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Abstract

This work combines experimental studies with finite element simulations to develop a reliable numerical model for simulating the important
shearing process in aluminum alloys. Burr formation in shearing is of critical concern with respect to the quality of the product. The paper
discusses various aspects leading to the modeling of the shearing process with an aim to design process parameters for burr reduction.
Three damage models are implemented in the finite element model for simulating the shearing process. Experiments with macroscopic and
microscopic observations are used to characterize the material quantitatively and to calibrate the constitutive and damage models. The usel
material subroutine VUMAT is used for implementation of material and damage models in the commercial finite element code ABAQUS.
Parametric studies are finally conducted to study the effect of process parameters on the shearing process and especially on burr formation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction used in cutting-to-width of many materials such as metal, pa-
perand plastics. Itisacommon process for flat rolled products
Shearing processes, such as blanking, trimming, piercing, (FRP) with very thin gage. Applications range from hotline
guillotining, etc., are among the most important processes inedge-trimming, cold mill edge-trimming, to side trimming
sheet metal forming operations widely used in various indus- and slitting at finishing stage. The processes are required for
tries like automotive, aerospace and electronics. While re- both ingot source products and continuous cast products.
search in this area has commonly focused on determination While shear slitting is generally similar to the normal
of punchforce, punch displacement and energy consumption,shearing process, the geometry of the setup is slightly dif-
critical concerns in many instances are burr formation and re- ferent. The work-piece is passed through a rotary blade and a
sulting quality of cut surfaces. High amount of burr formation bottom blade foritto be cut. Schematic diagrams of the blade-
leads to numerous problems in industrial applications. In the setup and different views of the blades are showRigm 1
automotive industry for instance, burrs formed in the trim- The entire process occurs in three main stages with respect to
ming process often scratch the surface of the formed parts indeformation and damage mechanisms. The first stage of elas-
the downstream processes. Similar problems associated witttic deformation results in very little bending deformation of
the manufacturing of memory discs in the computer industry the sheet. With stresses reaching the material yield strength,
require specific de-burr operations. a plastic zone is formed in the clearance region between the
Shear slitting is a manufacturing process to convert a web blade and the die, where small cracks initiate with continuing
into multiple narrower webs using rotary blades. It is widely blade travel. Subsequently, these cracks grow in size and co-
alesce to cause final material separation by ductile fracture.
* Corresponding author. Present address: Room 234, 650 Ackerman RoadAS seen inFig. 2, the fracture surface of the sheet can be
The Ohio State University, Columbus, OH 43202, USA. divided into four distinct regions, viz. the (a) rollover area,
Tel.: +16142922599; fax: +1 6142927369 (b) burnish area, (c) fracture area and (d) the burr area. The
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Fig. 1. Schematic diagram of shear-slitting process: (a) side view, (b) top view, and (c) front view.

macroscopic factors such as clearance, cant angle, rake angldirst systematic experimental studies on the subject. A com-
blade sharpness, tooling material, blade geometry, lubricants prehensive survey of the progress upto the 1980s has been
cutting line curvature (or geometry), temperature, clamping made by Johnson and coworkg2s3]. Extensive experimen-
force, etc. as well as the microstructure of the material. tal and analytical work has been made by Atis6] in this

A major problem with some of these processes is encoun-area. Zhou and Wierzbick7] have developed a tension zone
tered in the quality of the cut-edge, due to burr formation, model while Li’'s experimental work focused on burr forma-
fines and debris. Various process parameters like clearancetion and micromechanics of deformation and fracture during
blade overlap, cant angle, rake angle, web speed, web tenshearing proce$8,9]. Numerical studies on this subject have
sion, etc. determine this quality for shear-slitting processes. been progressing in the last two decades. A major challenge
The clearance is the distance between the blade and the lowein these simulations is in the prediction of damage and fac-
die cutting edges in horizontal direction. The cant angle is ture. Taupin et al[12] have used a failure criterion proposed
the angle between two blade planes viewed in the direction by McClintock[13] for fracture prediction. In this model, the
perpendicular to the web plane, as illustrateHim 1b. Rake damage parameter is calculated based on the principal stress
angle, shown irFig. 1c, is the angle between the blade and in the direction of greatest void deformation. Hanjib#,15],
the bottom blade viewed in the direction parallel to the web and Miguel and Bressdft6] have used the equivalent plastic
plane. strain—hydrostatic stress based Le Maitre’s mdd@], for

Researchinthis area of shearing started in the early to mid-simulation of blanking process. The Cockroft and Latham
1900s and the work by Chang and Swif was one of the =~ model[18], in which the ratio of maximum principle ten-
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Fig. 2. Schematic of (a) the shearing process and (b) the cut profile.
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sile stress to the equivalent stress drives damage evolutiongxamined by comparison with experiments. For validation of
is used in the shearing simulations of Fang ef&9] and the damage model, experiments are conducted with normal
MacCormack and MonaghdB0]. All of these simulations  shearing process with block type knives. The schematic of the
incorporate fracture through an element deletion technique,normal shearing process with block type knives is shown in
in which an element is removed once the damage criterion is Fig. 2a. Macroscopic experiments with microscopic observa-
reached at an integration point. Alternatively, Brokken et al. tions are conducted to characterize the material quantitatively
[21] have used a discrete crack propagation approach for sim-and to calibrate the constitutive and damage models. Ele-
ulation of fracture, in conjunction with the Rice and Tracey’s ment deletion method is implemented to represent material
damage mod¢p2]. This model is based on the stresstriaxial- separation in these simulations. Parametric studies are done
ity, defined as the ratio of hydrostatic stress to the equivalentto study the effect of various parameters on the extent of
stress. Brokken et g23] have used a modified form of Rice  burr formation and the results obtained from simulations are
and Tracey’s model through different multiplying factors for compared with experimental results. Practical experience
the stress triaxiality as proposed by Goijaerts ef2]. In indicate that among the many process parameters, the most
their work a fracture potential is calculated using the local ones are clearance and cant angle. Recent experimental work
damage criterion and extrapolated to the nodes in every loadby Li and coworkerd8,10] has found that rake angle can
increment. When the fracture potential at a node reaches asignificantly contribute to burr height. Therefore, the paper
critical value, a crack is initiated, or in the case of crack tip, focuses on the simulation of the effects of rake angle and cant
propagated in the direction of maximum fracture potential. angle.
This direction is determined by sampling a finite number of
locations radially spaced in the vicinity of a node. For this
approach, a continuous remeshing strategy has to be use@. Material constitutive and damage models
in order to accommodate new and moving cracks. Klingen-
berg and Singlf25] have used the Tvergaard—Gurson model 2.1. Constitutive model
[26,27]for modeling the ductile fracture by void nucleation
and growth. Wisselink and Hatink [28] have used the Oy- The aluminum alloys Al6022T4 and Al5182-H19 are pro-
ane model[29,30] with a predefined initial crack front. A vided by Alcoa Technical Center and are modeled using finite
problem with this method is that the position of the initial deformation elastic—plastic constitutive relations in ABA-
crack front is not known in most of the cases. Simulations QUS-Explicit [32] with experimental validation. The
performed by Kubli et all31] include only a shearing opera- hardening parameteH in the elastic—plastic model is
tion, which is simulated by continuous remeshing. With this expressed in terms of the flow stregsand the plastic work
approach, only the rollover zone can be predicted. In most W, by
of the work mentioned above, the main emphasis is on the d
. .. . . Uy
analysis and optimization of the punch force in the blank- H = —oy——
ing process. A majority of these simulations are for the 0 3 “dwp
rake angle such as in the blanking operations. However, asin each increment of the ABAQUS simulations, instanta-
shown experimentally8], the cutting angle (or rake angle) neous values oH are obtained as the gradient of the ex-
has a dominant effect on burr height. Technology to improve perimental stress—plastic strain curve obtained from uniaxial
burr height and cut edge quality for non-zero rake angles hastension tests of specimens, as showhim 3. From these ex-
been develope 0,11] Relatively little work is reported on ~ periments, the elastic modulus of the alloy Al6022T4 is found
the prediction of crack profile explicitly to minimize the for- to be E=64x 10° MPa and the yield stress, =161 MPa.
mation of surface defects such as burrs. Current practices ofThe material properties for the alloy AI5182-H19 are
shear slitting of aluminum sheets and foils rely heavily on E=64x 10° MPa and the yield stresg, = 327 MPa.
experience and operators’ trial and error procedure.
An effort has been made in this paper to determine the 2.2. Damage models
relationship between the slit edge quality and the process
parameters. It combines laboratory and field experiments Macroscopic damage models are necessary to predict the
with numerical simulations of the shear-slitting process for onset and propagation of ductile fracture to cause material
developing validated models of the process. The model is separation. A major mechanism of the initiation of duc-
subsequently used to examine the influence of the effecttile fracture in metals is void nucleation caused by dislo-
of process parameters on the burr formation and hencecation pile-ups, second phase particle cracking or other im-
recommend process design. The finite element model usingperfections. Under the influence of plastic deformation, the
the commercial code ABAQUES?] is described in Section  voids subsequently grow with coalescence to form a dom-
3. Ductile fracture is modeled using three different models, inant crack[19]. Various damage laws, which predict the
namely the Tvergaard—Gurson modeb,27] the shear  onset of failure based on functions of stresses and strain his-
failure model[32] and the Cockroft—-Latham mod§L18]. tory, have been proposed in literature. Of these, the models
Their effectiveness in modeling the shear-edging process iscommonly used for ductile fracture are by Clift et E3],

1)
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Fig. 3. (a) Dimensions of the dog-bone specimen of unit thickness (in inches), (b) true stress—plastic strain response of the aluminum alloy(&)6Q22T4
stress—plastic strain response of the aluminum alloy Al5182-H19.

Tvergaard—GursofR6,27], Rice and Tracey22], McClin- is defined in this model as:

tock [13], Oyang[29,30]and Cockroft and Latharfi8]. In 2 3

many of these models, a material point is assumed to havep = <q> + 2g1 f cosh (—q2p> —(1+4¢3f)=0
failed when a local damage parameter reaches a certain criti- oy 20y 5

cal value. For many shearing operation simulations, the dam- (2)
age parameter is calculated based on the equivalent plastigvhereq is the effective Mises stresgthe hydrostatic pres-
strain and some function of the stress tensor, e.g. stress trisyre,f the void volume fractiongy the yield stress of the
axiality, hydrostatic stress, principal stress, etc. An alterna- matrix material andyy, gp, 03 are the experimentally evalu-
tive accumulated equivalent plastic strain based shear failureated constants. The rate of change of void volume fraction is
model, featured in ABAQU$32] is also a viable model of  governed by the equations

ductile fracture. In this paper, three different damage models . )

are calibrated and validated with experiments for determining f = for + fuaWith fgr = (1 — £)&": Iand foue = AP
their suitability in the shearing simulations. They are (i) the 3)
Tvergaard—Gurson model, (ii) the Cockroft—-Latham model

and (iii) the shear failure model. The analyses use the ele- Wherefgr is the change in volume fraction due to growth of
ment deletion technique, in which the element stress-carryingexisting voids andfnyci the change in volume fraction due
capacity is reduced to zero at a critical damage, in conjunc-to nucleation of new voids. The nucleation paramétas
tion with these models to represent material separation anddefined in[26] as

crack propagation. A brief description of the damage models ol
is given below. A=-—IN_exp 1 —EN (4)
SN A/ 2 SN
2.2.1. Tvergaard—Gurson model wheregy andsy are the mean and standard deviation of the

The Tvergaard—Gurson modeb,27]of void nucleation, nucleating strain distribution arf, is the volume fraction
growth and coalescence is based on the principle of formationof nucleating voids. When the void volume fraction reaches
of microscopic voids and growth of existing voids with in- a critical valuef;, the model assumes void coalescence with
creasing plastic strain. The void volume fraction is used as theaccelerated void growth. In this phase, material starts to soften
damage parameter and a pressure dependent yield functionill the void volume fraction reaches a valigeAt this fraction,
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there is a complete loss of stress-carrying capacity and the3. Experiments for calibration of material models
yield surface reduces to a single point. An element, for which
all integration points have failed, is subsequently removed 3.1. Mechanical testing and metallography
from the analysis.
Material parameters for the aluminum alloy AlI6022T4 are

2.2.2. Cockroft—Latham model evaluated using two sets of experiments. In the first set, ten-

This model, suggested by Cockroft—Lathfi8] and Oy- sion tests are conducted with ASTM standard dog-bone spec-
ang[29,30], determines the likelihood of fracture from tensile  imens of the sheet with dimensions showrFiig. 3a. The
plastic deformation, by consideration of plastic work to fail- dog-bone samples are strained to failure at a constant rate of
ure. The material is assumed to undergo ductile fracture when5 x 10~4in./s on an Instron 2000 mechanical testing system.

a damage parametBrreaches a critical valug, where Load data is sampled directly from the load cell and strain is
recorded using a 1in. extensometer placed across the center

D— / ( > P! ®) of the sample. The specimen wigith_s are slightly reduced near
the center to ensure fracture within the range of the exten-

_ someter. Four samples of identical dimensions are tested un-
andeP'is the equivalent plastic straia,is the effective Von-  der same conditions to ensure repeatability and macroscopic
Mises stress andl is the maximum positive principal stress.  |pad—displacement response curves are generated. To facili-
The material |0395 its stress-carrying capacity at the fracturetate microscopic observations for some damage models like
plastic stralnef This model is implemented in ABAQUS-  the Tvergaard—Gurson model, a second set of experiments is
Explicit [32] using the user material subroutine VUMAT. carried out using U-notched specimens of the sheet metal as
This model has been used by Fang ef{#], MacCormack  shown inFig. 4a. The experiments are designed to measure
and Monaghani20] for blanking and trimming operations.  the evolving void volume fraction at regions of interest. The

specimens are strained at a rate of 50~ in./s, and the load
2.2.3. Shear failure model is measured using a load-cell on the MTS, while the strain on
The shear failure model uses the accumulated equivalenteach specimen is measured using a 1in. extensometer. Three
plastic strain as a damage indicator and predicts the occur-samples are initially strained to failure and the failure strain
rence failure when a damage parameteexceeds 1 (see is determined from the extensometer readings to be approxi-

[32]), where mately 11.3%. Anumber of other specimens are subsequently
loaded to different levels of pre-failure strains, at which loads
w— Ai—p' ©6) are interrupted. Following load interruption, each specimen
- gf' is sectioned to extract samples from the notched regions to

study the regions around each notch and at the center of each
andAgP is the increment of equivalent plastic stra??l',the specimen. These samples are mounted and polished using
plastic strain at failure that can be a function of the plastic standard metallographic techniques and photomicrographs of
strain rate, stress triaxiality and temperature, and the sum-each sample are taken with a Philips XL-30 ESEM. 4o
mation is performed oven increments in the analysis. In  shows the micrograph near the edge at 11% strain level at a

the present analysis, only the stress dependenég' if as- scale of 2Qum. Itis apparent that discrete voids have initiated
sumed. in the microstructure at this strain. This void evolution infor-

|——1.000 —-—|

= 0.750 —
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Det WD Exp 1 20um
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Fig. 4. (a) Dimensions of the notched specimen (in inches) and (b) sample micrograph near the notch at 11.2% strain.
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mation is necessary for the calibration of constitutive model Table 1

parameters in the Tvergaard—Gurson model. Void volume fraction at the notch edge as a function of the overall strain
Microstructural  characterization and analysis of Overallstrain (%) Void volume fraction

the evolved voids are necessary for calibrating the s 3.52E-04

Tvergaard—Gurson model. The actual microstructural geom- 9 9.62E-05

etry of the voids is generally quite complex and an exhaustive 10 1.75E-03

database is required to store all the geometric details. Toli2 g'ig:gg

avert this, equivalent microstructures of equivalent ellipses 1, 55 1.91E-02

that closely approximate the actual morphology but are
computationally less demanding, are generated. This process

has been successfully developeddd]. The digitized image ?nd '\:A(“’ 'flg_)his the f?“mbterigf eII(ijpsBejsfin ttf;]e sizel—?hapedin-
data is first transferred into binary format to distinguish ervalo. The coefficient™ andg™ for the prolate an

between the voids and matrix phases. The zerf first oblate categories are taken from tables providd¢@%h Void

(I Iy) and secondlfy lyy) order geometric moménts are volumes for each intervdj are obtained from the mean size
Xy 1y Xy 1yy, . .

then computed for each void by adding the contributions (i-0.5A and_me_an shape paramepp@.S);k and the total

from each pixel that lies within the void boundary. The volume of voids is calculated by adding the volumes from all

centroidal coordinatesx, ) of the equivalent ellipse is intervals. The void volume fraction near the notch is calcu-
first evaluated from thé zceroth and first order moments lated for specimens loaded to different strain levels using this

as:xe = lylo, Ve =ly/lo.. The major and minor axes of the method. Micrographs are taken at three different locations
«Ac = IxI0, Yc—ly/10,- . _
equivalent ellipsoids are then obtained equating the second €& the edge and the average value of VO'd. volume frac
moments of the ellipses with the pixel-based moment tion are calculated and tabulatedliable 1 The void volume
data. The size of each void in the micrograph is retained fraction is observed to increase with overall strain level in an
in thé form of major and minor axes of the ellipse. This exponential manner as described in the Tvergaard—Gurson

simplification of the particle data allows for simple statistical model.
analysis of the system. It enables easy computations of local

volume fraction of the voids in the matrix. 3.3. Damage parameter evaluation

An inverse method, involving numerical simulations and
experiments, is implemented to evaluate damage parameters
in various models of ductile fracture used in the simulation of
the shearing process. For the Tvergaard—Gurson model, the
damage parameters inclufjendf; as well as the nucleation

specimen have to be mapped to 3D microstructural represen—parameter$N’ s andfy, while for the Cockroft-Latham

. . |,
tations. Methods of stereology enable the mapping of certain M0del the parameter 3, and the failure plastic straif is

3D characteristics from 2D projected data of the microstruc- the damage parameter for the shear failure model. The exper-
ture [35]. For example, distribution of 3D spheroids in the imental load—displacement curve showing failure in the dog-

microstructure can be estimated from the size and shape disPOn€ specimens for the first set of experiments is depicted in
tribution of 2D elliptical cross-sections. Following develop- F19- 5 Inthe ABAQUS finite element model to simulate these

ments inf34,35} modified Saltykov transformationis usedin  €XPeriments, only a quarter of the specimen is modeled using
this study to obtain 3D void volume fraction by incorporating  QUAD# plane stress elements with the material model devel-
shape effects for generating prolate or oblate spheroid geome9P€d in Sectior2.1. A very small geometric imperfection is
tries from known distributions of elliptical cross-sections. Ntroduced in the model to start necking at the center of the
The 3D spheroid size—shape distribution is obtained from SPecimen. The damage parameters in each model of ductile
the 2D size—shape distributi¢85] as: fracture are adjusted such that the results of the simulation

match the experimental results. For the Tvergaard—Gurson

3.2. 3D Volume fraction from 2D data using stereology

For effective comparison with 3D computational models,
the microstructural data and material characterization (e.g.
size and shape distribution of ellipses) of 2D sections of the

o 1K i 5 model, the calibration process yielfis=0.08 andf; =0.1;
No(i, J) = < > PN Bg? () for the Cockroft-Latham modeC=0.6 and for the shear
a=i f=j failure modeIEfI =0.35. The comparison of the simulation

The range of 2D ellipses and the 3D spheroids is divided into @nd the experimental results using these damage values is
mintervals. The size of the interval, for prolate spheroids ~ Shown inFig. 5 The corresponding crack profiles with the
is A =B/m and for oblate spheroids i& = A/m, whereB is damage models are compared with the experimental crack in
the largest of all minor axis lengthb)@ndA s largest of all ~ the dog-bone sample ifig. 6. For modeling shear slitting
major axis lengthsa). A shape parameter (or square eccen- of the aluminum alloy Al5182-H19, the results from the uni-
tricity) defined as? = 1 — (b/a)? s also recorded and divided axial tension tests iRig. 3o are used. The equivalent plastic
into k intervals of equal size &/ ThenN,(i, j) is the number stqain at failure for the shear failure model is found to be
e U . -l _
of prolate or oblate spheroids in tij¢h size—shape interval & =0.29.
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failure with simulated results of three damage models. simulations with the Tvergaard—Gurson model, (c) simulations with the
Cockroft-Latham model, (d) simulations with the shear failure model.

A plot of the corresponding equivalent plastic strain for given by the fitness function
this model, showing the plastic localization region is pre-
sented irFig. 7b. . N 2

Additionally, the Tvergaard-Gurson model requires the / = Z 1f7 = fe% V)l
evaluation of the nucleation parameteys sy andfy. These i=1

ndata

(8)

are calibrated from the microscopic void volume fraction data wheref” is the void volume fraction and' the correspond-

as afunction of overall strain, obtained from the set of exper- ing strain. The fitness function in GA converges to the mini-
iments with notched specimens. The genetic algorithm (GA) mum value with an optimum set of parameters. The values of
[36,37]is used to minimize the difference between simulated the nucleation parameters are obtaineds 0.5,y =0.1

and experimental void volume fraction in aleast square sense andfy = 0.04.Fig. 7a shows the void volume fraction as a
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Fig. 7. (a) Void volume fraction as a function of the overall strain for experiments and simulations with the Tvergaard—Gurson model. (b) Platexftequiv

plastic strain in the dog-bone specimen of AI5182-H19 at experimentally observed overall strain at fracture.
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function of the strain for experiments and simulation. The hydrostatic stresses and dilatational strains in this process.
discrete experimental points correspond to each interruptedHence, it is concluded that the expected material separation
load test, of which one corresponds to a localization instabil- in shearing problems cannot be modeled successfully with
ity region where the void volume fraction is growing rapidly. the Tvergaard—Gurson model. The Cockroft—-Latham model
A continuous function, represented by an exponential ex- however develops complete material separation due to crack
pression, is fit to the discrete data and compared with the propagation as shown fFig. 9. When the simulated crack
simulation. Given the various factors that contribute to the er- profile is compared with the experimental profileHig. od,
rors due to interrupted testing and stereology, the simulationa significant difference is observed. Also, the burr heights
predictions are found to match the experimental data quite obtained from the simulations using the Cockroft-Latham
well. model do not match with the experimental results for differ-
ent values of clearance, tool radius and cutting angle. For all
the cases, the crack propagates and ends very near the corner
4. Validation of damage models of the bottom blade which does not yield the experimentally
observed burr height. This model is consequently considered
Itis important that the effectiveness of each damage modelinappropriate with respect to the objectives of this study.
in simulating the shearing and shear-slitting process be estabFinally, the material separation and crack propagation is
lished, prior to their application in the actual field problems. found to be successfully modeled using the shear failure
In this effort, the results of simulations with the three damage model. As shown inFig. S, the simulated crack profile
models are compared with experiments on the shearing pro-using this model compares well with the experimental
cess with block type blades as showrFig. 2a. The width result. Additionally, the simulated burr heights generally
(out of plane dimension) of the aluminum sheets is very large agree with the experimental observations. This confirms the
compared to the thickness and hence, a 2D plane strain comsuitability of the shear failure model for shearing process
putational model is set up. The model is restricted to casessimulations.
where the edge of the cutting tool is parallel to the width
of the sheet, avoiding any skewness in the cuts. The clamp-
ing pad, die and the blade shownFig. 2 are modeled as 5. 3D finite element model of the shear-slitting

rigid surfaces. The metal sheet of dimensions 1 mgmm process
is meshed using approximately 7000 plane strain QUADA4
(CPE4R) elements in ABAQUS/Explicit as shownHig. 8. The aluminum alloy AL5182H19 is commonly subject

The results of numerical simulations with the to shear slitting at Alcoa. The finite element model for the
Tvergaard—Gurson model, the Cockroft-Latham model shear-slitting process is developed using the commercial code
and the shear failure model are shownFiig. 9. Also the ABAQUS/Explicit [32] with the user material subroutine
part and the scrap profiles from experiments are shown VUMAT. Due to the nature of boundary conditions, geome-
in Fig. 9. For the Tvergaard—Gurson model, the material try of the setup, e.g. the variations in cant and rake angles, the
does not separate and the crack propagation arrests in thénodel is developed in 3D. The clamping pad, and the blades
thickness direction on account of very small increase in the are modeled as rigid surfaces. It is the experience of the Al-

coa researchers that the effects of tooling material are from
o friction and wearing perspective, not from elastic deforma-
Blade (Moving in . . ; L.
vertical direction) tion perspective. It is assumed that rigid blades (both top and
Top Die (Fixed) ——_ bottom blades) have little effect on the cutting edge quality.
The metal sheet of dimensions 0.2159 m@ mmx 6 mmis
meshed using approximately 160,008-noded brick elements
- (C3D8) as shown irfrig. 10 A graded mesh that facilitates
o high gradients in a very narrow region near the cutting tool is
“ i used to accountforlocalized deformation and stresses. Exces-
P }— sive element distortion can take place in the simulation, since
KT | it involves large deformations with complex phenomena like
[ |

sharp contact and material fracture. Loss of element accuracy
and/or misrepresented boundary conditions can lead to high
degrees of inaccuracy and inefficiency, sometimes causing
e A termination of the analysis. To overcome this in the present
3l_1 Bottom Blade (Fixed) analysis, the arbitrary Lagrangian—Eulerian (ALE) option in

ABAQUS/EXxplicit [32] is used. It combines the features of

pure Lagrangian analysis and Eulerian analysis and avoids
Fig. 8. The finite element model setup of the edge shearing problem in €XCessive element distortion and contact surface penetration
ABAQUS explicit. for the shearing problems.
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X

Fig. 9. Results of simulation of the shearing process for 5% clearance, 0.025 mm blade radiusattid@angle: (a) contour plot of void volume fraction
with the Tvergaard—Gurson model showing arrested cracking; (b) contour plot of equivalent plastic strain with the Cockroft—Latham modelr(p)atento
of equivalent plastic strain at 0.18 mm blade travel with the shear failure model; and (d) experimentally obtained micrographs of the sheared region.

Moving blade (moving
in vertical direction)

Top die (fixed)

Sheet metal

Bottom die (fixed)

Fig. 10. FE model setup for the shear-slitting process.

The material properties for the AL5182H19 alloy are dis-
cussed in Sectio. Based on the observations made in the
2D shearing process simulations, the shear failure model
with the calibrated critical shear stra&ﬁ' =0.29, is used in
these simulations. The rigid die and clamping pad are as-
sumed to be totally constrained. For the blade, translation
in horizontal direction as well as rotation is constrained and
a velocity boundary condition of 0.5m/s is specified for the
blade in vertical direction. Contact between the rigid surfaces
and the metal sheet is modeled using surface-to-surface con-
tact with a penalty formulation in ABAQUS. A Coulomb
friction model is used to represent friction between con-
tacting surfaces. A friction coefficiept=0.05 is arrived at
by comparing the results of simulations with experimental
results. The deformed configuration for the process simu-
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+0.0002+00

Fig. 11. Deformed configuration for shear-slitting process foralke angle andOcant angle.

0.035 —- Cant Angle= 0 deg
- Cant Angle= 0.25 deg

—&— Cant Angle= 0.50 deg

Burr Height (mm)

0~ T T T T 1
0 5 10 15 20 25
(a) Rake Angle (deg)

0.045
—&— Simulation

0.04 .
—a&— Experimental

0.035

=]

o

@
1

0.025

0.02

Burr Height (mm)

0.015 ~

0.01 4

0 T T T T T 1
0 0.1 0.2 0.3 0.4 0.5 0.6

(b) Cant Angle (deg)

Fig. 12. (a) Plot of burr heights for different rake angles and cant angles. (b) Comparison of burr heights obtained from simulation with exyerisentadl
burr heights for different cant angles.
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lation with O rake angle and Ocant angle is shown in 0.04 -

Fig. 11 e Al5182-H19
0.035 1 —m— AlB022-T4

5.1. Parametric studies for burr formation in shear 4

slitting 0.03 -

The extent of burr formation in the shear-slitting process € .05 -
depends on various process parameters such as the cantangle =
rake angle, clearance, etc. To understand the effect of these S 0.02 -
process parameters, a systematic parametric study with the T
finite element model is conducted. The effect of variations in
the rake angle and the cant angle on the extent of burr for-
mation is studied. The simulations are conducted for three 0.01 -
different rake angles of®Q 10° and 20 and for three cant
angles of 0, 0.25 and 0.5. The burr height from the sim- 0.005 -
ulation is measured at different locations over the cut-edge
in the z-direction and the mean result of all these values is 0 r . r .
used as the final burr height to be compared with experiments. 0 0.1 0.2 0.3 0.4 05 06
Fig. 12a shows the plot of burr heights for different rake an- Cant Angle (deg)
gles and different cant angles. The burr height decreases with _ _
increasing rake angle and is a minimum near a rake angle OfFlllg. 1?;. Co?mpl)(anson| of burr heights for the Al5182-H19 and Al6022-T4
20°. This effect of the rake angle on the burr height is similar afloysfor @ rake ange.
as the effect of cutting angle on the burr height in shearing
processes. The rake angle introduces a normal componen6. Conclusions
of cutting force, which accelerates the crack initiation and
growth. Due to this, the crack propagates faster through the  Shearing process simulations are conducted for aluminum
thickness of the sheet, resulting in reduction in burr height. alloys in this study by combining experiments with model-
FromFig. 12aitis also be seen that the burr height decreasesing for validation. The objective of this work is to understand
as the cant angle increases. The values of the burr heightshe effect of various process parameters on the extent of burr
from the simulation for different cant angles are compared formation in the shear-slitting processes in an attempt to re-
with the values obtained from the experiments, which are duce burr formation in the production cycle. The material
conducted for cant angles of ®.25 and 0.5. The compar- properties for the simulations are obtained from experiments
ison of the simulation and experimental results is shown in performed on two aluminum alloys, namely AI5182-H19 and
Fig. 120. The simulated values of the burr height are about Al6022-T4, at Alcoa Technical Center. A major challenge in
15-18% lower than the experimental values. This difference modeling the shearing process is to model the ductile frac-
can arise due to errors in the measurements, lack of properture. Different damage models are considered in this study
lubrication and temperature effects in the model and also dueand are validated using extensive macroscopic and micro-
to the fact that slitting is being simulated in this work using scopic observations from experiments on ductile fracture. It
continuum damage laws, etc. However, both of them show is observed that the shear failure model is the most suitable
similar trends in burr heights reduction as a function of cant model for the numerical simulations in comparison with the
angle. Tvergaard—Gurson model and the Cockroft—-Latham model.

The effect of material properties on the burr heightis stud- The latter models do not predict the cut-surface profile as
ied next with added simulations for Al6022-T4 alloy, for observed in the experimental studies. Experimental verifi-
which the material and damage properties are discussed incation of results confirms that the shear failure model de-
Sections2 and 3 The simulations were performed fof 0  scribes the shearing process with satisfactory accuracy due
rake angle and different cant angles. The comparison of theto the dominant shearing mode in this process. Macroscopic
burr heights for the two materials at different cant angles numerical simulations with the material and damage model
is shown inFig. 13 The burr heights for the AI5182-H19 are reasonably successful in predicting the cut-surface pro-
alloy are slightly less than the burr heights obtained using file and burr heights for the shear-slitting process. The sim-
the Al6022-T4 alloy. This can be explained from the fact ulation responds to parameter changes such as rake and cant
that the equivalent plastic strain at failure for AI5182-H19 angles, showing the same trends of dependence of burr height
is lower than that of Al6022-T4, implying lower ductility = as experiments. The results give an estimate of the process
for the latter material. The extent of burr formation is hence parameters necessary for minimizing the burr formation. Ad-
found to be directly related to the ductility of the mate- ditionally, the ductility of material is also found to affect the
rial and is lower for materials with lower strain to failure development of burr. While this study demonstrates a ro-
values. bust approach for modeling the shear-slitting process, more

e

0.015 A

Burr
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sophisticated techniques such as cohesive zone models gn5] R. Hambli, Prediction of burr height formation in blanking using

multi-scaled analysis can be used to study the effect of ma-  neural networks, Int. J. Mater. Sci. 44 (2002) 2089-2102.

terial microstructure on the process. Such developments ard16] V- Miguel Jr., J.D. Bressan, A computational approach to blanking

Iv under consideration. processz_es, J. Matgr. Process. Technol. 12_5/126 (2002) 206—_212.

currently u [17] J. Lemaitre, A continuous damage mechanics model for ductile frac-
ture, J. Eng. Mater. Technol. 107 (1985) 83-89.

[18] M.G. Cockroft, D.J. Latham, Ductility and workability of metals, J.
Inst. Metals 96 (1968) 33-39.

[19] G. Fang, P. Zeng, L. Lou, Finite element simulation of the effect of
clearance on the forming quality in the blanking process, J. Mater.
Process. Technol. 122 (2002) 249-254.
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