Prediction of abrasive punch wear in copper alloyhin sheet blanking
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Highlights

Wear coefficient and punch wear profiles are defitem experiments.

The punch wear profile is fitted by an exponeritiaiction.

An original method is proposed to calibrate theasliailure model.

Abrasive wear is more important on the punch flank.

Abstract

This work presents a combination of finite elem&ntulations of copper alloy thin sheet
blanking and a wear algorithm based on Archard tdation for abrasive wear of the punch.
Firstly, a tribometer has been specifically desthttemeasure wear coefficient, and punch
worn profiles have been extracted by means of dldgorint method. Secondly, the blanking
process has been simulated through the finite elemethod by using an elasto-plastic
constitutive model and the shear failure modelrdiiaj a wear algorithm has been
programmed using experimental wear data and mewdidields computed from blanking

simulation. Then, a damage criterion, namely theaslfailure model, has been calibrated by
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an original method based on stress triaxiality ggialand shear height value measured from
blanked edge profile. Finally, punch wear preditsiliave been discussed and compared to

experimental results.
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1. Introduction

Blanking process has been employed for decadegial industry to obtain quality shaped
parts for various applications. The reliability arapability of mass production of this
forming process have been used to produce metpbsiggor electronic components, called
leadframes. The manufacturing industries of leadés have followed the trend in
downscaling of electronic components, and thus Haese produced smaller parts with high
controlled geometry. Gréban et al. [1] have analythe influence of blanked materials
microstructure on leadframes quality with coppéryathin sheets, a material chosen for its
electrical properties. The authors have foundtt@imechanical characteristics and
microstructure of copper alloys have a strong grflce on parts blanking profile. Burr
formation on sheared parts remains a critical patanto control in order to insure
leadframes electrical efficiency. For the last diesa the wear of shearing tool has been the
locus of several experimental studies to undersitaridfluence on sheared edge quality.
Maeda and Matsuno [2] have highlighted the relatmm between tool wear and burr height,
among other process parameters, in conventionakiolg. Cheung et al. [3] have studied the
effects of several process parameters on dam+fitag(ated circuit component) cutting tools
wear, and have established relationships betweechpilank wear, burr height and cutting

force. Monteil et al. [4] have developed a direethod to measure wear on cylindrical



punch, based on selective activation techniqueghvailows real time quantification of
process parameters influence like blanked mateatlre or lubrication.

Hence, the versatility of numerical methods has\lmenbined to experimental investigations
to predict tool wear for a variety of forming preses. Jensen et al. [5] have applied finite
element method (FEM) to determine tool wear in emwnal deep-drawing. Behrens and
Schaefer [6] have performed hot forging processiktion by means of finite element
modeling to predict tool wear. More recently, Taereg al. [7] have used FEM to simulate hot
metal shearing process and have found good caorllattween stress distributions within
the tool and wear location observed on tool reapshHowever, tool wear prediction has
been less investigated in blanking process. Haf8phas proposed a theoretical approach to
predict tool wear according to the evolution of pluiredge radius, which has been
implemented in industrial software called Blankgofoptimize sheet metal blanking
processes. Moreover, Hambli [9] has implementeearvrediction model within finite
element (FE) code to predict punch wear during stetal sheet blanking, and has also
investigated the effect of tool wear on burr fornimat More recently, Falconnet et al. [10]
have combined experimental and numerical analgssgitly punch wear in the blanking of
copper alloy thin sheet used to produce leadframehis study, the material behavior has
been modeled with an elasto-plastic law withoutsodering material damage. Several
authors have emphasized the fact that accuratesemiation of metal shearing processes
implies to take account of crack initiation andgmgation mechanism within finite element
simulation.

In this paper, investigations on punch wear preahigbresented in Falconnet et al. [10] have
been extended by introducing a finite element blagknodel including crack initiation and
propagation within blanked sheet by means of staglare model. Data of the studied

blanking configuration and wear measurements haea kdetermined from experimental



results. Then, the finite element modeling of blagkprocess has been established and punch
wear calculation has been performed. Results comgedamage parameter calibration and

punch worn profile are presented and discusseukitast section of this paper.

2. Experimental setup
2.1 Material data

The blanked material is a copper-iron alloy witkectical composition listed in Table 1.

Element Cu Fe P Others

wt.% >99.61 0.05-0.15 0.025-0.04 <0.2

Table 1. Chemical composition of the blanked mateai.

Samples have been taken from a copper-iron allqy et 15 mm width and 0.254 mm
nominal thickness to perform conventional tenskg, at strain rate of G,
The rational (true-stress and true-strain) terisgé curve has been described by the following

piecewise power hardening law:

@

_{0’0+k0(5p)”° where g,<0<0,

o(g°/e)*  where o>,
whereo is the flow stressg ” is the equivalent plastic straik, is a material constant;, is

the initial yield stress,d;, ¢,) is the yield point at incipient necking, ang and n, are strain

hardening exponents. As long as a homogeneousiahsiress state exisise. until incipient

neckingoccurs, the tensile test curve (Fig.1) has beeampotated by the first part of Eq. (1).
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Fig. 1. Uniaxial true-stress — true-strain curve othe blanked material.

Beyond this point, an extrapolation of the tengl& curve has been performed according to
the second part of Eq. (1) to take into accoumgdateformation plasticity within FE
modelling. The Poisson’s ratiohas been provided by metal sheet supplier. Thénamecal

properties are listed in Table 2.

Parameter Symbol Value
Young’s modulus E 121 GPa
Poisson’s ratio % 0.34
Initial yield strength g, 371 MPa
Yield strength at incipient

g, 422 MPa
necking
Equivalent plastic strain at

& 0.055
incipient necking
Material constant K, 215 MPa
Strain hardening exponent N, 0.490
of interpolated curve
Strain hardening exponent n, 0.045

of extrapolated curve

Table 2. Mechanical properties of the blanked mateal.



2.2 Blanking test description
The studied blanking process consists in a cylaadipunch passing through a metal sheet

maintained between a die and a sheet-holder (Fig. 2

oo

Fig. 2. Blanking test configuration.

During downstroke travel, the punch plasticallyatefs the sheet to create local shear
stresses which lead to ductile damage and thenletergeparation of the cut part. The sheet-
holder prevents elastic springback and movemetiteofheet during punch travel, thus
increasing the quality of the blanked edge. In shigly, the punch radil measures

1.85 mm and the clearangg between the punch and die equals 10 pm, or 4 &velto

sheet thickness. The blanked material is a copperalloy sheet of 254 pum nominal
thicknesse, and 15 mm width. The punch has been made of H2@$ten carbide, a tool
material commonly used in leadframes manufactuang, it has been obtained by spark
machining. The blanking tests have been perfornmea mechanical press with a speed of
500 strokes/min.

Fig. 3 represents typical cut edge profile genérdiging the blanking process.
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Fig. 3. Blanking edge profile scheme.

According to Johnson and Slater [11], rollover tessitom bending of the sheet which occurs
during the initial plastic indentation stage by phench. As the tool further penetrates the
sheet, cracks initiate at the cutting edge of tloé &and propagate inside the sheet. Complete
fracture occurs before the punch totally passesitiir the sheet. The burr and fracture zone
are formed during this stage. Finally, burnish zaesailts from friction contact between

punch flank and sheet which leads to a polishefhser

2.3 Wear data

In order to consider wear phenomenon within FE &tmn, wear data from experiments
have been required. As mentioned in Falconnet. ¢1@], abrasive wear has been quantified
not only by determining a wear coefficient for teeidied material couple, but also by
measuring punch profile.

2.3.1 Determination of wear coefficient

A specific tribometer designed by Makich [12] ha&eb used to determine a wear coefficient
between tungsten carbide and copper-iron alloy.s Tiibometer has been originally
developed as a tool for decision support in indaistontext to qualify relative abrasivity

among different blanked sheet materials. As ilats in Fig. 4, this tribometer consists in a



5 mm diameter spherical pin in contact with the-hdoricated copper alloy sheet by applying

a 7 N normal load.

Normal load
N
\
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Fig. 4. Specific tribometer design.

Since the tribometer has been developed specifitalbe integrated on a production line, the
metal sheet is unrolled from a coil with a continaspeed of 37 mm/s imposed by the stroke
rate of the mechanical press (500 strokes/min)s €ainfiguration has been chosen to permit
the rubbing surface to be constantly renewed, aontio conventional tribometers (i.e. pin-
on-disc or ring-on-ring) where the wear track remsathe same during the tribological
experiment. Thus, the contact setup (friction cbods) get closer to the one met during the
blanking process, since the punch penetrates urgkhsheet at each stroke.

In Makich’s work [12], several blanking materialave been tested in comparison with a
reference material, which is the material studiedhis paper. During a previous study on
copper alloy thin sheet blanking performed by Gré[8], friction tests have been carried
out between this material and tungsten carbide gpineon-disc laboratory tribometer.
Different values for parameters such as applied,lpa diameter, and lubrication have been
trialled and the results of this study have seteesket Makich’s tribometer parameters values.
The wear coefficier has been evaluated by means of the Archard wearufation [14]

which relates the wear volure to the applied loaH,, the sliding distanceand the wear

coefficient. This coefficient has been originallgfithed as a material constant traducing the



probability that an asperity contact produces arwesticle. After a determined sliding
distance, the spherical pin has been removed fhentribometer to measure its volume using
3D topographic acquisition method. The detaileccpdure has been described in Falconnet

et al. [10]. The wear data from this tribologicast are listed in Table 3.

Parameter Symbol Value

Worn volume \Y 3.31 x 10" mn?
Sliding distance S 2250 m

Applied load Fu 7N

Wear coefficient K 2.1 x 10" mma/N

Table 3. Wear data from tribological test.
With this method, a value of 2.1 x Yomm2/N has been obtained for the wear coeffidient

of the studied material couple.

2.3.2 Punch wear profile

Observations of the real punch by Scanning Eleciviberoscope have shown regrinding
streaks perpendicular to the blanking directiontlos brand-new punch (Fig.5a), and have
revealed typical wear streaks parallel to the blapldirection, involving a purely abrasive

wear mechanism on the worn punch (Fig.5b).



Blanking i uE Blanking
direction ; direction

50 pm

Fig. 5. Scanning electron micrograph: (a) real brad-new punch (500 magnification) and (b) real worn
punch (300 magnification).

In order to measure punch wear profile without reimg the tool from the mechanical press,
and thus affecting the blanking test setting, abdprint method has been developed. The
first step has consisted in obtaining the punchrimdy immersion of the punch tip in a
mould filled with silicone resin. After a drying ped, a second silicon resin compatible with
the first one has been used to produce punch eeplieen, the replica has been processed
with variable focus optical microscope (Infinitefos®) to extract 3D surfaces from which an
averaged profile has been generated. Finally, ppnafile has been positioned according to
reference planes determined outside worn areas. G-iglustrates three punch profiles

obtained by this method.
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Fig. 6. Initial profile, worn profiles (1,174,000 ad 1,254,000 punch strokes) and corresponding fittg
curves from a punch replica.

The initial profile has been obtained after regmgdof the punch, and the worn profiles have
been measured after 1,174,000 and 1,254,000 punckes. Hernandez et al. [15] have
proposed to decompose the punch worn profile ieettaones: face wear, cutting edge wear
and flank wear (Fig. 6).

Several authors have suggested simplified georakapproximations of tool wear in sheet
metal blanking. Hambli [8] has observed that toebwstatus can be related to punch edge
radius value. Hernandez et al. [15] have approaphedh tool wear by means of two
characteristic dimensions, namely the radial weagth and axial wear length. Shivpuri et al.
[16] have assumed that tool wear always starts tr@same location and follows an angle
along punch edge. In the present study, punch ywafiles have been approximated by
exponential fitting curves according to Makich [1#9rk. The exponential curves fitting worn
profiles after 1,174,000 and 1,254,000 punch stdieae been represented in Fig. 6 with
their respective mathematical equations. The naguttunch profile representation has been

implemented in a numerical simulation for accuatach geometry modelling.
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3. Numerical modelling of the blanking process

3.1 Damage and fracture modelling

In the last decades, numerous experimental and meahstudies have been undertaken to
obtain a better understanding of the shearing aiaré mechanisms which happen in the
blanking process. Nevertheless, physical micromashss such as large deformation, ductile
fracture and crack propagation are still diffideitmodel. Experimental studies conducted by
Atkins [17] have shown that ductile fracture by leation, growth and coalescence of
microvoids is involved within the sheet metal blargkprocess. According to Lemiale et al.
[18], numerical modelling of ductile fracture iretbblanking process can be performed by
using two main approaches: un-coupled and couplzieis.

In the un-coupled approach, a mathematical funatiEpending on the loading history and the
strain path is used as a damage indicator withadlifying the material behaviour of the
sheet. Several damage criteria have been proposkd literature. For example, Taupin et al.
[19] have carried out numerical simulations of ldag process by using the McClintock
criterion [20]. Goijaerts et al. [21] have compasedadapted version of the Rice and Tracey
criterion [22] with a new criterion also based bae stress triaxiality in order to predict the
ductile fracture initiation in blanking process.the context of blanking process, Farzin et al.
[23] have applied the shear failure model availabldbaqus code [24], which is based on the
accumulation of equivalent plastic strain as aufailcriterion.

In the coupled approach, the ductile damage variaas a strong influence on the plastic
yield function which describes the material behaviof the sheet. Within this approach, two
main fields must be distinguished. The first onkedathe continuum damage mechanics is
based on the thermodynamics of irreversible prasegss an example, Hambli and Potiron

[25] have applied the ductile damage model propaseldemaitre [26] for the simulation of
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sheet metal blanking process. The second oneatedefo the micromechanics of ductile
fracture by void nucleation, growth and coalesceAceong the numerous studies performed,
Klingenberg and Singh [27] have used the GTN m{Zi&P9] to simulate the punching
process. However, the GTN model is based on théamécs of spherical voids growth
submitted to axisymmetric stress states at higisstiriaxialities, and, as a consequence, is
theoretically unable to describe the mechanisnsheér fracture under conditions of low
stress triaxiality such as those encountered whtanking process. Recently, Nahshon and
Hutchinson [30] and Nielsen and Tvergaard [31] hanagosed a phenomenological
extension of the GTN model to shear-dominated stayamodifying the damage growth rate.
More recently, this modified GTN model and the sHadure model have been applied by
Achouri et al. [32] to simulate the punching pracés high-strength low-alloy steels. By
comparing their numerical results with experimeotas, they have shown that the modified
GTN model provides better predictions of the pupehetration at fracture initiation for low
values of the normalized clearance between thelpand the die (<13 % relative to sheet
thickness). Nevertheless, the trend is totally isgd for a high value of normalized clearance
(33 %). Even if the modified GTN model appears ascanising way for the simulation of
blanking process, it requires a complex identifarastrategy of the numerous material
parameters by coupling simulations and experimeasts on specimens with different shapes
and stress states [33].

Furthermore, Ghosh et al. [34] have compared thH @bdel and the shear failure model
with some experimental micrographs for the shegomogess with block type blades. They
have demonstrated by comparison with experimetisgivations that the fracture initiation
and crack propagation modelling by means of tharsta@lure model is better suited than

with the GTN model.
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For all these reasons, the shear failure modebees chosen to predict the crack initiation
and propagation when the damage indicateaches the value one [24]. This damage

indicator is defined as:

wherese " is the increment of equivalent plastic strain. pheestic strain at failuret is a

damage parameter which can be described as adoraiftihe plastic strain rate, stress
triaxiality and temperature. The summation is eariout oven increments. In the following

of this article, only stress dependence of thetiglasrain at failure has been assumed.

3.2 Wear modelling

Wear has been the subject of several studies begyast in attempts to develop predictive
governing models. Phenomenological models usimgyplies of contact mechanics as an
approach have been proposed by several authompdsieimportant one being the Archard
[14] wear equation. In forming applications, thecAard wear model has proven to be a
suitable solution to depict wear phenomenon ofeg@s$ since it consists in a simple linear
relation between material volume loss, contactqunesand sliding distance. More precisely,
this model is based on a phenomenological apprdiomaf the adhesive wear mechanism
which considers the load and sliding distance @ititerface of two contacting bodies. The
Archard model has been considered in this studheteell suitable in connection with a finite
element model, since each variable can be calcaithin the blanking simulation. Several
studies have been conducted by coupling the Arclvaad model with finite element
simulation of various metal forming processes. Bahrand Schaefer [6] have used the
Archard model with variable hardness to calculat# wear during hot forging. Lepadatu et

al. [35] have analyzed die wear evolution duringahextrusion process by means of Archard
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equation. Ersoy-Nurnberg et al. [36] have developetbdified Archard model related on
dissipated energy to estimate die wear in deepidgaapplication. Hambli [9] has developed
a finite element model for sheet metal blankingl has programmed an algorithm based on
Archard equation to predict punch wear.

According to Hambli [9], the Archard wear equation abrasive wear can be expressed as
follows:

V =KF, 5 (3)

whereéV is the worn volumeK is the wear coefficient depending on the mateoalpde and
contact conditions;,, is the applied load argds the sliding distance. In this study, FE
blanking simulation has provided each variable sgagy for wear calculation, and the
Archard wear equation has been implemented unddab®& environment as follows.

For a representative elementary volume of matefigl,(3) can be written:

dv =K [F, [ds 4)

wheredV is the elementary wear volumef- the elementary normal load, aigthe

elementary variation of sliding distance (Fig.7).
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Fig. 7. Schematic representation of the adopted weaodel for axisymmetric blanking: (a) global
configuration at instant t; (b) global configuration at instant (t+At); (c) detailed view of representative
elementary volume at punch surface at instant (tAt).

The wear deptldW and contact pressupecan be made apparent by introducing the
elementary contact aref) by means of the relatiordv = dW [dQ anddF, = pLdQ:
dw =K [ plds (5)

Finite element simulation provides data at eacreiment over a time intervhlt + At].

However, the explicit resolution scheme requiresynmaore increments compared to the
implicit scheme used in [10]. Thus, requested \Wemhave been written at a predefined
frequency for computational efficiency, so the dimtion has been divided in several frames.
In the following, an incremenmtcorresponds to one frame and increnfentl)is related to

the consecutive frame. The incremental expressip&d. (5) has been programmed

following an Euler integration scheme:

n+l

Sp

n

W =W + K D™ [s)™),  with  (s7™), = ~|sn (6)

whereWF;1 Is the wear depth at incremertalculated for a given punch noéof coordinates

n+l

x;and ppis the contact pressure at increm@nt 1) expressed at the same node.
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sg corresponds to the cumulated sliding distanceaémenn and can be negative

depending on the nodes sliding direction. Thusphibs values have been used to
calculate(s,’:*l)ﬂ , the sliding distance between incremerdaad(n +1).

Unlike equations presented in Falconnet et al. yill@gre contact pressure has been computed
on sheet nodes, Abaqus/Explicit® contact algorittas allowed to calculate contact pressure
directly at punch nodes. However, sliding distavaleies provided only at slave nodes by the
FSLIP variable in Abaqus/Explicit® have therefoeeh computed at sheet surface nodes.

Then, sliding distance value on pursch ljas been obtained by integration of sliding distanc
value from the shesty(aJong the punch profile
S = —— [ s(y)p(x - y)dy
AX) 1

()
@x) = [ p(x~y )y

wherex andy correspond to the coordinate vectors of the pumdes and the sheet surface

nodes, respectively. The non-local modelling depetbby Pijaudier-Cabot and Bazant [37]

has again been considered to calculate only thghtexi average value of the sliding

distance(s,’]“)Tj obtained from the sheet node¢coordinatey ; ) nearby the considered punch

nodeP, (coordinatex; ). This weighting operation is schematically représd in Fig.8.

\ PX;—Y;)

P+T

Punch profile

T” /'T j \ 1:5:5:-Tj+1

Sheet node j Punch node i

Fig. 8. Schematic representation of the weightingihction operation performed around punch node Pto
transfer sliding distance values from sheet nodes fpunch node R
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Applying a discrete integral form of Eq.(7) to thear depth at nod@expressed in Eq.(6)

leads to the following equation:

N, [K Cpr [ &
Wit =W+ —— 3 (s X; =Y,
H H ﬂxl) ]-:l( n )Tj W( i y])

) (8)
with  @(x,) =2 ¢(x, -y;) and ¢(xi—yj)=exp[—\xi—y,-\2/L§]

whereL. is a parameter which determines the sheet nodebermitonsidered for the
weighting operation. The vallg = 2t,, whereis the punch element size, has been chosen

in this study so the sliding distance quantity frone surface sheet node is fully reported
during its movement between two punch nodes. ThstaotN introduces the punch strokes

number. Since wear calculation is performed dutiegsteady-state wear stage, one can
approximate wear after several punch strokes byipihyihg wear depths obtained from one
punch stroke by a punch strokes number. Howewage, must be taken when choosing this
parameter (punch strokes number) in order to alaogke modification of punch profile shape
which can significantly influence stress and presg$ields at contact interface.

According to the weighting function definition, mmum weight is attributed when the sheet
node passes by the considered punch node and nmmimeight as the sheet node moves
away, thus providing a realistic approach of trealavear/contact behaviour.

Once wear depth has been computed for each inctexhdre process simulation, the values

have been normally projected on the punch profiges.

3.3 Numerical simulation parameters
Blanking process modelling has been conducted uidaqus/CAE 6.11® environment
using large-deformation theory [24]. The soluti@s tbeen computed by means of included

explicit solver Abaqus/Explicit® based on a centidlerence time integration rule combined

18



with a global stable increment estimator algoritAine choice of this solver has been
motivated by the ability to use tiskear failure model for damage modelling (see section 3.1).
Axisymmetry modelling has been employed due taé¢velution geometry of the problem,

thus only one meridian plane of the model has loeasidered (Fig.9).

I
| Punch ©
I
. R 7
: P ilp
- Sheet-holder
I *p

1 F = 600 N

s reyRYYRYYY!

¢
7))
= 3
D
D
e

Fig. 9. Axisymmetric blanking simulation setup.

The sheet mechanical properties described in se2tbbhave been included into the
numerical model by means of an elasto-plastic vaseMconstitutive law with isotropic
hardening. Strain rate effect on material behavi@as not been taken into account in this
study. As described in section 3.1, the shearraiaodel provided in Abaqus® has been
employed to take account of damage. Element daletiethod has been considered to
represent crack propagation: when the failure moibels met within given FE, this element is
removed from sheet mesh.

The punch, die and sheet-holder have been meshled Wirigid elements. The 1,174,000
punch strokes worn profile has been consideredisnstudy, so the corresponding

exponential fitting curve (Fig. 6) has been usethtmlel the punch geometry. The punch
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speed has been set to 0.2 m/s according to tHeestate of the mechanical press. According
to Hambli [38], the punch is more constrained ttlendie, which explains why punch wear is
superior to die wear. Moreover, Hambli [38] hasgrsied that tool edge radius is closely
related to the tool wear status. Since die weanbabeen considered during the present
experimental study, a constant curvature radiuskas chosen for the die cutting edge, and
the radius value has been estimated accordingtmthimum curvature of the punch worn
profile. For the sheet mesh, quadrangular firseoekisymmetric elements with reduced
integration have been used to model the shearlbaated within punch and die clearance.
Fine mesh at this location has also been requiredltect sliding distance data on the sheet
surface for wear calculation. A coarse mesh has bpplied elsewhere to reduce simulation
computational cost, with a smooth transition mesitt bach side of the fine mesh zone by
means of triangular first order axisymmetric eletsen

The contact formulation has been managed by Abages®@lty contact algorithm with the
punch profile defined as the master surface anghket boundary as the slave surface.
Coulomb law with friction coefficient value of Otias been employed to model contact
between the sheet, the die and the sheet-holdefridtion has been considered between the

punch and the sheet, since lubrication has bedredpuring the blanking process.

4. Results and discussion
A first step has consisted in calibrating the stiaéuire model damage parameter for blanking
simulation according to experimental observatidien, blanking simulation has been

performed with an initial worn punch geometry, avehr prediction has been carried out.
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4.1 Damage parameter calibration

4.1.1 Calibration according to burnish height

The shear failure model featured in Abaqus/Ex@i¢id include damage within blanking

simulation has required the definition of equivalplastic strain at failure; . The solution

adopted in this study to identify? value has been based on the comparison between

experimental and numerical blanked sheet cut edafégs. Makich [12] has measured
burnish height and fracture height by means of @caifmicroscope (Alicona®), and noticed
that burnish zone and fracture zone evolved malatjng punch running-in wear stage (until

350,000 punch strokes), but tend to stabilize dupunch steady-state wear stage (Fig.10).

250 100
X burnish height 90
+ fracture height
200 : 80
X =
= e xXX*¥x X X x| 70 S
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E_ 150 60 &
£ & s0 &
(=2} o
@ 100 & 40 2
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0 200 400 600 800 1000 1200

Punch strokes number (x1000)

Fig. 10. Experimental measurements of cut edge piité for studied copper-alloy sheet.

In the present work, cut edge measurements havegdreeided for a worn profile after

1,174,000 punch strokes (Fig.11).

Burnish zone

Fracture zone

Fig. 11. Partial view of blanked sheet cut edge &t 1,174,000 punch strokes.
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Due to progressive tool configuration, burr gerestadifter one punch stroke is crushed
against the die when the sheet is moved to perémmsecutive press strokes. Thus, burr is
not visible on blanked profile (Fig.11). A meanwalof 172+4 ypm and 51+4 pm has been
obtained for burnish height and fracture heighgpeetively.

Once burnish height and fracture height have beguiged from the experimental profile of
blanked edge (Fig.11), measurements of burnisthhbmve been performed on numerical cut
edge profiles. For this purpose, a parametric stutly varying finite element size and shear
failure damage parameter value has been condugtidite element simulations. Four mesh
sizes have been tested in the shearing zone matstthe mesh influence on the cut edge
profile. For each configuration, the following quignof finite elements with respective
element dimensions has been used: 1500 finite @lesn(®.5x9.1 um), 2500 finite elements
(4.3x7.1 pm), 5000 finite elements (3.1x5.1 umyl @8O0 finite elements (2.8%3.7 pum).

Fig.12 shows typical sheet cut edge profile obiitharing this study for 5000 finite

Punch .J Sheet-holder

rollover

elements.

burnish height

fracture height

burr

Fig. 12. Sheet cut edge profile after the punch treelled back to top stroke position (5000 finite elaents).
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The different zones described in Fig.3 have beentified on numerical cut edge according
to finite elements shape change, and burnish haighfracture height have been measured.

The results of this parametric study are preseint&ay.13.
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Fig. 13. Burnish height variation according to thedamage parameter value + and the mesh size.

For each mesh size, the minimum value of the darpagemeter reported on Fig.13
corresponds to the limit under which fracture zbas no longer been identified on sheet cut
edge since only burnish zone, burr and rolloveehazeen formed. For the four tested mesh
sizes, burnish height measurements show simildugens. Values reported are sensitive to
damage parameter variation below a specific valuks( 1.22, 1.45, and 1.60 for 1500, 2500,
5000 and 7500 finite elements, respectively) and te stabilize beyond. Burnish height
values show similar trends for meshes of 5000 & 7inite elements whatever the plastic
strain at failure. This parametric study has ilattd sensitivity of burnish height
measurements according to mesh size. However asitigs between results for 5000 and
7500 finite elements meshes suggest that less seesitivity has been reached with a 5000

FE mesh, thus allowing to calibrate burnish heigitih experimental results. From this

hypothesis, a valug =1.44 has been estimated according to burnish heigheval 172 pm
measured on 1,174,000 punch strokes cut edgegrdfiis damage parameter value has been

used throughout the rest of this paper.
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4.1.2 Sresstriaxiality distribution

The burnish height measurements on numerical @ ptbfile have been performed by
locating the transition point between rollover dnuolnish zone on the one hand, and between
burnish zone and fracture zone on the other hanel Idcation of this second point has been
emphasized according to a study on distributiosti&ss triaxiality ratig (which is defined as
the ratio of the hydrostatic stress and the voreslesquivalent stress) along crack path.
Measurements have been performed at integration pefore element deletion occurred,

with a 5000 FE mesh. Three main domains have bisénglished on Fig.14.
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Fig. 14. Stress triaxiality of finite elements locted in the crack path before element deletion andrite
element numbering along blanked sheet crack.

The first one contains finite elements with negaswess triaxiality values. The second one
presents stress triaxiality values regrouped betvdeand 0.4. The third one consists in stress
triaxiality values superior to 0.4.

The present result can be discussed in the ligBaofand Wierzbicki [39] study. After
performing various mechanical tests on ductile nigtéor a wide range of stress triaxiality to
characterize failure mode, Bao and Wierzbicki codel that:

« for negative stress triaxialities-(/3 < 77 < 0), fracture is governed by shear mode.
» for intermediate values)(< 77 < 04) fracture occurs as a combination of shear and voi

growth modes.
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» for large triaxiality valuessf > 04), void growth is the dominant failure mode.

According to these conclusions, the following olbaéipns have been made for the present
work illustrated in Fig.14: finite elements locatedhe upper part of burnish zone (elements
n°l to n°19) have been subjected to shear faillodenand lower part (elements n°20 to
n°30) has been generated following a combinatioshefr and void growth failure modes.
Fracture zone formed by finite elements n°31 tdrdéletion has been mainly subjected to
void growth failure mode. Distinguishing failure des according to stress triaxiality values
has put emphasis on finite elements n°29 and nfB@h appear close to the transition
between the two failure regimes. This result cated with burnish height measurement
performed for damage parameter calibration, sihesd finite elements mark the transition
between burnish zone and fracture zone.

The first finite element deleted during micro crdckmation process was element n°2,
followed by FE n°1 as the punch’s travel carried Dimis result correlates with experimental
observations made by Dalloz et al. [40] who notidadng shear cutting of 1.5 mm thick dual
phase steel that micro crack initiation from voodlescence occurred few micrometers under

the sheet surface.

4.2 Blanking efforts

Numerical simulation of the blanking process héswad the computation of radial force
besides the axial force which is commonly refemsdlanking force. Fig.15a represents
resultant efforts applied on punch as a functiopwfch cumulative displacement during

downstroke travel and then upstroke travel.
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Fig. 15. (a) Axial and radial force versus punchumulative displacement and (b) Sheet mesh at four
damage states: 1. first finite element deletion &lt6% punch penetration; 2. crack propagation and FE
n°55 deletion at 28% punch penetration; 3. completseparation of cut-end blanked part at 29% punch

penetration; 4. punch at bottom stroke position.

Axial force evolves mainly during punch downstrakavel. Maximum blanking force equals
780 N and is reached just before first finite elataeletion (Fig.15b-1) which happens at
16 % punch penetration (relative to sheet thicknddsen, blanking force drops during the
crack propagation, whereas finite element deldtimppens near the die cutting edge
(Fig.15b-2). Complete separation of blanked patuczat 29 % punch penetration (Fig.15b-
3). Regardless of the sheet thickness, this valuelates with Dalloz et al. [40] experimental
work, with a 32 % punch penetration at failure nuead. From the moment complete crack
occurs, resultant effort is mainly due to stressase in the vicinity of the punch flank, as
illustrated by radial force curve. A slight dropedfort is recorded when punch reaches
bottom stroke position (Fig.15b-4). Comparison lestw axial force work and radial force
pseudo-work (area under each respective curveyagieaeduring complete punch travel gives

an energy ratio of nearly seven.
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Numerical wear results presented in the next settawve been conducted with the damage

parameter value estimated earlier and the 500t falements mesh.

4.3 Wear distribution and evolution

Wear calculation has been performed by means ok#a algorithm based on equations
presented in section 3.2. Wear coefficient valuelieen taken from experimental results (see
section 2.3.1), and punch strokes number has bemsen to match with a known
experimental worn profile configuration g&B0,000). The wear distribution presented in

Fig.16a has been obtained.
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Fig. 16. (a) Wear evolution from worn profile at 1174,000 strokes, (b) corresponding punch profile wh
node numbering, and (c) different punch cumulativepenetrations relative to sheet thickness.

Punch penetration has been represented as a ciwawjaantity relative to the sheet
thickness for which a value of 200 % correspondsi¢dbottom stroke position and 400 % the
final position after upstroke travel. Punch faceamecated at punch nodes 1 to 30 shows
minimum values as predicted by experimental regkits6), and also observed on
experimental worn profiles by Maeda and Aoki [4The “neutral” wear zone highlighted
during previous study performed by Falconnet efldl] from a 766,500 punch strokes worn

profile has still been noticed during wear caldolatrom a 1,174,000 strokes worn profile,
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near node 33. During downstroke travel (from 0@0 % punch cumulative penetration),
wear depth tends to evolve rapidly in punch cutgdge (nodes 37 to 40 approximately) to
further develop on punch flank (nodes 41 to 1219ah be noticed that lower extremity of
punch flank wear zone (from nodes 41 to 59) presasignificant increase of wear depth,
with maximum value reached at node 45. From 200 %90 % punch cumulative penetration
(upstroke travel), punch flank wear is evenly depelig as during downstroke travel but
propagating from upper part to lower part of pufiahk. Lower extremity of punch flank
wear zone is even more developing as during dowoketiravel, with maximum wear depth
now localized at node 48.

Wear generated during upstroke travel is mainlytdustress release that causes the sheet to
“pinch” the punch. Moreover, extended contact darebetween sheet and punch flank lower
extremity during punch travel is the main causeasfcentrated wear at this location. By
comparing Fig.15a and Fig.16a, it is worth noting similarity between axial force and
punch face wear on the one hand, and between fadtal and punch flank wear on the other
hand.

Wear distributions presented in Fig.17 illustragawstatus at key instants of the simulation.
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Fig. 17. Wear distribution at different punch penetations.
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Wear distribution at 30 % punch penetration represspunch wear status just after complete
crack occurred. Compared to previous study of Fadebet al. [10] where damage modelling
was not taken into account, wear calculations peréal in the present study have given
further information about punch cutting edge weat #lank wear. As shown in Fig.17, wear
distribution at bottom stroke position illustrate contribution of sheet burnish edge contact
on wear calculation during downstroke travel, aggtesents approximately 54 % of the area
delimited by wear distribution at top stroke pasiti

By comparing wear distributions from Fig.17 withngh efforts represented in Fig.15a, links
can be established between punch axial force andhpiace wear on the one hand, and punch
radial force and punch flank wear on the other h&ubenstein [42] has performed such a
comparison by relating the amount of tool weah® ¢utting force components in machining
process. In Fig.17, punch face wear exhibits amminn value because relative sliding
between punch nodes and sheet surface nodes istalomexistent from sheet indentation
phase until sheet separation at 29 % punch peieti@bntact loss). Moreover, contact
pressures under the punch evolve around 0.7 GRabhaérn a reduced surface, which
explains elevated value of blanking force reachedlightly affecting calculated wear depths.
On the other hand, punch flank is subjected tomaleoeation of important relative sliding and
high contact pressures reaching average valudbRa. This is due to stress release within
the sheet that pinches the punch during downstokleupstroke travel. Therefore, punch
radial force remains preponderant for almost thelevblanking process duration, i.e. from
the moment complete crack occurred to the end ofipupstroke travel. Axial and radial
forces can be used as an indicator for qualitatigar prediction but they neglect the
contribution of relative sliding between punch aheet which is necessary for wear

calculation according to Archard formulation.
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4.4 Punch worn profile prediction

In Fig.18, calculated wear depths have been reppanenormal vectors at each punch node of
the initial worn profile to build numerical worngfiles. The experimental fitting curve in
Fig.18 has been represented to show the inititd §tam which the numerical profile has

been computed.
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Fig. 18. Experimental worn profile at 1,174,000 ath 1,254,000 punch strokes, and numerical worn prdé.

In order to display the numerical profile despaer lwear depths values in Fig.18, a
magnification factor has been applied to computedrdepths. Concretely, the terni’in

the second part of right hand side of Eq.(8) hambeplaced with 5.K ”. Most of calculated
wear is located at punch flank, from ordinate 4880 um approximately, and comes from

the combination of important sliding distance andtact pressures. Wear depths computed at
punch face nodes show almost no evolution sineivel sliding between punch and sheet is
nearly nonexistent under the punch. Due to shgetragon during crack propagation and to
the gap created by the element deletion, a lochipatact loss occurs and leads to no wear

calculation between ordinate 5 and 18 um. Obsenvati wear evolution on experimental
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worn profiles presented in Fig.6 shows importantemal loss for abscissa lower than 12 um
in the punch cutting edge, which is not appearimgnomerical worn profile. However, it
appears that the “neutral” wear zone identifiedr mdscissa 18 pm of the numerical profile
(Fig.18) matches a singular zone on experimentdllpwhere no wear is observed until
profile slope shift at abscissa 12 um. It shoulehbticed from Fig.6 that at this location, the
punch fitting curve at 1,174,000 punch strokes estmates the real profile according to
wear depth.

Wear calculation with Archard formulation seemsrappate to estimate punch flank wear
since contact conditions in this zone are simoaa simple surface-to-surface tribological
test. Thus, contact pressures and relative slidimgputed from numerical simulation should
tend to experimental values on punch flank. Orother hand, sheet motion and damage in
cutting edge zone entails contact loss that impaets calculation, and therefore
misrepresents punch cutting edge wear.

Wear coefficient measured by means of specifiotribter shows lower values compared to
bibliography. For different material couples undatubricated conditions, order of
magnitude of wear coefficiekt varies over the range 16 10° mm2/N according to
Kalpakjian [43]. Finally, magnification of wear dég by a factor 5 allows the numerical

profile and the real experimental profile to maitcipunch flank, as illustrated in Fig.18.

4.5 Discussion

In the context of blanking process simulation, dgenand fracture models have to be taken
into account for a more accurate description ofpiteeess, as they influence the stresses
within the material and modify contact efforts twe tools. Ghosh et al. [34] have shown that
the shear failure model predicts with quite accythe crack path and the cut edge profile for

shearing process in comparison with experimengallte This practical model which
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requires only one damage parameter (the equivplastic strain at failure) to calibrate has
been chosen in this study for its efficiency todimbe shear failure within blanking process. It
should be noticed that the equivalent plastic staaifailure has been determined by
comparing the measurement of the burnish heiglit i numerical predictions for a specific
set of blanking process parameters. If one of tbegss parameters such as sheet thickness,
punch — die clearance, or tool radius is modifier$, necessary to recalibrate the
corresponding value of the plastic strain at falby using the same identification method.
Much more sophisticated damage models such as ied@fTN model for shear failure can
be used to simulate blanking process, but theyiregeveral experimental tests to identify
their numerous material parameters. In this sttledyyshear failure model has proven to be a

suitable solution to investigate tool wear duringnixing process in industrial context.

In this paper, some approximations have been negigding friction conditions. The first
one has consisted in using the tribometer presenteelction 2.3.1 to approach contact
condition observed during blanking, i.e. renewalulfbing surface. However, during
downstroke and upstroke travel of the punch, cangamostly established between punch
flank and sheet burnish zone (Fig.12) as illustrdg blanking simulation; contact between
punch face and sheet virgin surface only happenagiplastic indentation phase (until 16%
punch penetration, approximately). Wear coefficintined in this study by the tribometer
characterizes wear between tungsten carbide pis@petficial layer of the sheet, instead of
sheet inner material with pin, thus giving relaljview wear coefficient value. Another
approach using pin-on-disc tribometer seemed muapeoariate, but as demonstrated by
Gréban [13], this configuration implies recyclinfveear particles since wear track remains
the same during experiment, which is not the cadsanking (wear particles are ejected).

Linear tribometer with reciprocating motion seem$¢ an interesting alternative to match
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blanking friction conditions since wear particles ajected and oxidation film is removed to

reach sheet inner material. Such an experimemtdsrminvestigation.

The second approximation has concerned frictioffificaant. In this study, no friction has
been considered between punch and sheet. Singedidtin has been performed during
blanking process, low friction coefficient valuesvie been expected between tool and sheet.
During preliminary settings of blanking simulatiomstroducing friction coefficient between
tool and sheet has led to a reduction of the xaatiiding and then a decrease in calculated
wear depths according to Archard law. Thus, nosm@ring friction during blanking
simulations leads to an overestimation of compwutedr depths. One way to consider friction
coefficient in a wear model can be achieved acogrth an energy approach. This approach
has been employed by several authors to link émeti work (i.e. energy dissipated by
frictional forces) with wear volume. For exampleulry et al. [44] have introduced the
energy wear coefficient (ratio of wear volume tiational work) for quantitative comparison
of different materials under fretting wear. Frictéd energy is calculated from frictional force
and sliding distance. Thus, this approach is edemtdo Archard law with a constant friction
coefficient. The method proposed in this paperlmmoompared to an energy approach with a
friction coefficient of one since Archard law usesmal load (i.e. from contact pressure)

instead of frictional force.

Wear particles are supposed to be generated frermtiment that relative motion exists
between two contacting surfaces, i.e. the punchifamgheet. To translate this wear
mechanism into finite element environment, weacwation and punch geometry update
should be performed at each time increment. Neglas$ls, the computational cost to carry out
such a modelling would be very expensive (as aanaftcontact resolution, mesh and
mechanical fields transfer, etc...). A strategy hasnbtrialled to update the punch geometry

at an intermediate step of the blanking simulatidear depths have been calculated and
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reported on initial punch profile (1,174,000 purstiokes) after it has reached bottom stroke
position, and the blanking simulation has beenyeddy replacing the punch profile with the
corresponding updated punch geometry. In the pafgdoffmann et al. [45], geometry

update of deep drawing punch has been performedesth iteration, one iteration

consisting in a forming simulation followed by aavesimulation. The trialled method with
punch update offers similarities in the way thatgflugeometry update has been performed
twice during an iteration (when the punch has reddiottom stroke, and when it has returned
to top stroke position), but only one iteration bagn achieved. However, this method has
not been adopted for two main reasons. The firgtistecause almost no difference has been
observed in wear distribution after punch updatagared to the wear calculation performed
without punch update. The second reason is retatdte significant difference of punch

strokes number to be simulated in blanking in camspa with deep drawing process.

5. Conclusion

In this work, sheet damage model has been intratlucthin sheet blanking simulation for
complete modelling of the forming process. The roétproposed to calibrate the damage
parameter value has shown dependency toward &lgteent mesh size. However, less mesh
sensitivity has been observed from the 5000 figliéenents mesh, thus allowing calibration of
the damage parameter according to burnish heighted¥er, the correlation between

calibration method according to burnish height eesdilts from the stress triaxiality study

performed along crack path has emphasized thelboic; value by identifying the

transition point between burnish zone generateshiear failure mode, and fracture zone
obtained by combination of shear and void growilufa modes. Blanking simulations have

been coupled to a wear algorithm established bynsetexperimental data gathered from
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Makich [12]. Compared to previous work [10], mongéormation on punch wear has been
accessed by introducing sheet failure modellingak¢alculation performed along punch
profile has revealed important wear starting fraimgh cutting edge to punch flank, whereas
punch face remained almost unworn. A transitiorezd@noted “neutral” wear zone has still
been identified in punch cutting edge lower pahe Torrelation between forces acting on
punch and wear has offered possibilities for gaflie wear estimation but shows some
limitations for providing quantitative results. Bity, wear profile computed by means of the
wear algorithm has shown on the one hand simisadis on punch flank compared to
experimental profile, but on the other hand a laickccurate prediction in cutting edge zone.
As perspective of this work, several fields of esé could be investigated. The first one
concerns optimization of mesh size in shear bamditemize crack width impact on wear
calculation. The second one consists in increasiagrequency of punch profile updating to
obtain a better description of punch wear evolutkinally, further investigation should be
performed on energy approach as an alternative medel for prediction of abrasive tool

wear in blanking process.
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