1999]

In this case, the punch face gets worn out that rounds punch edges. Its possible
causes include "microhipping” and mechanical attrition. It decreases the punch
sharpness whilshearing and acts as deformation enhancer to a punched work
piece. In addition, it is observed that this form of wear causes larger burrs and

raises the noise level in the press. Fig.2.9 illustrates flank and face punch wear.
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Figure 2.9: Schematic illusttion of flank and face wear in punch
[Hernandez et al, 2006]

Chippin

This kind of appearance on a punch means existence of-onigsbes, breakages,

and segmentation in the edges. Chipping emerges as a consequence of repeated
impact load/thermal sh&c When there is excessive roughness on the punch
surface, chipping takes place quite naturally [Luo, 1999]. Chipping takes place as

a direct consequence of stresses, which exceed a tool's fatigue strength [Uddeholm

and SSAB 2008]. Fig.2.10 shows image<bipping on the cutting edge of the

punch.

Figure 2.10: Chipping wear seen on punch cutting edge [Luo, 1999],
[Uddeholm and SSAB 2008]



Cracking [Luo, 1999]

It emerges when several miecoacks appear on the punch edge as illustrated in
Fig. 2.11. Theyappear under excessive mechanical/thermal fatigue while
shearing. The cracks continue lengthening if shearing continues, and the edges of

the punch show chipping or a major fracture.

Figure 2.11: Cracking as seen on the punch surface [Luo, 1999]

Gross fracture [Luo, 1999]

Gross/ macro fractures appear on the surface of the punch, which are illustrated
in Fig.2.12. It is obvious that the fatigue failure causes beach markings, which
grow cyclically. In addition, chipping or cracks might also catlse type of

fracture in the shearing process.

Figure 2.12: Gross Fracture on punch [Luo, 1999]



Galling [Uddeholm and SSAB 2008]

Galling/pickup is a direct consequence of substantial frictional forces, which
cause sliding contact while the work pieseatdhesive nature in nature as shown

in Fig. 2.13. This process is almost like adhesive wear.

Figure 2.13: Galling on punch face [Uddeholm and SSAB 2008]

2.5 Factors affecting tool wear and galling [Billur, 2009]

Contact Pressure

All failure types can be avoided by reducing the contact pressure. The contact
pressure between the punch and the sheet during blanking depends on (i) sheet
material (ii) punchdie clearance, (iii) punch corner radii, and (iv) profile

blanking.

Surface Quality

Despte the fact that the tool surface is quite smoother as compared to the sheet
surface, galling affects the surface quality of a tool. When the tool surface is
polished before/coating, it substantially decreases chances of galling. On the other
hand, the sket roughness has minimum impact [Rooij and Schipper 2001].

Tool Material and Coating

When an appropriate material is selected for manufacturing a tool, coating still
plays a critical role to help avoiding galling as well as tool wear. Tougher tool

manugcturing alloys show higher compressiueld strength, so, toughness

Hp



should be chosen as per requirements. Coatings with lower friction coefficient

value should be chosen to coat a tool [Podgornik et al 2006].
Lubrication

Unless there is a solid filnmbricant coating, lubrication is needed to reduce wear
and galling with traditional coatings (CrN or TD). Lubricants improve the tool
performance in processes, which involve high contact pressures and temperatures.
Extreme pressure (EP) additives mightrieguired while manufacturing tools
[Rooij and Schipper 2001; Janoss 2008; Kim et al 2006].

2.6 The impact of tool wear on the quality of edge

Tool wear has a definitive impact on the quality of the part edge because it results
in burr formation and lerigening the burr. Length of burr is in fact a parameter,
through which, managers of the manufacturing industries judge part or surface
quality. Higher burr lengths mean that the tool needs reprocessing for a sharper
die/punch radius. Generally, the impattool wear is clear when the burr length

is higher.

Makich et al. (2008) have mentioned a process for quantifying the burr volume
after the research. This process was utilized for measuring the impact of the tool
wear on burr volume. It is evident frofig.2.14 that the volume of burr initially
increased at a higher pace with large number of strokes. It was followed a constant
increase in burr, and when the strokes were increased, burr again increased. The

pattern of burr formation depends on the kingdluéet material.
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Figure 2.14: Increase in burr volume with strokes as a consequence of
tool wear [Makich et al, 2008]
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Figure 2.15: Effect of sheet material on the burr volume [Makich et al, 2008]

The volume of burr depends on the sheet material, which is blanked. Fig.2.15
shows that some sheet materials generate much less burr as compared to others.
For example, Mat 3 shows 30% reduction in burr as compared to Mat A, even

though, the tool wear exsswhen Mat 3 is blanked.

Tool wear can be estimated in simple ways with the help of FE simulations

through raising the radius of the punch and die corner. The tool wear has a



significant impact on the part edge quality. The tool wear results in formiohg a
lengthening burr as depicted in Fig. 2.16 [Husson et al, 2008]. It is obvious from
the diagram that the tool wear impact is more obvious when the blanking
clearances are higher (Fig.2.16).

Rollover Rollover
Burnish
Burnish
Fracture Fracture
-------------------- SNSRI - |17, FERESGRIG o srrrmmm—
Blanking clearance of 15um Blanking clearance of 15pm
Punch and die comer radii of 10pm Punch and die corner radii of 75um
Rollover Rollover
Burnish
Burnish
Fracture Fracture
""""""""""""""""" Burr ¥
Blanking clearance of 60um Blanking clearance of 60pm
Punch and die comer radii of 10pm Punch and die corner radii of 75um

Figure 2.16: Effect of tool wear and blanking clearance ohguige quality as
predicted by simulations on a 0.58 mm thick Cu alloy [Husson et al, 2008]
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Flanging

There are several factors that affect the flangability of a hole including (i) the
sheet material (ii) punch die clearance used in blanking (iii) tyuzlihe sheared

hole (iv) shape of the punch used in flanging (v) position of the burr during
flanging. A few researchers have researched the influence of blanked edge quality
on Hole Expansion Ratio (HER), which resulted in better understanding of this
phenomenon; however, more research is needed in this area because it is not very
clear how to characterize a blanked edge for flangability. Karelove et al. (2007)
studied the influence of cutting methods on the hole flangability of DP800 and
CP800 steeld=ig. 2.17 shows that wire cutting causes only minor deviations from
the desired hole geometry. The sharp edges created by wire cutting can have a
detrimental effect because they are the possible stress concentrators during the
hole expansion process. Thisenomenon can be explained in another way.
Despite the fact that the wire cutting process is highly accurate, the HER increase
was not significantly higher than the earlier measure for drilled holes. This study
shows strong influence of the hedelge, andhe hole surface quality on the hole

flangability of the material.

Drilling direction ‘

illed hole surface

200pm 0 2004m 0 200pm
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[ Drilling

E m Blanking

DP800 CP800

Figure 2.17: Micrographs of crosgctional area in punched (top) (a),
drilled (b) and wire cut (c) hole of DP800; (bottom) Influence of the hole
edge condition on HER
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Mori et al, (2010)conducted similar studies, in which, secondary smoothing
operation was carried out to improve the hole flangability. DP980 grade material
was used in the mentioned study. The smoothing operation was conducted with a
punch that had a 30° lesser conicallarthan the angle on the flanging punch
(60°). The smoothing load was changed to see its effect on HER. Fig.2.18 shows
the blanked edge after smoothing with different loads where the fractured zone is
smoothed. The difference in smoothing load causesfaraliice in the edge
quality before flanging. This in turn makes a difference in the flangability, which

is shown in Fig.2.19. These experimental studies have shown that the quality of

blanked edge is a significant factor for hflEngability of a material
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Figure 2.18: Smoothed surface, relations between rollover depth
percentage, fractured, smoothed, and burnished surfaces: (a) P=16.2kN;
(b) P=21.8kN; (c) %depth [Mori, 2010]
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Figure. 2.19: Relation between smoothing load and lim#xgansion
ratio (LER) [Mori, 2010]

2.7 Polycrystalline diamond compact (PDC)

Polycrystalline diamond compact (PDC) cutters are very popular in the industries,
which require earth and stone drilling such as oil and gas exploration industry.
Fig.2.20shows PDC cutters. They have very high abrasion resistance, which gives
PDC cutters a technological edge over other drilling devices because they not only
provide efficiency but also provide a leswst option. They consist of a
polycrystalline diamond boredi layer with tungsten carbide substrate, which is a
good combination to carry out hatolperform drilling operations. The bonding
between the two mentioned substances i.e. diamond and tungsten carbide
becomes possible at high temperature and pressuterirsgn procedure. A
polycrystalline diamond layer is formed while carrying out this process, which
createssinteredmaterialh a v i n g demondbotdignmond bond[Valentine
Kanyanta 2014]



PDC cutters might develop a fatigue fracture if they are exgosegeated high

impact load. This fracture stress reduces when the loading cycles increase. These
cracks intermittently develop and grow every time when a successive impact is
applied. These cutters consist of a polycrystalline diamond layer, which has a
tough grained microstructure, which allows higher impact resistance in
comparison with the finely grained variety.

Fig.2.20 illustrates the force trace, which was recorded using a force transducer.
Higher and better wear resistance of tough substancesthem edge over alloys

and ceramics, and it promotes their usage for cutting and grinding applications in
several industries; however, unforeseen breakage and chipping generally result in
primary failure, which limits their use in many applications. lemesal materials,

there is a tradeff between toughness and wear resistance, which is a major
impediment while developing super hard tools for several industries. In fact, it is
desirable for long time but very difficult and challenging in practice both f
manufacturing scientists and engineers, as they want to improve toughness to

reduce chances of fracture without compromising wear resistance.

Figure 2.20: Polycrystalline diamond compact (PDC) cutter
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Figure 2.21: (a) The effect of applied cyeligmpactforce (force transducer
recording) and (b) Force pulse blap. [Valentine Kanyanta 2014]



2.8 Ductile Fracture

2.8.1 Definition and Features of Ductile Fractures

Ductile fractures differ from brittle fractures. A ductile fracturefiailure process

that the material sustains in plastic deformation before it separates into pieces, and
this happens because of an imposed stress at a temperature lower than its melting
temperature [Callister, 2007]. Fig.2.22 illustrates the tensile sitema curves
with/without a significant plastic strains loaded to cause a fracture both for ductile
and brittle materials [Callister, 2007]. Ductile fracture surfaces have special
features that present necking regions with rough and irregular surfaces as
compared to the brittle ones, which are schematically shown in Fig.2.23 [Callister,
2007].

Brittle

Ductile

Stress

Strain

Figure 2.22: Schematic diagram of tensile sts#ssin for both brittle as well as

ductile materials causing fractures [Callister, 2007]
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Figure 2.23: (aYery ductile fracture that causes a specimen to bend over/turn
the neck down. (b) Moderate ductile fracture that causes partial necking. (c)
Brittle fracture with no plastic deformations. [Callister, 2007]

The researchers observed three principal stégesjgh which, a ductile fracture
emerges: The first is nucleation, which is followed by fracture growth, and finally,
coalescence of voids takes place. It is shown in Fig.2.24. Initially, micro voids
nucleate at specific point/s when the interface steésgtes to cause a rupture
[Argon, 1975]. Secondly, the voids grow until the matrix attains a specific plastic
limit because of plastic strain and hyestatic stress [Thomason, 1998]. Thirdly,

the intervoids cause plastic failure across the sheet withins localization
between the voids. Then, it begins to internally neck down between the adjacent
voids [Cottrell, 2012]. These voids further coalesce and the-woidr matrix

cracks wietdlgpead fkmicftaur e on the surface

op
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Figure2.24: Nucleation, growth, and coalescence of voids in ductile

metals: (a) inclusions, (b) void nucleation, (c) void growth, (d) strain

localization, (e) necking among voids, (f) void coalescence/fracture.
[Anderson, 2005]

A ficup and c o n eabductildfeagiuee featars obtainet ynger uni

axi al tensile tests. Fig.2.25 depicts
necking, some small micreoids first emerge in the internal parts of a material,
which are illustrated in the Fig.2.25(b) [@ster, 2007]. The micrwoids then

enlarge and coalesce to form a crack as shown in Fig.2.25(c), and the long axis of
this elliptical crack is perpendicular to the direction of stress [Callister, 2007].
Finally, the crack rapidly propagates through theepoting of the specimen, and

shear deformation bands are formed atld§ree angle from the tensile stress

axis, which is shown in Fig.2.25(d) [Anderson, 2005]. The internal and central
parts of the fracture seem fibrous and irregular as shown in Fig@)2&nd
Fig.2.25 (a) [ Ander son, 2005] . It IS ¢
similar to a cup and the adjacent one has a conical shape, which is shown in
Fig.2.26 (a).
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Figure 2.25: Formation of "cup and cone" fracture in stages (a) Encergén
necking, (b) Formation of a small cavity, (c) Cavities' coalescence that results in
crack formation, (d) Propagation of crack, (e) Last shear fracture that takes place

at 45° from tensile direction. [Ralls, 1976]

(@) (b)

Figure 2.26: (a) "Cup and coned&éture formation observed in aluminum. (b) A
brittle fracture found in nesotough steel.



Ductile fracture plays an important role in an effective finite element simulation

of machining. Its importance was studied and reported bgtBil [2004] and Liu

and Guo [2000]. The criteria for fracture initiation and the evolution of fracture
are necessary requirements in the finite element modelling. Two key factors on
the ductile fracture behaviors include loading conditions and the iaidtself.

In addition, a ductile form of fracture is generally affected by factors including
stress/es, temperature variations, and the rate, at which, strain is exerted. These

factors will be discussed later.

2.8.2 The Impact of Strain Rate and Temperare on Ductile Fracture

During metal cutting, metal deformation takes place at high strains, top strain
rates, and maximum temperature; therefore, Johnson and Cook (1985) studied the
impact of strain rate and temperature on ductile fractures. Three btfpes
experimental stresstrain curves have been illustrated in Fig.2.27 using Split
Hopkinson tension bar test at high temperatures [Johnson, 1985]. This test is
dynamic, which focuses on the effect of an imposed stress wave on the specimens,

and the devie structure (shown in Fig.2.28).
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Figure 2.27: Torsion Test of average shear strain at the fracture. [Johnson, 1985]
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Figure 2.28: Split Hopkinson device. [Autenrieth, 2009]

Fig.2.29 shows the analysis of the fracture strain with respéetperature and
strain. The figure shows fitted straigtl
sguareso method to cover the average te
to where the fracture occurs [Johnson, 1985]. Hence, it is shown tlaatctiley

of material increases with higher temperatures. The strain rate impact is given in
Figure 2.8Here T*= 0 andT* represents dimensionless temperature. In this case,

the strainfracture ratio from high strain rates to low strain rates is morelthisn

other words, a higher stain rate will increase the sfraicture ratio of a material.
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Figure 2.29: Impact of temperature and strain rate. [Johnson, 1985]
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Strain rate and temperature have definitive impact on ductile fractures, but it is
not thesame for different materials. In other words, the influence of these two
factors on ductility strongly depends on the material itself. Fig.2.30 shows totally
different relationships between the streate or from temperature to strain to
fracture for Wellox 460 E steel as compared to the results presented by Johnson
and Cook [1985]. It is shown in Fig.2.30 that the stfe@cture ratio reduces
when strain rate increases. Moreover, the temperature sensitivity of the fracture
strain is not monotonous; sbi$ neglected. The effect of temperature on strain
fracture relation begins from 300°C and it is significant at higher temperatures
[Borvik, 2001].
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Figure 2.30: A comparison between model results (straight lines) and
experimental data (dotted linesy Weldox 466E steel: (a) Fracture strain vs.

log strain rate, (b) Fracture strain vs. temperature. [Borvik, 2001]



2.9 Ductile fracture models

2.9.1 Plasticity model (JC)

The Johnson Cook fracture model has been applied that includes the impact of
stress triaxiality, strain rate, and temperature. It is shown in Equation 2.1
[Johnson, 1985].

T O 0OQa®P- p 0a& p O 2.1

Here variables including D1 to D5 can be termed as parameters of the material,
G* is the ratio of the average of the
monotonously represents the stress triaxiality impact, it follows Hancock [1976],

and it can betraced back to the concept of the void growth explained by
McClintock [1968], Rice and Tracy [1969]. This model is based on damage
accumulated criteria assumed in a linear way as shown in Equation 2.2 [Johnson,
1985].

o BL 2.2

Here Y- represents equivalent plastic strain increment whileepresents

equivalent strain required for a fracture. The fracturing process takes place at D=1.

This fracture model is quite popular because it offemsfilation simplicity, easy
calibration and considers useful material parameters discussed by Johnson and
Holmquist [1989]. Cook and Johnson [1985] only determined the positive stress
triaxiality range based on some tensile and shear tests, and no smegjhtve

value of stress triaxiality has been found. For steel, Johnson and Cook [1985] even
neglected the data of torsion testing in the fitting curve. Perhaps, one function is
not able to express two different fracture mechanisms over the range ef stres
triaxiality from negative to positive including sheara#esion and void growth.

It is proved that ductility of aluminum is not a monotonic function of stress



triaxiality [Wierzbicki, 2005]. For effectively applying the JohngBaok fracture
model, theresearchers extended this model in different ways. Liu et al. [2014]
proved that Johnse@ook fracture model can be used as a damage initiation
model, and it is coupled with damage evolution in metal cutting simulations.
Moreover, the damage evolution cbimes the impact of two different fracture
modes. Bao and Wierzbicki [2004b] extended the Johsmok fracture model

in their fracture locus to make the high stress triaxiality of a component similar to
JohnsorCook fracture model but the other parts wetpressed in different ways.
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3.1 Workpiece materials

The workpiecematerial, which has used for investigation, was Steel alle4.36

Its chemical composition is given in Table 3.1. The materials were hot rolled and
annealed to assure the tensile strengtii5&fMPa. The annealing process was
carried out within the tempedrae rangeB43 871°Cfor two hours followed by
cooling down to room temperature in the next two hours. After the annealing
process, the tensile strength was reduced to approximately 550 MPa. Aluminum
alloy 5052 was also used while evaluating the perforemanfcthe novel tool
introduced in the thesis. Its chemical composition is given in Table 3.2.

Table 3.1: Chemical Composition of Steel 36A.
Materials C Si Mn Ni Cu Cr
Steel 36 A| 0.41~0.51| 0.17~0.37, 0.50~0.80 00 . | OO0 .| OO .

Table 3.2: Chemical Composition of Aluminum 5052
Materials Mg Cr Fe Si Mn Zn
Aluminum 5052 | 2.2-2.8| 0.150.35| 0.40 | 0.25| 0.10 | 0.10

Figure 3.1Workpiece Materials



3.2 Blanking Die

The blanking die material, which was used for investigation, was 1.2379 steel. Its
chemical composition is given in Table 3.3. This component is composed of three

main parts (shown in Fig.3.2), which are:
1- Punch Holder

Thi s

assuring no deflection from the die block.

part i s [|.80 ¢&lsesedt@aljushiprich momemént for

2-Die Block

The die block (Fig. 3-part B) is the female part of a complete blanking die, which

is used to manufacture the piece parts according to the regpeeifications.

3- Punch

A punch is a male member of a complete die, which mates or acts in conjunction
with the female die to produce the desired effect on the-pi@te material. A

die can be a simple tool, which is composed of a punch, a die blutl, stripper

but it can be used for extremely complex mechanisms and operations (Fig.3.2 Part
C).

Table 3.3: Chemical Composition of 1.2379 steel (wt.%).

Element C Mn Si Cr Mo Ni
Content%

1.512 | 0.221 0.673 10.63 0.683 | 0.282
Element Co P S V w Fe
Content% 0.219 | 0.0311| 0.0321 0.81 0.258 | 84.61




Figure 3.2.The blanking dieised in the study



3.3 Punch test

The punch tests were performed at room temperature as well as some elevated
temperatures (25, 100, 160 abdB 5 ¢ C) . For this purpose,
Environmental Chamber was used with the MTS Series 810 hydraulic testing
machine. The load cell system of the MTS testing machine was chosen at 250KN.

All the tests were performed with the same crosshead welafcit. 67 mm/sec to

assure quasstatic conditions.

Figure 3.3: Punch test



3.4 Impact of various parameters on blankeekdge quality and

punch-load/stress

In the following experiments, the effects of blanking clearance, punch tip
geometry, corneradius, heat, PVD coating, friction, and PDC (Polycrystalline

Diamond Compact) punch on the sheared edge quality have been investigated.
3.4.1 Punchdie clearance

The clearance between the punch and the die (i.e. the blanking clearance) is a
major processgrameter for the blanking process. It is a vesllablished fact in
the |iterature that blanking clearance

shearedge quality.

In this experiment, we have chosen three values for clearance to study its effect
on cutting force and edge quality. The punch diameter should be reduced to obtain
different clearance values at a distance of 5mm, which is possible by applying the

turning process after heat treatment on the punch head. It is shown in Fig.3.4.

Clerance 1 =0.04 mm , Clerance 2 =0.1 mm, Clerance 3 =0.3 mm

[ c2=0.1mm

o

—
Clearance Die

Figure 3.4Punchdie clearance
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3.4.2 Punch tip geometry

Depending on the strength and thickness of the blanked material, it is possible to
estimate the expected punch lakoing the blanking process. If the punch cannot
sustain high loads or in case of existence of $hequgh forces, punch load must

be reduced. The load on the punch can be reduced by altering thetipunch
geometry by having either a shear angle or bgracal punch.

A new design has been developed as a part of this study, which can be termed as
flat-face center point as shown in Fig. 3.5. This design provided us with tensile
areas before cutting, which contributed to reducing the elasticity of the woekpi

surface.

Figure 3.5: Punchip geometry

To determine the effect of the tool head on the cutting force and to assure the

quality of the edges, the following six tools were considered.

1 Flat face punch 4 Flat-face centepointpunch

2 | Shear punch Concave shear punch

I

3 | Concave punch 6 Y shear punch

S

n o



3.4.3 Punch corner radius

The punchcorner radius can be considered as a simulation of tool wear, which is
shown in Fig. 3.6. This part affects the change in the punch corner radius when a
cutting force was applied, and the quality of the edges was studied. In this context,

three different orner radii were selected, which are given below:

Y @ b
Y 1éa
Y R4 6

Figure 3.6: Item of blanking process (left) and its schematic depiotinger radius (right)

pn



3.4.4Effect of temperature on the blanking process

In the academic circles of applied engineering, there is a great interest in knowing
further about the heat because it has diverse effects on the blanking process. The
heating of the sheet metal and tool pawsich is done during the blanking
process, may directly affect the material behavior; therefore, it may affect the
work-piece quality and the tool life. In addition, the temperature is an essential
selection criterion for choosing the right lubricant &oal coating. Thus, there is

a great deal of interest in knowing the role of blanking temperature.

In this segment, the effects of different temperatures on the strength and the
guality of the edges of a workpiece were investigated. The samples weré heate
using a furnace (shown in Fig. 3.7) to raise their temperatures before initiating the
blanking process. In fact, they were overheated by arouad 1® assure the

following sample temperatures of the five selected samples:

'Y ¢@B Y pTmaEn Y p@e3at Y ¢ X3 Y UL T3

B

Figure 3.7 (A) Heating the samples, (B) Blanking process




3.4.5 PVD coating on punch

In these experiments, 1.2379 coWrk tooksteel was used as a punch material.
As a workpiece materia-mm-thick and 4émm-wide hotrolled low-carbon 36

A steel was used. The chemical compositions (wt.%) of the steel punch is as
follows: 1.55 C, 0.30 Mn, 0.25 Si, 12.0 Cr, 0.70 Mo, and 1.0 V. The punches were
hardened and then tempered to get a core hssai®OHRC. The microstructure

of the punch consists of primary and secondary carbides of Cr, Mo, and V, which

exist in the finetempered martensitic matrix, as shown in Fig. 3.8.

Figure 3.8:The microstructure of the punch

After applying the heat treatment, the punches were ground to reach a surface
roughness (Ra) + 0.2 dhas shown in Fig.3.9. The experimental study was
performed for the coated and uncoated states of 1.2379 tool steel. The TiSIN,
AICrN, AITIN, TiN, and O'N coatings was carried out etnbond, IHI Group,
Istanbul by using a HaUzer RapitbatingSystem (HCS) deposition machine,
which is shown in Fig. 3.11. In Fig. 3.10, we have shown the coating with a
thickness of ca. 4 dand a hardness of 3200 HV 0.05

PH



Figure 3.9: Surtronic 3+device to measure the surface roughness

Figure 3.10: TiSiN, AICrN, AITIN, TiN, and CrN coatings
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Figure 3.11HauzerRapid-CoatingSystem (HCS) deposition machine
3.4.6 Effects offriction

The effects of friction on part edge quality, punch load and punch stresses were
also studied. The coefficient of friction remained in the range of abo@.6.1
Since there is difference between the coefficient of friction for different types

of coatings, its effect on the quality of edges, cutting force and wear resistance
were studied.The following table summarizes the friction properties of the

different punches used in te&periments.

Table 3.4The friction coefficient of all the punches.

Punches Types of coating| lubrication| Coefficient of friction
Punch 1 TiSIN No 0.4
Punch 2 AICrN No 0.55
Punch 3 AITIN No 0.6
Punch 4 TiN No 0.5
Punch 5 CrN No 0.55
Punch 6 No coating With oil 0.6
Punch 7 PDC No 0.65




3.4.7P D @Polycrystalline Diamond Compact) Punch

In this study, PDC punch was tested for wear resistance, which is shown in Fig.
3.12.We tested this punch to compare it with the coating technology in terms of
its resistance to wear; so, this part was imported from China. In fact, there are
many advantags that make PDC suitable in the blanking process such as:

1) High wear resistance
2) High impact resistance
3) High thermal stability

4) High density (low porosity)

clerance

Dy

Figure 3.12PDC (Polycrystalline Diamond Compact) Punch
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3.5 Wear test ofpunches

Seven different punches with different specifications were tested to determine
their wear behaviors such as the wear that occurs on the edges when a sample
undergoes large number of cutting processes. In order to test, a maiuahsest
manufactued, which has been illustrated in Fig. 3.13. Aftesertingthe die in

the experimental apparatus, it was noticed that torque was noticed at the lever
when the cutting operation was completed, and later, the punch head returned to
its original position wth the help of a spring. To investigate the amount of wear

on the edge of the punch, the cutting operation was performed 1,000 times per
punch. Table 3.5 shows the coating, lubrication, and the number of times every

punch has been used.

Table 3.5 Test specifications for different punches

the punches types of coating| lubrication Number of cycles
Punch 1 TiSIN No 1000
Punch 2 AICrN No 1000
Punch 3 AITIN No 1000
Punch 4 TiN No 1000
Punch 5 CrN No 1000
Punch 6 No coating With oll 1000
Punch 7 PDC NO 1200

Figure 3.13:Manual Punching

pcC



3.6 Analysis of Wear by Scanning Electron Microscop{SEM)

Scanning Electron Microsco$EM) is very effective for microanalysis and
failure analysis of solid inorganic materiaidectron microscopy is performed at

high magnifications. It generates higesolution images and precisely measures
very small features and objects. This technique has been used in our experiments
to notice and report even the minutest change in the saaifde the experimental
process. This examination was conducted at the Institute of Material Sciences and
NanotechnologyUNAM), Bilkent University.

Figure 3.14: Scanning Electron Microscdi®EM)
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In this Section, the details about the developed numerical is given. Firstly, the
theory of the Finite Element Method (FEM) including the details of the time
integration schemes used in the analysis is briefly explained. Secondly, the
material model usedlohnsorCook, is introduced. Lastly, the details about the

FEM of the cutting process is given.

4.1 Introduction to Finite Element Modeling (FEM)

Generally, the engineering analyses pertaining to mechanical processes or
technology are conductagsing differential equations, which help finding out
fundamental physical rules including energy conservation, equilibrium, mass
conservation, Newton's laws, principles of thermodynamics, and Maxwell's
eqguations. It is noticed that when these principlesagplied, solving equations

is sometimes not possible specifically in case of-limeear models, which are
solved using partial differential equations. Some basic issues pertaining to
everyday geometrical problems, for instance, rectangle of a circlaghbesic

boundary conditions, can be solved.

FEM is a discretization process applied in structural mechanics, and it includes
subdivision of a mathematical model in disjointed components (which do not
overlap), they are used in basic geometry, and theeteamed as finite elements.
Every element responds to a finite degree of freedom with an unknown function/s

or nodal points.

Then the behavior of a mathematical model is approximated using a discrete
model, which can be obtained through assembling sesteraknts. This concept

of disconnection assembly is a natural concept that takes place when many
artificially constructed and natural systems are examined. For instance, a structure
such as a bridge, airplane, or engine may be a combination of simplercamtg

Contrary to FEM, finite elements don't overlap.

P&



4.2 Finite-element model

FEM helps resolving complicated engineering problems in those situations, when
the orthodox analytical process either fails or have limitations. This method is
generally used fodiscretizing arbitrary domains with simple elements, using
which, it is easy to solve differential equations (Fig 4.1). For every element, this
model assumes a convenient approximation and the equilibrium conditions. If
these conditions are met, the v@duof the unknown constants and variables

including displacement, strain and stress can be f@ikad, 1999)

IDEALIZATION DISCRETIZATION SOLUTION
Physical . Discrete > Discrete
system model solution
-
REALIZATION & CONTINUIFICATION T Solution error
Ll L Discretization + solution error

Modeling + discretization + solution error

Figure 4.1: Physical simulation steps (Felippa, 2007)

We can list the FEM model in steps given beldluebneret al, 2001)

9 Discretizing continuum

The continuum needs to be converted/segmented into elements.

1 Choosing interpolation functions
Every element is assigned its node, so, the polynomials represent interpolation
function that represents the field variable variation of an element. In this case, we
have given a displacement field that has been expressed with the help of a shape

functionN(x):

ulx) = N(x)de, 41
Here,d® shows the element's nodal displacemiifit) represents the distribution

of nodal displacement.



1 Finding properties of the elements
The properties of the elements are determined through the matrix equations. Here

FEM shows dependent variables like elastic stBaias well as stress:

D =u'"=Bd®, 42
a=C:D% 43

In this caseu’ is a displacement gradient arfirepresents elasticity whilB

stands for strain matrix.

1 Using element properties for solving the system equations
When the matrixequations combination takes place, they show the overall

system's behavior based on the following equilibrium equation:

e +pb=0, 44

In this case g represents density while body forces are debitéd Bsjuatiord .4
has been expressed in its strong form, and it can be convertedratkar form
with the help of test functiofiu(x), which is introduced for satisfying kinematic

constraint. This virtual work principle is as follows:

—6W = J‘ edD d 0 — j pbéud Q) — J‘ géudl, 45
0 i I

In this case, botlh aswellasgar e surface | oads and boi

N

continuum domain and shows traction Db

4.1 and4.2 in equatiord.5, we obtain the following boundamalue problem:

Zé‘dfT j BTod0 —j N'fpbdﬂ—j NTgdl}=0. 46

i=1 0 1 r

In this case, the assembly operator creates an equation system for every element.



1 Imposing boundary conditions
The system of equations is changed according to the boundary conditions in the

elements/nodes.

1 Solve the system equations
The solution of simwéneous equations is found for obtaining unknown nodal
variables. In case of Equatidrb, the first term represents internal nodal forces,
which havetaken place because of induced stresses, as shown in Equation

and the rest of it is right according to external nodal forces (Equaghn

Fine = j BTod0 = k*d*, 47
4]

Fext =J‘ Nrpbdﬂ+j Nrgdl‘ 48
4] r

The equationd.7 and4.8 attain a situation of equilibrium in the middle of external
and internal nodal forces. We can solve them with the help of an iterative scheme
that shows a solution in terms of a displacenfiefd. Equatiord.7 k* represents
the elemental stiffness e, which is a displacement function in case tihean
systemsk® = k=(d*®)

1 Computing of other variables
Some significant fields such as strains or stresses are computed using
displacement field Equatiods2 & 4.3.

4.2.1 lterative Solution Technique

These techniques are applied for FE analyses as they make it possible to find the
unknown variables and constants in a-finear system. This nelinearity exists
because the stiffness matrix is either displacerdependent and/or foree
dependent. Thisan-linear behavior is linked with solid mechanics, and it takes

place because of geometric, structural or contacllinearity.

Major displacements and rotations might result in geometridineatrity in the

presence of even a little strain. It showattstructural deformation is significant,



so, the finitedeformation theory applies in this case instead of sstiain theory.
Nonlinearity is also obvious when small displacements exceed any dimension of

a deformed structure, for example, a thireetmetal(Bathe, 1996)

Material nonlinearity might also occur because of a fimear stresstrain
relation, in which, material behavior depends on the existing deformed state or
previous deformation. Material ndmearity might not just exist in a neglastic
region because it is found in elastic regions as well. This happens in case of hyper
plastic substances such as rubber. Moreortaraction between deformable and
other bodies also causesnlinearity. The process of deformation is a major
cause behind nelnearity.

Nonlinear equations are solved through many techniques including the direct
iteration process, Euler's method, and modified, quasi and simple Newton
Raphson processes. ThewonRaphson process has been applied for solving
non-linear equations in the current thesis. It has been selected as it offers a quicker

convergence rate than all the other opti@stemes, 2010)

The NewtoRRaplson process is repetitive in nature and works by finding root of
an equation. The nelmear equation’..: = kd® has been expressed in equations
4.7 and4 8. For finding the solution to this equation, we need to define the residual
function:r(d) = f — k(d)d. In this case, the objective is minimizitige residual

displacement valué, which has to be realculated until accurate value is found.

The expression(di~1) = £ — k(d*~1)d*~* shows the process, through which, the
residual value is computed iteration after iteration. The Taylor series is used for

the expansion of residual of# iteration while the incrementd { is given below:

. . . . ari(d) .
. . -1 - -1 - : . " .
T{d“}—?{d“ +ﬂd“}—r{d“ }+ 3d L[_.ﬂd“+hlgh order terms. 4.9

When iteration creates residual fordei®), it becomes zero. If we neglect high

order terms as they contribute very little, it results in the equation given below

that computes increment in displacement:

co



_T.{di—l}

Adf= [M] * 410
gi-1

dd

In this equation, the rigigtide denominator idacobian matrix The solution
approximation is calculated as soon as the iteration lasts using the formula given
below:

dt=d"1 + Ad". 411

The iteration carries on until a specific tolerance level is attained.

The NewtorRaphson process takes more time the Jacobian matrix Hzes to
created and solved after each iteration. In the alternative process modified
NewtonRaphson method, the Jacobian matrix is occasionally recalculated. In
case of NewtotRaphson method, the Jacobian approximation is calculated,
which is generally used solve norlinear problemgSystems, 2010)There is a
major shortcoming, and that is their instability and accuracy for maryimesr

cases, but still, they need shorter solution time.
4.2.2 Convergence Control

The criteria for convergence are finalized during the calculations, which
concludes iterations after achieving the required accuracy level. The computation
should be accurate and spend appropriate computational time. If we go for
pinpoint accuracy, excess computation time will be spent on attaining
exactness/high accuracy, but that kind of accuracy isn't actually needed. When the
tolerance levels are excessively loose, equilibrium error will be higher, and the
solution will be incorrect, so there is aadeoff between accuracy and
computation time and effort. Il n case

convergence are generally reliant on relative and/or absolute residual forces'

(r(ad]))Tr(Adt) . raaiiTagt .
value,m < TOL, and displacement valuesm < TOL. Inthis case,

equilibrium is attained after satisfying both the equilibrium checks for each

iteration. In the FE simulationg = 102 is used as the TOL value.

of



4.2.3 Methods to Perform Time Integration

When the effort is made to calculate the unknowns inctusiress, displacement,

and strain, the integration of rate equations should be done according to time.
When the constitutive rate equations show-heearity, integration is possible in
increments while stress/other variables are updated in each imtréihere are

two categories of computational algorithms: Explicit and implicit.

In case of explicit algorithms, the data obtained at timteelps finding out
unknowns on time intervél+ At. These explicit processes include Euler as well
as Runge Kutta metho@duang, 1991)During explicit FEM analyses, the matrix
stiffness is updated after every increment, after which, a new load is afiied.
methodhas a drawback that it works in small time intervals for accurate solution
that takes long time for computation, and if the process is left incomplete, the
solution becomes incorredthe explicit methods are time taking, and the time
needed for a solutiis comparable to the time needs for a wave that propagates
through the analyzed structui@athe, 1996)This critical timeAt., is calculated
using the stiffness and mass as follows:

Toreni 2 2
ﬂtiﬁt”: Nmin _ -

412

T Wymax ~ Wemax
Herelt,, represents step size of the critical tifiggnrepresents least time period
of the finiteelement mesH¥ymax represents the system's top natural frequency,
and Wrne, represents the individual elements' top naturafidency(Bathe,
1996)

In case of implicit algorithms, the data/information on time interivalsdt + At

helps calculating the unknowns pertaining tinte: At. For instance, Euler
method § an example of a totally implicit process. In case of choosing an implicit
process, NewtoiiRaphson iterations are needed after every increment that helps
attaining equilibrium in the forces of the internal structure in the presence of
externally applieddads having specific tolerance (mentioned in Seetipr). In

case of explicit analysis, equilibrium is not enforced that makes implicit analysis

more correct. By choosing implicit analysis, it is easier to handle issues including

cp



snap thru, cyclitoading, and snap back when sophisticated control processes like
displacement and arc length control are applied.ase the Jacobian stiffness
matrix is used for implicit analysis, it should be updated as well as reconstructed

every time after iteratigrso its computation is expensive.

4.3 Explicit analysis

While planning/conducting analysis, the problem should be numerically solved.
In case of dynamic analysis, this explicit time integration becomes useful while
solving problems pertaining to higdpeeddeformations in short time as it helps
calculating a lot of incremental points at lower computation cost. It is preferable
for contact definition cases. The size of the element as well as time needed for
running explicit analysis has a direct link witrchather.

In this type of analysis, the velocity and the displacement are known at the start
of every increment, which means no need for inverting global mass and stiffness
matrix after every increment, and it reduces computation work. In this case, the
time increments should be smaller as compared to the critical time increment,
which makes the process conditionally stable while the increments are small for
preserving the resulting stability. When there are smaller incremental, incremental
results do notleviate much from the exact solution. In this case, the accuracy is

higher if calculations are done for new increment, so, there is no requirement to

control accuracy.

This method's stability is linked with time, during which, a stress wave moves
throughthe element. In case of smaller element, or a-Bgged wave, the time
increment should be limited. Normally, the increment is smaller as compared to
the time needed for a stress wave to move across an element, coveriig-node
node distance. In this wayhis method is effective for analysis because its
analyzing time is just a little more than the stability limit. A few gtsaatic



methods, which have proper mass scaling, decrease the speed of wave that results

in increasing the critical time incremdnot analyzing.

The explicit process suits higdpeed/dynamic incidents as well as slow/quasi
static analyses. For higgpeed events, small increments require lengthy
calculations, which are needed to understand large deformation in short time. In
case of gaststatic analyses, generally deformation is slower that causes a
dynamic response. This dynamic impact is negligible. The contact treatment is
simplified that makes it suitable for quastatic/dynamic analysis between the
surfaces. The time requiremsrfibr analysis depends on the model size as well as
the overall simulation time with a condition that the mesh size will remain

unchanged. Increasing any two factors increases the calculation time.

The explicit process is generally considered better befpptying the implicit
method as it can convert a mass matrix into a diagonal matrix, which is also
considered as a lumped mass. It reduces calculations, which are required for time
increments up to 4000 times in case of a 3D FE analysis. This mearettatd
storage requirement for every incremental calculation is quite lower if the explicit

method is chosen.

Explicit analyses method includes using central difference for calculating next
increment. In that way, the satisfactory conditions for equilbrequations apply

at the start of every increment The calculation of acceleration @n helps
finding displacement ab and velocity ato . These calculations are less
expensive, and they are conducted with the help of "lumped" elenantes.

The displacement and velocity 0 ¥ can be computed using the

following expression:

0 4.13

0 0 Yo 4.14



In the abovementioned expressiond, represents the degree of freedom wiide
represents the increments. The procedural efficiency lies in using lumped stiffness
in the form of diagonal matriceshich is easy to compute in the start of every
increment as shown by Equation 4.15. Since these matrices can be easily inverted,
so, the vector multiplication needs just a single process for every degree of

freedom. In this case, the acceleration is coegpas follows:
0 0 Y Y 4.15

Here, 0 represents mass matri¥  represents applied load vector while

Y shows internal force vector. The elements contribute to thisadtésrce

vector in a way that the global stiffness matrix isn't required.
4.3.1 Stability

The mentioned process' stability depends on the top system frequency. Equation
4.16a exhibits the system's limit with/without damping.

Yo — p , : 4.16a

30 — 4.16b

In the expression given aboye, represents highest natural frequency,

while, Is the concerned dampening ratio.

While operdang ABAQUS, small damping is introduced in the shape of bulk
viscosity for controlling high frequency oscillations, which might take place when
the analysis is conducted. This impact also applies like a linear impact; however,

in case of solid continuumlaments, it applies as a quadratic impact while the

cy



effect, which is utilized for compression state prevents high velocity from

collapsing, and so, the volume immediately reduces to zero.

4.3.2 Estimating the size of stable time increment

tisdonated by et, and generally, it

increment sizeXo ):

Yo Yo — 4.17

Hereh & has the least value and impact on the model whilepresents the
speed of sound for elemem. that is given in Equation 4.18. We only get the
estimate of the highest stable time increment. Normally, using shorter time

increment is better to conduct the analysis. In case of 2D models, ABAQUS

applies redution factor having value range- @ ¢ 0 In case of 3D models, the

value lies in the rang(Me_—c'bé 0 The stress wave moves with a certain speed

within a material, which depends on Young's Modi#usnd density .

() - 4.18

In the expression given above, it is obvious that the critical time increment
increases when the softer material is used (low Young's Modulus value) or the
density is higher. It results in manipulating the tiraquired for running explicit
analysis with the help of software.

4.3.3 Time reduction

The requirement for time to perform the explicit analysis depends on the
simulation time, size and number of elements. When the mesh size is given, the

simulation time priod becomes a decisive and final factor. For decreasing the
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time needs for analysis, a few methods are used. Speeding up a simulation is
possible but if the simulation speed is increased a lot, it results in undesired kinetic
impact observable in the forof high inertia, which might change the result of a
simulation, while some parameters change because of it. It is not recommended
to increase the simulation speed in case of existence of rate dependent parameters

because in that case the result will apamwithout letting the user notice it.

It is also possible to save time through mass scaling and raising the material
density J, which decreases the simulation time period rather than wave
propagation time, which raises teet ®atue, and it speeds up tkamulation.
Changing density does not change rate dependent parameters; however, it causes

inertia and consequently increases simulation.

Generally, a model consists of a mixture of large and elements, but it has smaller
elements as well, which move sloweand besides, the size of small elements
determines the increment length. When the small elements are significant in
numbers, the mixed time integration process is used. While using ABAQUS, this
process gives different lengths of time increment accortdirtbe element size.
Larger elements have fewer time increments as compared to the smaller ones. The
application of the centralifference integration rule has been illustrated in Section
4.3.2 with different time lengths.

4.3.4 Energy monitoring

For corducting explicit dynamic analysis, monitoring a model's energy is
important. In this case, the overall energy of a model needs to be a constant while
there should be small artificial energies as compared to real energies, for example
kinetic and strain emgies. In order to conduct quastatic analysis, the kinetic
energy should be a specific fraction of the strain energy. In case of
contact/constraints, the energy dissipated through constraint/contact should be

monitored. In all the cases, they are cltuseero.



4 AFracture of ductile metals

The fractures of ductile metals are caused by two major processes:

1. Ductile fracture that takes place when voids nucleate, grow, and coalesce.
2. Shear fracture that takes place because of localization of the shear band.

In soft metals, necking occurs due to extensive plastic deformation. After necking,
voids or crack nucleation start in the solid and grow. Then, coalescence of micro
voids occurs that leads to separation. Fig.illustrates the elongation and crack
formation because of stretched voids by connecting the vfBital, M.K., et al

2015]

Voids *
s o || 4 8 [|%X
h 4

Crack formation in tensile load

/9 /
‘ 4

4

\H\

Voids y/

Crack formation in shear load

Figure4.2: Crack Formation Under Tensile/Shear LoadiBijal, M.K., et al
2015]

4.4.1 Ductile damage criterion

This criterion predicts the damage as a result of nucleation, and void growth and
coalescence. According to this model, the plastic strains at the onset of damage

can be expressed below:
- -hT[) 4.19
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Here,-[ indicates stress triaxiality, strain ratg. -p/qshows stress triaxiality,

p represents pressure stress,shows Von Mises equivalent stress, and
-[ represents equivalent plastic strain rfitgbbitt, Karlsson, and Sorensen
2016]

The damage initiation criterion meets after satisfying the condition given below
[Hibbitt, Karlsson, and Sorensen 2016]

On every incremenf, pincreases, which can be computed using the following

equationHibbitt, Karlsson, and Sorensen 2016]

(th o= —— Tt 421

4.4.2 Shear damage criterion

This criterion predicts the damage that takes place because of shear band

localization. It assumes equivalent plastic strain, which is as follows:
- —h1) 4.22

Here- [ is shear stress ratio and strain rate funcfigibbitt, Karlsson, and

Sorensen 2016]

[—s= (*+"Q p)/ Ta o] shows the ratio of the shear stressepresents Von
Mises stress (2is a material parameter (typicaﬁ@= 0.3(aluminum))[101], p

represents pressure stress dadsds the highest shear strefsibbitt, H., B.

Karlsson, and P. Sorensen 2Q016]

The damage initiation criterion is met in case the condition given below is met
[Hibbitt, H., B. Karlsson, and P. Sorensen 2016].

TH



] = ——=1 4.23

Here,/ sis a state variable, which affects plastic deformation in proportion to the

equivalent plastic strain. After every increment during the increage sims

calculated using the formula given beldWibbitt, H., B. Karlsson, and P.
Sorensen 2016]

W &=——— T 4.24

4.4.3 Damage evolution

The damage takes place in two forms: elastic degeneration and yisicksg

softening. The stresstrain curve reaction to the damage is shown in Figure 4.3,

in which, Erepresents Yourig Modulus, and on the onset of damagey and

- [ represent yield stress and equivalent plastic strain respectifelsepresents

equivalent plastic strain on failurB €1). The substances lose theapacities to

carry load whe becomes equal th This element is then taken out of the mesh
when the sectional points lose their load carrying capacities. These reactions of
the undamaged real curve are shown through a dashed curve. The damage
evolutionis demonstrated in two forms of softened yielding stress and degenerate
elasticity((1-D). E). The variableD, which represents the damage, and creates a
unified impact on all the active mechanisms and computes based on the individual

damage variables f@ach mechanism

” - Q 7 -
., —_Fu’)"m‘l D —
” p O, 4.25



Here,D is the longrange comprehensive damage variaples recognized as the

true stress, Iis the effective or undamaged stre&ss an authentic exterior and

outward area anép means defects in the exterior area.

Undamaged response ___ Q =
s -~
c A o---
(D=0) R S
YO—_ R =
DO
Softening
o I
g
Degradation lof the elasticity »
|
\\
[ o
E ] E (1-D)E
| (D=1)
s Q= —
€% € €

Figure4.3: Stressstrain curve showing progressive damage degradation
[Hibbitt, Karlsson, and Sorensen 2016]

It is, however, noticed that the damage initiation criterion begins at Pomn®,
and the damage evolution builds up from this point just before theeate
deletion that occurs at poid = 1, where the elements are taken out of the

calculations when the stiffness completely ends.

When the damage initiation criterion is achievéﬂ], a(plastic displacement) is

identified and recognized with the euttbn equation:
0 0 -l 4. 26
Where,0 is the element's characteristic length afid is effective plastic strain.

The emergence of damage variable along with plastic displacement is possible to



express in exponential, tabular, and linear forms. The linear damage evolution

form with plastic displacement is expressed below:

Q S 4.27

If O 0 , the material stiffness will be completely degraded.

4.4.4 Plasticity model (JC)

The last model was derived keeping in view the physical priorities but now, we
will consider a phenomenological model presented by Johnson and Cook (1985).
It is very simple and has many available parameters pertaining to large number of
materials. This mdel is mostly applied for simulating dynamic processes such as
machining or impact. This model is subjected to strain rates, strains and heating

impact. For this model, the von Mises stress is as follows:

, 0 06- p O0O0&Ep Y 42 8

Y'Y YTY Y
The first bracket of Equation-£28 shows dependence on strain while the second
one shows instantaneous stredte sensitivity, and the third one shows
temperature dependence pertaining to sti¥sshe refeence temperaturéyY
represents the material's melting temperature. In this context, there exists five

material constants, m, A, BandC.
4.4.5 Damage model

This model is based on Johnson and Cook (1985) rupture criterion, there the

cumulative plastic strain, is expressed as follows [Johnson, 1985]:

T O OQa®p- p Oa& p O T8 w



Here, - [represents equivalent strain to fracture, and , /0 shows stress

triaxiality, and,, &ashows average of 3 normal stresses. Heregpresents Von
Mises stress. On the other hand, the dimensionless straii-atd homologous
temperaturé ¥ are same as the ones used by Johnson Cook constindule
expressed in Equation 4.29.,0,0, 0, andO are material dependent fracture

constants, which were acquired by fitting the experimental results.

4.4.6 Calibration of the JohnsorCook Fracture Model

The most important problem for implentery the Johnso€ook fracture model
into metal cutting simulation or other finite element analysis is to calibrate

fracture constants for any proposed material.

Johnson and Cook [1985] calibrated the material constants for three kinds of
materials: OFHCcopper, Armco iron, and 4340 steel. Firstly, the fracture
constant® ,’0,’0, are calibrated based on qussitic tensile tests with smooth

and notched round bars and torsion tests as shown i Fignd then adjusted

the results te®  p8tusing following obtained . The strains to fracture were
calculated by[ ¢lI TQjQ , whereQ andQ df are the diameters of the
initial and fractured cross section of the necking surface, which were measured
by using a photograph of the speciméeRse stress triaxiality used for fitting the
curve is the average value of the stress triaxiality along the loading process. This
stress triaxiality is obtained based on the stress history data of the point in the
center of the necking zone from the nuit&r simulation of these quastatic
tensile testsO andO were calibrated based on the ratio of the tensile Hopkinson
bar test to quasstatic tensile tests as shown in Big. Bhe tensile Hopkinson bar

test is a dynamic test with high strain ratesd with elevated temperatures.
However, the temperature effects were expressed with a low degree of accuracy
here by Johnson and Cook [1985].
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Borvik et al. [2001] determined the fracture parame@rsO , O for Weldox

460E steel based on quasatic tensile tests with smooth and notched round bars
without the use of numerical simulations and using the method of least squares to
minimize e residual of the fracture strain model, which is expressed in Equation

(4.30).

~ z

- B B B - ,h®fY ©O O0OA@D,” p - p
0"y 4.30

where, ‘it h*RAYR'Y are the discrete value of the stress triaxiality, the strain

rate, the dimensionless strain rate, the temperature and the homologous
temperature respectively. The material data, at Tis estimated based on
Equation (4.31) [Lemaitre, 1992].

- - ~p ' Gp T 4.31



where - is the true fracture strain measured from a smooth specimen test.

However, the extent of the curve with the result©qfO , O to the rangg *

mtonly depended on the hydrostatic te€ds. was calibrated based on data from
dynamic tensile tests at room temperature and minimized the residual of Equation
(4.30). © was calibrated based on data from the gst#ic tensile tests at
elevated tempatures with smooth specimens, &0d mat range from 0°C to
300°C as shown in Fig. 2.9 (b). Fig. 2.9 (a), 2.9 (b), and &Figshow the
comparison between the experimental data and the model results based on the

calculated material parameters, respetyi.

6.0 1 L L
5.0 - . Test data
Model
=
'3 4.0 — -
=2
2 3.0+ -
b=
% Shear
r 2.0 Smooth B
R4.0
1.0 - R2.0 Ro.g RO.4_
0.0 T T T
-2.0 -1.0 0.0 1.0 2.0

Triaxiality ratio 6%

Figure4 .: Gomparison between experimental data to model results for Weldox
460 E steel. [Borvik, 2001]

Wierzbicki et al. [2005] only calibrated tf@, O, O for 2024T351 aluminum

alloy based on the quasiatic round smooth and notched tengests as shown

in Fig.4 .. lBowever, the calibrated curve only provides an upper bound curve for
material ductility, and the fracture curve of the same material from Johnson and
Holmquist [1989] providing a low bound curve for material ductility asnshm

Fig4 .. @hat means different results were obtained dependent on different
experiments. The Johns@ook fracture model is only reliable in a certain range
of stress triaxiality, and the material parameters are calibrated by using the

experiments caering this range of stress triaxiality.



Ef full points used for calibration

\ Johnson-Cook; Present

C,=-0.07, C,=1.02, C,=-1.62

0.87

Johnson-Cook; Ref. [15]
C,=0.13, C,=0.13, C,=1.5
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Figure4 .: ®Gomparison of ductility curves of aluminum. [Wierzbicki, 2005]

All above calibrations are dependent on experimental data, and some combined
with the finite element simulation data. However, Vaziri et al. [2010] provided a
new calibration for AISI 1045 steel that used the data from ALE based finite
element simulation fometal cutting. The best set of material parameters were
obtained by a nonlinear leasfuares optimization procedure that the objective
function is detailed in Equation (4.32) [Vaziri, 2010].

0 YOI EB Q 4.32

where x= PO, 0, O, O,] as a vector, and i expresses the different cutting
conditions tests 1, 2, 3 and 4 respectively. The Joh@smk fracture model is
based on the assumption that the elenfailte&’hen the accumulate damage value

iIsO '© =1.0, as shown in Equation (4.33).
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where Qis numerically integrated based on the trapezoidal method. thieen
optimized sets of fracture parameters were obtained by using a MAPLE code to
the program. The best set of fracture parameters is identified based on an updated
Lagrangian simulation of metal cutting by comparing the predicted cutting forces

and thrusforces to experimental results.

Majzoobi and Dehgolan [2011] calibrated the material parameters of the Johnson
Cook constitutive model and fracture model together. A method combining the
experimental, numerical, and optimization technique is (Ge® , andO were

obtained based on a quasatic tensile test with a notched b@r.was obtained

based on a dynamic test with a notched bar by using a high strain rate testing
device AFlying wedgeo. However ,reso test

studied here.

Dzugan et al. [2013] calibrated the fracture parameters based on the fracture locus
-[  for the typical steel used in the nuclear power plant industry. They used
three kinds of tests including tensile tests with notched rours] panch tests,

and a specially designed test with a specimen with a double curvature. All the
tests are quasi static tests at room temperature. HenceQqry, andO were

calibrated.
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4.5 Finite Element Program

In this thesis the abage®ftware is used for finite element analysis (FEA). It has

the following parts:

- Abaqus CAE (Complete Abaqus Environment) is used for both analysis and

modeling mechanical components and assemblies. It also visualizes FEA resul

- Abaqus Standard is a commepurpose analyzer with implicit integration
process.

- Abaqus Explicit is used in cases where FEA is needed with explicit integration

scheme, which is helpful to deal with ahmear complex and abrupt systems.

- Abaqus CFD (Computational Fluid Dynamics) software provides capabilities
to analyze computati@l fluid dynamics with prprocessing as well as pest

processing options.
. - Abaqus Electromagnetic is software for solving electromagnetic problems.

This software has a graphical interface that allows the user a quick and efficient
definition of the gemetry of a problem, allocation of material properties, loads,
applying boundary conditions, selection of steps required in the analysis, and
finally, generation of the finite element mesh. The consistency and adequacy of
the model can be assured in vasateps; therefore, the model needs special tools
such as ABAQUSCAE for monitoring various aspects of the partitions defined
for the model geometry (PART module), mechanical properties of the materials
involved (PROPERTY module), grouping these partitior{snodule
ASSEMBLY), the imposition of sequence analysis steps (STEP module), their
nature either linear or nonlinear, definition of boundary conditions and loading
(LOAD module), generation of finite element mesh (MESH module), and finally
obtaining the iput file (JOB module) (ABAQUS v.&. % After generating the
pre-processor, the file containing the problem of data entry, which can in turn be
further manipulated by the user for situations not adequately addressed by the
ABAQUS CAE, can then be executed the computer simulation finite element
method using the modules ABAQUS Standard and ABAQUS Explicit (for metal
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punching). The software also has the ABAQUS Viewer -postessor for
processing the output files, allowing interpretation of the numericailtses
graphical visualization procedures and animation. The various capabilities of
ABAQUS allow complex engineering problems involving complicated
geometries, nonlinear constitutive relations, occurrences of large deformations,
transient loads and intetaans between materials, which can be numerically
modeled. It should be noted, however, that the process of building a suitable
model is not a simple task because that involves a very large number of parameters
and options stemming from the range of pdssgyoblems that can be modeled

with the software (ABAQUS v.&. &

4.5.1 Data input

The data input file that runs the finite element program ABAQUS STANDARD
(or ABAQUS Explicit) is generated by the preprocessor ABAQUS CAE and later
modified or completsi created by the user using a text editor. It is also observed
that the input file can be subdivided into two large groups of information: Data
model geometry with a description of the nodes, element types, their connectivity,
material properties, boundamonditions and the type of analysis (static or
dynamic), loading history data, and information about the sequence of events or
imposed loads, which might include specific forces, surfaces, and bodies, which

are generated by variations in temperature aagdspire.

The ABAQUS program offers a wide variety of finite elements characterized by
different numbers and types of degrees of freedom, which are selected by the user
depending on the nature of application. It also presents several significant
relationshps to simulate the mechanical behavior of materials such as €lastic
plastic and linear elastic models, which are linked with criteria presented by
Mohr-Coulomb and DruckePrager etcetera (ABAQUS vI6 5



4.5.2 Symmetry types

An important aspect ofhe system behavior is symmetry. When applied, this
procedure helps reducing the problem size making it easier to model and analyze

by spending less time in general (ABAQUS .68 Symmetry types are:

- Axisymmetric: In this type of geometry, loading ddomonding conditions are all

symmetrical with respect to a particular structural axis.

- Mirror symmetry: In this type of geometry, loading and support conditions of

the model are symmetrical with respect to one or more axes.

- Cyclic symmetry: It is obwmus when there are a finite number of sectors with

the same behavioral conditions around an axis of rotation.

- Repetitive symmetry: The template can be designed with only one sector which

is repeated in terms of behavior, geometry and loading.

4.5.3 Characterization of the Elements Using ABAQUS

For many applications, formulations or problems, the Finite Element Method uses
various types of elements, each with an appropriate solution for each situation
being studied or simulated (Marya et al., 2005)fonulation element means a
mathematical theory, which defines the behavior of an element. All ABAQUS
elements, which belong to the strain/displacement type, are based on the
description of Lagrangian or Eulerian behavior. Whether it is Euler's altexnativ

or spatial, the description of the elements is constant in terms of space. The Euler's

method is commonly used in fluid mechanic simulations (Marya et al., 2005).

Displacements or other freedom degrees are calculated based on an element node.
For other pints in an element, the displacement can be measured with the help of
nodal displacement interpolation. Normally, the interpolation order depends on
and determined through the number of elemental nodes. The elements studied in
this research have vertickke an 8node brick (Fig.4.7), and it applies to the

linear interpolation for every direction.
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(a) Linear element (b) Quadratic element
(8-node brick, C3D8) (20-node brick, C3D20)

Figure 4.7: BRICK ELEMENTS, LINEAR AND QUADRATIC
4.5.4 Mesh Elements

Mesh, as it is known, is the set of elements and nodes used in the discretization of
a geometric model for the calculation with the finite element method (Soderberg,
2006). The process of mesh generation in a model is something of fundamental
importance talefine the level of accuracy of the results to be obtained. When the
number of elements/nodes is high, the result is likely to be more accurate. The
mesh should be adjusted optimally to the geometric shape of the studied part of
the model; however, its deity may locally vary depending on the geometry. This
means that in regions with very small details, a higher density of mesh is required.
When it comes to rupture, the most likely region that suffers should have a good
mesh refinement because accuracthefstresses obtained in the region must be
the best possible. At the same time, these regions usually have complex
geometries, which reinforce the need to have a refined mesh. According to
Marcondes et al. (2007), the mesh density substantially affeetdeformation
results. In this study, because of high gradient plastic deformation of the cutting
area, a sufficiently dense mesh should be applied. Soderberg (2006) examined the
influence of mesh density on the cutting geometry and the rupture "stnoke" o
simulation of punching forces. He conducted a study with different mesh
refinements. Fig.4.8 illustrates the knitwear used by Sode(Béf). In their

work, it was concluded that the thickness of elements should be sufficient to

assess the influence of parameters on the breaking strength.



Figure 4.8: MESH REFINEMENT

Element Type

The elements in a structure consist of faode bilinear axisymmetric
guadrilateral elements having low integration (CAX4R) as well as -thode
asymmetric triangles (CAX3). The triangles help coarsening the mesh to create
more computational efficiency. Both elements belong to the family of solid
elements,and they belong to the first order, which means that the strain is
computed as an average over the element volume instead of the first order
Gaussian point. The feature of reduced integration applies to CAX4R element that
results in reducing the integratiorder from the full integration, so, only a single
central integration point is used. By using lower integration, the constraints reduce
as well, which does not allow "locking” elements, because it results in a stiffer
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response. A major drawback of thischnique is that for certain modes of
deformation; no energy is registered in the element integration point. These modes
are usually referred to as "hourglass modes." This problem is addressed in
ABAQUS using an "hourglass control algorithm®.

4 5.5 Contat between Surfaces

There are some special formulations for finite elements that allow the analysis to
include the possibility of contact between the surfaces. This implies a definition
of the contact surfaces, a slave and a master, which interact theisignulation
creating new boundary conditions for the analysis. While performing analysis,
which includes assessment of contact, ABAQUS finds a point closest to the

master contact pair surface (see Fig.4.9).

Cormtact Surface and, Hode

ior axia)

Target Surface and Nodes

¥ {or Radial

Figure 4.9.Contact betweeBurfaces



4.5.6 Establishing Contact

ABAQUS provides the conditions for inteody contact with the help of an
algorithm and a mastedave drive. In mechanical problems, we consider the

following:

- Every potential contact condition can be defimeterms of a master surface and

a slave node.

- Slave nodes do not penetrate in a master surface, but master surface nodes can

penetrate in the slave surface.

- Contact direction generally remains normal to a master surface.



4.6 Modelling steps of piercing blanking tests

The geometry of the blanking process modelled in this study is presented in
Fig.4.10a. The di mensions of the toolin
thickness tis equal to 2 mm. The sheet iserafch commercial steel alloy, ASTM

A 36, a low carbon hot rolled steel.

The material constants for the steel alloy are listed in the next. Numerical
simulations have been performed with the commercial FE code
ABAQUS/Explicit. The sheet has been meshedhwguadratic plane strain
elements with reduced integration, denoted as CPE4R in ABAQUS (ABAQUS,
2016). The FE mesh of the sheet and the boundary conditions are presented in
Fig4104. 11. A very dense mesh has been d
3685 eéments (i.e. the zone between the punch corner radius and the die corner
radius) and a coarse mesh has been used for areas not subjected to higher stresses.
The tools have been modelled as an analytic rigid surface. The contact between

the sheet and thedts has been described by the Coulomb friction model with a
friction coefycient of 0.1. The adapta
allow remeshing. In order to predict the material damage evolution, the damage
model coupled with the Johnson and oko was implemented in
ABAQUS/Explicit FE code. During the simulations, the damage initiation and its
propagation has been simulated using the element deletion module.

Table 41- Tooling dimensions

Punch diameter_ 9.4,11,12,6 mm

Die diameterym 9.48, 11.08, 12.68 mm
Punch corner radiu$_ 0.01,0.1,0.2 mm

Die corner radiug m 0.01 mm

Thickness of sheet  t 2 mm

Punch die clearance 2%,5%,15%

Cutting velocity 1.67 mm/s
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(4)

(B)

Figure 4.10: (A)The geometry of the blanking process (B) 2D model (C) 3D
model
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Use model 2D in axsymmetric such as (fldace Flat face center pointand
concave punch), and use 3D model in norsgxnmetric such as (concave shear,

Y shear, Shear punch) show as Fig.4.11.

(@

punch holder

(B)

Figure 4.11: The FE mesh of the sheet (A) 2D model, (B) 3D model.




4.6.1 Material parameters

The physical and mechanical propestof the sheet material, Steel 36A, is given
in Table 4.2 The constants used in the Johtook material model and its

complementary damage model are given in Tablgard 4.4, respectively. They

were taken from the literature (Johnson and Cook, 198h)es 4.54.6 presents

the material model for AL 5052. This material was used in the next Section in the

calibration of the FE model.

Table; 4.2 Physical and mechanical properties of Steel 36A

Density (kg& ) 7850
Youngs modulusd & 210000
Poisson Ratio 0.29
Specific Heat Fractionif Q& 486
Inelastic Heat Fraction 0.9
Thermal Conductivity w 76 & 52
Expansion Coefficient a 7a & 1.2e5

Table 4.3: Material constants of thehnsonCook constitutive model used in the
modellingSteel 36A.

Melting Transition Epsilon
Temperaturg Temperature C Dot zero
A B n m Y Y - -
DOUW| DLW - - 3 3 -
286 500 | 0.228 | 0.917 1430 25 0.017 1

Table4.4. Constants of the Johns@wok Damage model used in the modelling of Steel

36A.
Melting | Transition Reference
0O 0O 0O 0O 0O Temperaturg Temperaturg Strain rate
"y "y
3 3
0.403| 1.107 | 0.1 |0.00961 O 1430 25 1




Table4 .: laterial constants of the Johns@ook constitutive model used in the
modelling AL 5052.

Melting Transition Epsilon
Temperature Temperaturg C Dot zero
A B n m Y Y - -
D0OW 0UL® - - 3 3 -
130 120 0.18 1 1430 25 0.014 1

Table4 .. féacture constants of the Johngbook Damage model used in the modelling of AL
5052.

Melting | Transition Reference
0O (0] 0O 0O 0O Temperaturg Temperature  Strain rate
y "y
3 3
0.2 0.8 -1.5 | -0.01 0 1430 25 1

4.6.2 Boundary Conditions

In the simulations the tool is modelled to move with a speed of 1.67 mm/s
(Fig.4.12). Additional information regarding the developed model including the
boundary conditions are shownTiable 4.7.

l 1.67 mm/s

Figure 4.12: The boundary conditions of the blanking proses model.
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Table 4.7: Simulation Parameters and Boundary Conditions

Object Simulation Parameters & Boundary Condition
Punch - Rigid body
And - Elastic constanE = 650GPa
Die
Sheet material | - Plastic body
- Axisymmetric
Holder -No pressure

4.6.3 FE simulations of blanking

To sum up, blanking is a very high deformation process ending up with the

removal of the material, where stresses and strains in the deformation region of
the sheet material reach to very high levels. Although simulating this process
using FE methods isifédy common, accuracy of the model depends on the input

data such as the flow stress curve of the material, thermal properties, damage

parameters used to predict crack propagation.

Figure 4.13: FE simulations of blanking

do



RESULTS AND
DISCUSSIONS



In this chapter, the blanking process presented in Fig. 5.1 was investigated from
different perspectives. First, the developed model was validated with the
experiments. Second, the effects of various parameters including the clearance,
corner radius of thpunch, temperature and friction on the process in terms of the
cutting force and the sheadge quality were studied both experimentally as well

as numerically. Finally, the influence of the tools with different coatings and

polycrystalline diamond compipunch was experimentally studied.

Punch
v penetration
— y

Fig 5.1: Blanking Process

[N

5.1. Validation of the FE Model

The forcedisplacement curves were obtained when the blanking process was
applied using a tool having a single sheared edge, &gperimentally and
numerically. The comparison of curves is shown in Fig. 5.2. The figure shows
that agreement between them has been achieved, which ultimately validated the

developed numerical model.
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Figure 5.2. Experimental and numerical punch forcdisglacement.

The sheared edge of the workpiece material obtained by SEM is investigated in
our study. Particularly, we focused on its characteristic features such as rollover
depth, burnish depth and fracture depth. Fig. 5.3 presents the experimental an
numerical comparison between these parameters. Their matching proved the

accuracy of the numerical model.

The predicted burnish depth and the predicted fracture depth values are closer to
the experimental values. The rollover depth is slightly overestinby our
simulations as a consequence of the spring back phenomena observed after
inactive unloading. Nevertheless, the predicted sheared edge shows clear
agreement with the sheared edge, which has been experimentally obtained. To
conclude, the predictis of the presented model show fair agreement with the
experimental data. The Johnson and Cook damage model is suitable to simulate

sheet metal blanking processes (Fig. 5.3).
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Figure 5.3: Characteristic features of (a) sheared edge achieved by SKEJ and
sheared edge predicted by FE simulations

Fig. 5.4 presents the deformation history of the blanking process. Initially, a
primary crack occurs under the punch corner radius, which then propagates in the
direction of die corner radius with a slope tigfroportional to the blanking
clearance. With the increase of punch penetration in the sheet, a second crack
occurs over the die corner radius. The delay of occurrence of this second crack
increases with increasing blanking clearance. Both the craakisngously
propagate and finally connect to each other leading to sheet separation. The
present model was used to conduct a parametric study to evaluate the influence of

different parameters on the characteristic features of the sheared edge.
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Figure 5.4: Simulated crack initiation and growth during the blanking process.
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5.2. Influence of various parameters on blanked edge quality and

punch load/stress

In this section, the effects of blanking clearance, punch tip geometry, corner
radius, tempeture, friction, PVD coating, and PDC (Polycrystalline Diamond
Compact) punch on the quality of the sheared edge are presented. The numerical
studies of the last two parameters were not conducted, and they are left for future
research; therefore, we onlisdussed their experimental results.

5.2.1. Punchdie clearance

The clearance between the punch and the die, i.e. the blanking clearance is a
significant parameter in the blanking process, and it significantly affects the
blanking force and the surfageality of the sheared edge. In this study, various

FE simulations have been performed for blanking clearance values ranging
between 0.2% and 15%. Fig. 5.5 presents the respective-dismlacement
curves including the experimental results for clearan€@s2% and 15%. It was

found that there is agreement between them. It was observed that this parameter
had no significant effect on the maximum force; however, with increased
clearance, the cutting process was completed at larger tool displacemeras, and

small force reduction, which ultimately increased the cutting energy.

40000

35000 -CLERANCE 0.2%

—B—CIERANCE 2%

30000 —i— CLERANCE 5%

25000 === CLERANCE 15%

---=EXP C2%
20000

====FXP C15%

FORCE-N

15000 g,

100003

-0.2

DISPLACEMENT-mm

Figure 5.5: Comparison between experimental and simulateddmpicement

curves at different clearances
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The characteristic features of the sheared edge for various clearanedsxba

illustrated in Fig.5.6. It was observed that blanking clearance has a strong impact

on the rollover and the fracture depth. In the blanking process, the sheet metal is
firstly bent, then, along with increase in the punch penetration, the shearing
process occur s. The increase in the cl e
easily between the punch and the die. As a result, bending increases and the
predicted rollover depth increases as well; therefore, crack initiation occurs at
larger punch penetiian. In this case, the crack initiation is delayed and the
predicted fracture depth decreases. The fracture thickness predicted by FE
simulations is presented in Fig.5.6. As the blanking clearance increases, the

predicted fracture thicknesgnificantlyincreases.

Table 5.1 shows the dimensions of different shear areas measured after the cutting
process, which is completed to compare the values. Negative effect was noticed
on the purr zone in case of 158lkearanceWhenthe clearance is smaller than
0.2%, no effect is observed on the quality of the edges but increase in the pressure
on the edges of the tool was noticed that results in rapid wear. At 5% clearance,
the fracture depth was relatively larger. Overall, 2% clearance is considered as

optimumin terms of wear resistance and the edge quality of the cut
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Figure 5.6: Simulation for different clearances.



Table 5.1: Effects of the clearancetbe cutting zone

Clearance mm | Force | Rollover| Share zone| Fracture zond Purr zone
N mm mm mm mm
Clearance 0,2% | 32331 0.18 1 0.82 0.01
Clearance 2% | 31345 0.21 1.1 0.7 0.03
Clearance 5% | 31238 0.21 1.32 0.47 0.03
Clearance 15% | 31234 0.4 1.6 0 0.45

5.2.2 Punch tip geometry

We know that reducing the required load value reduces the tool weawuFor
experiments, we considered different geometries of the tool head, which are
shown in Fig. 5.7. These geometries include flat, concave, shear, concave shear
and Y shear faces. Fig. 5.8 shows the respefiinee-displacement curves. It is
observed thathere isa 40% drop in the cutting force as compared to the
traditional flat punch when the concave shganch was used. We also noticed
20% reduction in the cutting force when the tool with a single shear was used and
even better performance became pgassivhen a double shear was applied. It is
observed that the concave shape is difficult to manufacture, and it makes the
grinding difficult, and on the other hand, it has no effect on the cutting force.
Consequently, changing the head of the tool may beuwseful for resisting the

wear in terms of reducing the force required for cutting. Depending on the type
and strength of the metal to be cut, appropriate punch head can be selected out of

the range of different punch heads.
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Figure 5.7: Different purittip geometries.
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Figure 5.8: Punch load during blanking usthfferent punch tip geometries.
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Additionally, a novel tool design that combines a flat face and a hemispherical
part in the center is also considered as an alternative, which is caflatifase

center point (see Fig. 5.9). This tool initially creates a deep drawing in the sheet
material where a tension zone is produced, and then, the cutting takes place at a
later stageKig. 5.9, 5.10. The respective foredisplacement () curve ofthe
experiment on the flat punch is shown in Fig. 5.11. The performance of this tool
is also checked for different sheet materials such as AL5052-dtsUfve is
presented in Fig. 5.12. The experimental and numerically predicted values showed
excellent greement for both sheet materials. It is obvious that alththegk is a

slight decrease in the maximum load, the energy increased in casefatdiht

tool. It is negatively reflected from the wear resistance despite the fact that the
rollover zone inagased from 0.18 mm to 0.24 mm (Fig. 5.9) but this increase is
acceptable. As mentioned earlier, the change in the shear response results in the

tensile operation in the shear zone (see Fig. 5.9)

0.18mm

Figure 5.9:.Comparison between the shape of the sh#lar and center point
punch



Figure 5.10: Tension zoreefore cutting
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Figure 5.11: Punch load comparison betwadiat and a centgroint punch used for
blanking A36 steel
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Figure 5.12: Punch load comparison whelatand a center point punch are
used for the blanking Al5052

5.2.3 Corner radius

In this part, the effects of the corner radius of the punch on the blanking process
have been investigated. Three differerfuea of this parameter are considered:
0.01 mm, 0.1 mm and 0.2 mm. The fodisplacement curves are presented in
Fig.5.13. A reasonable match between the experimentally and numerically
obtained curves is established. With increasing punch corner raditingds
completed at greater punch penetration while the cutting force remains constant,
which in turn leads to boost the cutting energy. Fig.5. 14 shows the respective
Von Mises stress distributions in the workpiece material. The lengths of the burr,
rollover, shear and fracture surfaces are presented in Table 5.2. Increase in the

tool radius leads thigher burr on the edges of the hole.

The effects of the punch corner radmws the quality of the product and shear
response were assess€lde angle radis can be considered as a parameter in that

leads to wear on the tool head ring, and it happens after producing several
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workpieces. A higher punch corner radius improves the tool life because the stress
distribution on the edge of the radius with roundwsa ts more uniform than the

one, which has a sharp angle. Hence it has a better wear endurance.

The edge quality has been compared for three corner radius values of the tool:
0.01 mm, 0.1 mm and 0.2 mm (Table 5.2 and Fig. 5.15). They were found to be
interrelated: The higher the tool edge radius is, the higher the burr on the hole

edges will be. It was found that increasing tedfje radius leads to reducing the

tensile area.

35000
30000 —=—FR-0.01 mm

—4—R =0.1 mm
25000

—ir—R=0.2 mm
— — EXP.R=0.01
20000
EXP. R=0.1
— - —EXP.R=0.2
15000
10000
5000
0 bbbl
a 0.2 0.4 0.6 0.8 1 1.2

DISPLACEMENT - mm

Figure 5.13: The effect of punch corner radius on the cutting force
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Figure 5.14: The influence of punch corner radius on thegolg® quality

Table 5.2: Changes in the edges due to changing radius values of the punch

Zone Y mainp| Y T18p Y ™ Y TR

Burr 0.1 0.12 0.25 0.6
Rollover 0.22 0.25 0.28 0.29

shear 1.18 1.1 0.5 0.4
fracture 0.6 0.65 0.78 1.31
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Figure 5.15Effect of different radii on blanked edge zones

The effect of the corner radivalues of the punch on the maximum force are

given in Fig. 5.13. It shows the samlisplacement value but increase in energy.

In the end, we can say that tb@rner radiugnhances the wear resistance, but it
isn't useful for maintaining the product quality. For quality products, its value
should be between 0.01 and 0.02 nmmther wods, increasing the radius more
than 0.02 mm is detrimental to the quality of the edges because it contributes to
the appearance of burr, which is large and unacceptable. The radius helps

distributing and managing stresses around the edge and reducepheghiear.

5.2.4 Temperature effects

In this part, the cutting process has been simulatedsat 2638 , 163 , 2706 h

508 and 708 , but the experiments were conducted on the first four
temperature values. The respectfeece-displacement curves are presented in
Fig. 5.16, which shows reasonable agreement. It is observed that along with
temperature rise, the cutting force/energy decreases. For instance, the cutting
force was 37kN when the cutting was done & 2&hile a bwer force value of

25kN was obtained at 580 which shows inverse relationship. It is an established
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fact increase in the sample temperature increases ductility and decreases strength.
When the cutting force decreased in parallel, the edges of the pxpaseeto

lower pressure values, which increases the tool life. Fig.5.17 shows the Von Mises
stress distributions on the wepkece material and figures 5-8820 compared

the quality of the sheared edge a2527® and 508 . It is numerically
determined hat resulting stresses decrease when the temperature increases. In
addition, the cuttinggdge quality substantially improves especially at
temperatures between 500and 708 . These results are consistent with those
obtained by SEM results showing improvedge quality with expanded shear

zone.

It is worth mentioning that heating the specimens in advance increases the tool
life and quality of the product; however, that accrues additional cost in terms of
energy consumption and manual wgikce handling atigh temperature.

40000
35000
30000
25000

< 20000
w

DISPLACEMENT-mm

Figure 5.16Punch load during blanking procesgdferent temperatures.
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Figure 5.7 Effect of temperature on edges
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Figure 5.18: Characteristic features of sheared edge while cutting at 25

(the process conducted by SEM)
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Figure 5.19: Characteristic features of the sheared edge achieved by
SEM while cutting aR 730
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Figure 5.20Characteristic features of sheared edge achieved by SEM
while cutting ats 030

Table 5.3: Dimensions of the edges at different temperatures

Zone U3 PTMT3 P3| XT3 VTT]X T

Burr 0.08 0.1 0.1 0.11 0.11 0.18
Rollover 0.18 0.2 0.2 0.21 0.26 0.3

shear 1 1.05 1.1 1.1 1.6 1.7
fracture 0.82 0.75 0.7 0.69 0.14 0.1

Fig. 5.21 shows the effect of temperature on the sizes of different\aheasthey

were measured after the cutting process (summarized in Table 5.3). It is observed
that at higher samplemperature, the shear zone significantly increases, and the
fracture surface substantially decreases, which proves that the quality of edges is
higher. Since the burr and rollover zone increases at more thanté0tperature,

it results in lower productuglity; therefore, approximately 480temperature is

considered as optimum.
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Figure 5.21: Effect of radius on blanked edge zones
5.2.5 PVD Coating of Punches

It is a fact that Physical Vapor Deposition (PVD) hard coating can simultaneously
increases the surface hardness (to pro
frictional forces allowing the punch to withdraw easily, which extends the lifetime

of the tool. Optimum tool life is applicatiespecific, and it is possible by selecting

theappropriate PVD coating and tool substrate.

It is noticed that significant wear occurs on the side of the punch when it passes
and retracts through a metal despite the fact that the punching edge must remain
sharp throughout its lifetime. The deflectidintloe sheet, when it is punched, has

a tendency to distort the hole during retraction. This causes the metal surroundings

in the hole to scrape against the side of the punch leading to abrasion and wear.

In this part, the impact of coating on the blankpgmgcess has been studied. PVD
coatings include TiSiN, AICrN, AITIN, TiN, and CrN, which are coated by using
Balzer's Rapid Coating System (RCS) deposition machine with a thickness of
approx. 4um on the 1.2379 steel cutting tools. It must be kept in matdhié

same working conditions should be assured to test different coatings during their
tests for clear and realistic understanding of wear resistance. To compare the wear
on the tool after different coatings, each tool was used 1000 times for the glankin

process using the apparatus mentioned in Section 3. All the tests were carried out
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under dry cutting without using any lubrication. A scanning electron microscope
(SEM, FEI) was used to observe the microstructures of cross sections and worn

out surfaces.

chipping

4
coating peeling

flank wem': “«

edge wear~.

e — wear volum
. I
4 1

| . \ v
flank Wi,‘ flank wear:

Figure 5.22: Microscopic examination of punches in terms of the wear resig&nce.
TiSIN, (b) AICrN, (c) AITIN, (d) TiN, (e) CrN coated punches and (f) uncoated punch.



After examining the surfaces of the punches, it is observed that theliéfenent
types of wear on the edges with different percentdgefact, wear evaluation

was performed based on the following criteria

1- Flank Wear

2- Edge wear

3- Face wear

4- Amount of coating removed
5- Amount of coating peeled

6- Metal adhesion

When theTiSIiN coaing was appliedflank wear, edge wear and peeling in the
coating were observed, as shown in Fig 5.22AH)IN coating was exposed to

two types of wearflank wear and wear debris (see Fig. 5.22 (blje coating

layer was found damaged in caseloN coating.For theCrN coating, the damage

was substantial, and the ballet was clear on the edges (see Fig.5.22 (e)). It was
found that the punch with AICrN demonstrates the best performance because only
a small amount of wear was witnessed on the faceeofabl and adhesion of

metal exists on its surface.

5.2.6 Impact of friction

The effect of friction has been briefly investigated. The coefficient of friction
remained between 0.1 to 0.6 representing the contact between the workpiece and
the tool with diferent coatings. For instanqge= 0.1, 0.4, 0.5 and 0.55 represent

the case with some lubrication, for example, the tools with TiSiN, TiN, CrN
coatingsp = 0.6 represents either AlTidbating or no coating. Fig.5.23 illustrates

the respective foredisplacement curves. It is observed that the cutting force does
not significantly change for different coatings but when a lubricant is added, a
slight decrease in the force value is obtdibat lubricated surfaces are not wear

resistant, and besides, lubrication requires extra cost.
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Figure 5.23: Effects of friction on the force

On the other hand, when very low value of friction coefficient such as 0.01 is
used, a small increase in the shear edge quality is observed, which is shown in
Fig. 5.24. It represents the edge quality for different contact characteristics in
terms of the iges of the rollover, shear and fracture zones. They were obtained
from the FE simulations, which are shown in Fig. 5.25. Consequently, the contact
condition has no significant effect on the quality of the edges, but it may have an
impact on wear resistaeacwhich has been left as a potential topic for a future

study.
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Figure 5.24: The effect of coefficient of friction on part edge quality (obtained

using FE analysis)
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Figure 5.25Effect of coefficient of friction on the shear edge quality



5.2.7PDC (Polycrystalline Diamond Compact) punch

Polycrystalline diamond compact (PDC) cutters are widely used in oil and gas
drilling operations. Their superior abrasion resistance is the main contributor to
their excellent drillingefficiency. These cutters are composed of a layer of
polycrystalline diamond bonded-situ on a tungsten carbide substrate, which is
shown in Fig. 5.26. The bonding is applied at a high pressure and high temperature
sintering process. The polycrystallideamond layer is also created during this

process to form a sintered material.

HPHT sintering
> 1400 °C and 5.5 GPa
Diaman Co infiltration
from the substrate
powder o the PDC Chamiir
Co’ WC-Co Interface
design

Manufacturing a

Figure 5.26: Polycrystalline diamond compact (PDC) cutters

The studied cutters have a cylindrical geometrical shape, diameter 13.4 mm and
height 10 mm. They are formed by angsten carbideobalt substrate
surmounted by a 2 mm thick PDC component. Manufacturers usually select a
specific interface design between the diamond component and theC&WC
component. An optimized interface design is generally more complex than a flat
design, and it can efficiently distribute the residual stresses, which emerge
between the two materials after manufacturing. For this study, PDC cutters were
selected with the same interface design. The conventional cutters were
manufactured using a sinter®/Ci Co substrate. The diamond powder was first
put on the substrate and is then sintered at high pressure and high temperature (i.e.
HPHT process) over 1400°C and 5.9 ./MDuring this step, the diamond grains
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formed a dense skeleton and the liquid coipdiltrated this microstructure. The
amount of cobalt displaced in the PDC part was homogeneous and it is a function
of the diamond grain size. This technique is used in this study for the PDC cutter,
as shown in Fig. 5.27. The amount of wear was checketlis tool after 1000

cuts with the help of SEM (see Fig. 5.28). In this case, no serious wear was
noticed. When its performance was compared with the performance of -AICrN
coated tool, it is demonstrating better performance (see Fig. 5.22), the PDC cutter
showed better wear resistance.

An important difference between the use of this technique and any other coating
is that even if it develops wear on the tool after high productyitgding process

on the punch helps extending the tool IiB. thecontrary, the coated punch gets

out of the service after the appearance of the wear on the edges because the

grinding process removes the coating; so, it is not feasible.

clerance

Dy

Figure 5.27: Blanking process with PDC punch
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Figure 5.28: SEM micrographs of the tedge PCD punch

Wear means the progressive loss of material from the surface of a solid body
caused by contact. It is the determining factor for predicting the tool’s useful life.
It should be minimized in order toaximize tool quality as well as profitability.
There are four different wear mechanisms, which determine the wear emergence
in active elements of a tool: Adhesion, trdbleemical reaction, abrasion and
surface breakdown. Fig. 5.30 compares the lengtlak fivear (see Fig. 5.29) on

the surface of the tools with different coatings after each one of them was used
for cutting 1000 times. The amount of flank wear is highest for uncoated tools and
it is minimized with the following coatings: TiSiN, CrN, TiN,/BN, AICrN. It

is observed that the flank wear is negligible for a PDC cutter, and hence, it is a
good alternative to the blanking process
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6.1 Conclusion

In this thesis, the blanking process is investigated from various experimental and
numerical perspectives. The punch tests were performed at rooelesaded
temperatures (25, 100, 160 and 270eC)
parameters such as blanking clearance, punch tip geometry including the novel
flat face center point punch, corner radius, temperature, type of PVD coating,
friction, and Polycrystalline Diamond Compact (PDC) punch on the sheared edge
quality and tool wear have been investigated. Scanning Electron
Microscopy(SEM) is used for microanalysis of the tool wear and the surface
finish of the edges being cut. They a@nducted at the Institute of Materials
Science and NanotechnologyNAM), Bilkent University 2D and 3D FE
models of the blanking process were developed. The Jol@wmok material

model and its complementary damage model were used to represent the sheet
material behavior. Moreover, the material constants were taken from the
literature. The simulations were performed using commercially available
Abaqus/Explicit in a quasstatic manner. A reasonably good agreement between
the tests and simulations was ob&.

The following conclusions can be drawn from the experiments and simulations:

The clearance between punch and the die strongly affects the stress distribution
in the sheet material, the amount of resistance the tool exposed to, and the quality
of theblanked edge. At less than 5% clearance, a longer shear area and smaller

roll-over zone are obtained while 2% clearance is an optimum value.

The geometry of the tool tip affects the applied |oHtere were 20% and 40%
drops in the cutting force were olpged when the single shear and concave shear
punches are used respectively. When the novefdta centepoint punch was

used in the process, increase in the energy required and expansion in the rollover
zone were observed, which means that it doepnoeide a promising alternative

to the blanking proces# higher punch corner radius improves the tool life due

to the fact that the distribution of stresses on the edge of the radius are more



uniform than those of the sharp angle one, which means théikely to provide
better wear resistance to the tool; however, a higher burr on the edges of the hole
was observed. The study also shows thatoptimumcorner radiu®f the tool is

between 0.01 mm and 0.02 mm.

With increasing sampleemperature, theesulting stresses, the cutting force and
the resulting cutting energy decrease. On the other hand, the @dgegjuality
substantially improves whethe shear zone significantly increases and the
fracture surface decreases; however, it is found teabtrr and rollover zone
increase at the temperatures aboves608sulting in a worse product qualitin

the nutshell, 40® may be considered as optimum temperature for the process.

On the other hand, the frictional effects remained in significant ipribeess.

When the tools were coated withiSiN, AICrN, AITiIN, TiN, and CrN, it was
observed that AICrN provides the best wear resistance; however, it was also
observed that the wear resistance was minimum when a PDC cutter was used;

therefore, it providea promising alternative to the blanking process.



6.2 Future work

In the future, the blanking process must be extensively investigated in terms of
tool wear and surface quality focusing on other important parameters such as
punch speednd strain rate effects, and their impact on various tool geometries of

the PDC cutter.
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