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Summary 

Design and realisation of a metal b/anking process in current industrial practice are mainly based 
on empirical knowledge of the process. For more critical applications, involving high accuracy 
geometry specifications, or non-standard materials and product shapes, this empirical approach 
often fails. As aresuIt, the appropriate process settings must be determined by time-consuming 
trial and error, and uncontrollable variations in product dimension of ten still arise during produc
tion. An accurate numerical simulation model of the blanking process could supply the knowl
edge that is currently lacking. This thesis focuses on the construction of a finite element model 
for the blanking process, which can accurately predict one of the most important properties of a 
blanked product: the shape of the cut edge. 
Finite element modelling of the blanking process is complicated by two problems. Firstly, the 
large, localised deformations cause excessive element distortion, resulting in inaccurate results 
and, ultimately, premature termination of the calculation. Secondly, the shape of the cut side is 
strongly inftuenced by ductile fracture which should, consequently, be modelled. 
Excessive element distortion is handled by frequently updating the finite element mesh, using a 
combination of an Operator Split Arbitrary Lagrange Euler (OS-ALE) method and full remesh
ing. These methods do, however, require a means to transport the state variables between sub
sequent meshes. This transport is complicated by the fact that these state variables are gener
ally discontinuous across element boundaries. Application of the Discontinuous Galerkin (DG) 
method allows state variables to be transported accurately and efficiently during OS-ALE steps, 
taking into account the discontinuities. During remeshing, however, the actual transport must be 
performed af ter creating a continuous version of the discontinuous state variabIe field, to prevent 
instabilities. This inevitably introduces some numerical diffusion, which makes the transport 
during remeshing less accurate than the DG method applied for OS-ALE. 
Robust generation of strongly refined quadrilateral meshes is accomplished by converting a tri
angular (Delaunay) mesh to a quadrilateral mesh. A rudimentary adaptive remeshing procedure 
has been implemented, which already significantly eases the analyses, although only aspecific 
spatial error is addressed. 
The material behaviour is described by the common von Mises associated plasticity model, wilh 
isotropic hardening. Application of the Bodner-Partom constitutive model allows the description 
of thermal and viscous effects during high-speed blanking. 
Ductile fracture is incorporated by a discrete cracking approach. To control initiation and propa
gation of discrete cracks, the fracture potential is defined. This fracture potential is derived from 
a suitable local criterion for ductile fracture, and represents the damage locally accumulated in 
the material. It does not, however, inftuence the local constitutive relationship between stresses 
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and deformation history. The discrete cracking procedure proposed generates crack growth es
timations which are shown to converge to a unique solution upon refinement of the relevant 
discretisations. 
The numerical predictions from the finite element model before fracture have been verified by 
planar blanking experiments. The results of this validation show that the model (without the 
incorporation of fracture) can accurately predict the blanking force before fracture, as well as 
the rollover shape. Comparison of numerical analyses with discrete cracking and axisymmetric 
experiments, shows that the model can also predict the sheared length within the experimentally 
measured range, for commonJy appJied clearances (1- 10% of the sheet thickness). However, 
for the largest clearance (15 % of the plate thickness) a significant deviation is found, caused 
by the inability of the current implementation to initiate cracks in the bulk of the materiaJ. The 
agreement of measured and predicted burr heights is generally poor, as a result of limitations in 
the reliability of the fracture criterion applied. 
Overall, the performance of the numerical model with the current material parameters and frac
ture criterion is considered to be satisfactory. Comparably accurate results have, to the author's 
knowIedge, not been reported to date. 

VIII 



Notation 

Quantities 

A,a Scalar 

ä Vector 

A Second order tensor 

1 Second order unity tensor 

4A Fourth order tensor 

41 Fourth order unity tensor 

A Matrix 

9:- Column 

Operators 

AC Conjungation 

Ad Deviatoric part of tensor A 

AT_aT - ,~ 
Transposition 

V Gradient operator 

ä-b Inner vector product 

A-B Inner tensor product 

ä-B,A-b Tensor-vector product 

A:B Double inner product 

äb Dyadic product 

A-1 ,A- 1 Inversion 

det(A) Determinant 

IX 



Chapter 1 

Introduction 

The commercial success of consumer products is strongly intluenced by the time to market: the 
first suppliers of a new product are mostly the only ones to make a substantial profil. Limited 
product lead-times are, therefore, of vital importance for manufacturing industries in a compet
itive market. Short lead-times can only be achieved if the production process can be designed 
and realised in a relatively small time span. However, the design of forming processes in in dus
trial practice is often governed by time-con su ming trial-and-error iterations, caused by limited, 
mostly empirical knowledge of these processes. Accurate process modelling, based on physi
cal phenomena, rat her than phenomenological observations, is a means to gain the fundamental 
insight that is currently lacking. Since the application of analytical techniques in this field is 
often frustrated by the complexity of the physical phenomena, numerical techniques, such as the 
finite element method, have vastly grown in popularity. Progress in the quaJity and efficiency 
of numerical techniques, combined with the cheap availability of the required computational 
power, has stimuJated the widespread application of finite element modeIs in the development of 
forming processes, such as deep drawing and bulk forming. 
The complex nature of forming processes involving separation, and the associated material frac
ture, have long obstructed detailed modelling of these processes. This thesis will focus on the 
development of a finite element model for one of the most widely applied separation processes 
for sheet metal: the blanking process. In this introductory chapter, the bJanking process, and 
some of its typical products, will be briefly described. Af ter a concise overview of the avail
able models for the analysis of the blanking process, the objective of the actual research will be 
presented. This chapter will be concluded by an outline of the thesis. 

1.1 Blanking 

The blanking process is one of the most widely used industrial separation techniques for sheet 
metal in mass production. A schematic representation of a simple blanking process is given in 
Figure 1.1 . A metaJ sheet is placed on a die, and perforated by a punch. This results in a blank, 
or slug, being separated from the sheet. The product can be the blank or the perforated sheet, 
or even both. During the process, the sheet is held down by a blankholder, to prevent excessive 
bending of the sheet. 
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Burr 

Fracture 

Introduction 

Sheared edge 

Rollover 

Figure 1.1: Schematic representation of the blanking process. 

For most appJications, the quality of the product is related to the shape of the cut edge generated 
by the blanking process. An example of an actual product shape is given in Figure 1.1, by the 
cross section of a blanked part on the right side of the figure. Four characteristic zones can be 
distinguished on the cut edge, which are related to the following stages in the process: 

I. During the first part ofthe blanking process, the punch and die will indent the sheet, pulling 
down some surface material. This causes the sheet to bend over the cutting tools (punch 
and die), creating the rollover. 

2. Af ter some punch travel, shear deformation wiU take over from the indentation, forming 
the sheared edge of the product. This is generally a smooth surface, which shows some 
wear due to the contact with the cutting tools. 

3. At some point in the shearing phase, ductile material failure will occur in the vicinity of the 
cutting edge of the punch or die. This fracture propagates through the sheet in the direction 
of the opposite cutting tooI, forming the fractured part of the product. Due to the fracture 
process, the associated product surface is rougher than the sheared edge. The SEM image 
of the cut side of a blanked specimen given in Figure 1.2 clearly illustrates the differences 
between the sheared edge and the ductile fracture. 

4. At the location where the propagating fracture meets the opposite side of the sheet, a burr 
can of ten be observed. 

The four characteristic zones can be distinguished at the cut sides of both blank and sheet. The 
blanking operation often induces warpage of the blank and the sheet, caused by plastic defor
mation during the process, and springback after the process, due to residual stresses. The main 
control parameter in the blanking process is the clearance between punch and die (see Figure 
1.1 ), which is generally seJected in the range of J to 10 % of the sheet thickness. 
A sophisticated variant of the normal blanking process is the fine-blanking process, in which a 
counterpunch is used to apply counter-pressure 10 the blank, as illustrated in Figure 1.3 . Small 
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Figure 1.2: SEM image of the cut si de of a blanked sheet of chrome steel X30Cr13. 

Figure 1.3: Schematic representation of the fine-blanking process. 

draw beads (denoted by the white triangles in Figure 1.3) are sometimes added to the blankholder 
andlor the counterpunch to reduce the rollover. The counterpunch induces a higher hydrostatic 
pressure in the workpiece, and can thus be used to delay or somelimes almost eliminate the 
fracture from the cut edge. Relative to conventional blanking, fine-blanking requires significantly 
more complicated equipment, making it more expensive. 

1.1.1 Industrial relevanee 

The blanking process is typically used for the mass production of sheet metal products with 
thicknesses of approximately 0.1 to 10 mmo It is often only one of the different forming steps 
needed to anive at the final shape of the product. The following examples of sophisticated 
blanked products are displayed in Figure 1.4. 
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(a) Links of the chain of a CVT transmission. (b) Springs for the lens guidance in a CD-player. 

(c) Assembly of the knives of an electric razor. (d) Mounting plate for a car cassene player. 

Figure 1.4: Some examples of blanked products. 

• Figure 1.4(a) shows two types of fine-blanked links of the transmission belt in a CVT (Con
tinuously Variabie Transmission) automatic gear-box. Since the cut edges of these links 
transfer the transmission load, the shape toleranees on these edges are rat her narrow. The 
bUIT resulting from the fine-blanking process must be removed in a subsequent grinding 
step. 

• Figure 1.4(b) presents an image of the mounting of the lens in a CD-player. The springs of 
the lens guidance are blanked from rolled steel (the strip at the bottom of the image) with 
a thickness of 0.04 mmo To meet the specifications, the springs should not have a bUIT. 

• Figure 1.4(c) displays the rotating knives of an electric raZOf. The part displayed is an 
assembly of a number of high accuracy blanked and formed parts. 
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• Figure l.4(d) shows the mounting pJate of a car audio cassette pJayer. All the holes in this 
plate are blanked, and an extra forrning step is required to reduce the warpage induced by 
the bJanking. 

These products represent just a small selection of the wide range of products in which the blank
ing process is an important, or even critical step in the manufacturing process. In fact, most sheet 
metal products have been blanked at some stage during their production. 

1 .1.2 Current knowledge 

Current realisations of the blanking process are mainly based on empirical knowIedge. Analytical 
models are available (e.g. Zhou and Wierzbicki, 1996), but in engineering practice their use is 
limited to determining estimates ofthe more global quantities, such as the maximum punch force 
required. To predict the shape of a blanked product, a description of the local deformation and 
fracture of the material is required, which cannot adequately be provided by analytical modeIs. 
A first estimate of the product shape is mostly achieved from rules of thumb (Iliescu, 1990; 
Hilbert, 1972; Spur and StöferJe, 1985) or tabular information with general guidelines and trends 
(e.g. Walsh, 1994, Chapter 9). However, this empirical approach of ten fails for high accuracy 
geometry specifications, or non-standard materials and product shapes. In those cases, many 
experiments are needed to establish the appropriate settings, and valuable time and resources 
are spent during trial and error. Moreover, during production of high-quality blanked products, 
problems frequently arise when tooI wear or variation in material properties causes uncontrol
lable variations in product dimension, leading to intolerably high reject rates. 
Problems in process design and production practice are generally caused by a lack of fundamental 
insight into the phenomena goveming the blanking process. An accurate model, which can 
predict the shape of the product, could provide the knowledge that is currently lacking. The 
finite element method appears to be an appropriate tooI to model processes such as blanking. 
RecentJy, a number of finite element approaches have been presented, mutually differing mainly 
in the way material failure is modelled. Leem et al. (I 997) disregard failure in their rigid plastic 
analysis of fine-blanking, which renders this model useful up to the onset of material separation. 
Post and Voncken (1996) describe ductile material damage and failure using the local Gurson
Tvergaard model (Tvergaard, 1990). Although this approach leads to more useful results, the 
model conceptually fails at describing the actual separation process. Moreover, special care 
has to be taken to avoid problems conceming mesh dependence and energy dissipation (de Borst 
et al., 1993), in the application of classicallocal continuum damage approaches using the Gurson 
(1977) model, or similar formulations. Another popular strategy for crack propagation presented 
in Iiterature is element elimination or erosion. Pursuing this sfrategy, the elements in which 
a certain failure criterion is exceeded are removed from the finite element mesh. Jeong et al. 
(1996), Taupin et al. (1996), Breitling et al. (1997) and Ko et al. (1997) use this technique to 
incorporate ductile fracture in their finite element formulation, employing rigid plastic material 
models with particular failure criteria. Although the element elimination procedure is capable of 
modelling separation, it is inheritly mesh dependent. Furthermore, the adoption of rigid plastic 
material behaviour obstructs the modelling of springback effects. It is concluded that a mesh 
independent finite element procedure to predict the shape of blanked products is not yet available. 
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1.2 Objective 

The main objeclive of the research presenled in this thesis is the conslruction of a finite element 
tooI to predict the shape of the cut side of a blanked product. Ductile failure of the material 
should be incorporated by a mesh independent procedure. 1t is expected th at such a model will 
also be able to predict the punch force required, and the final geometry (incJuding springback) 
of the product. Additionally, the residual stress state of the product will be caJculated, important 
for possible subsequent forming operations. 
The finite element model to be pursued in this thesis will not only supply the tools to achieve a 
more fundamental understanding of the phenomena goveming the blanking process. It can also 
be adopted to identify trends, perform sensitivity analyses or optimise process parameters. 

1.3 Scope of this study 

The research presented in this thesis is part of a more extensive project aimed at the construction 
of a validated model of the blanking process. While this thesis concentrates on the development 
of a numerical model for the blanking process, the experimental validation and the identification 
of the material properties (incJuding an appropriate ductile fracture criterion), are taken care 
of in a parallel study by Goijaerts (see, for instance Goijaerts et al. (1998, 1999); Stegeman 
et al. (1999); Brokken et al. (1997». Consequently, the attention here will be focused on the 
development and evaluation of the numerical model, while the experimental details are only 
briefly described. 
In order to amve at an accurate description of the blanking process, the finite element model 
should be able to cope with the following physical phenomena: 

I. Extremely large, localised deformations. 

2. Ductile fracture. 

3. Complex material behaviour due to thermal and viscous effects. 

4. Contact and friction. 

For purposes of convenience, the implementation will be based on the commercial package 
MARC (1997), which facilitates the finite element solution of the (thermo-)mechanical problem 
for finite deformations and elasto-plastic materiaIs, with complex boundary conditions such as 
contact and friction. The adopted constitutive models are the elasto-plastic von Mises model in
corporated in MARC, and an additional, more complex model which is able to deal with viscous 
and therm al effects . This so-called compressible Leonov model with Bodner-Partom viscosity 
has supplementary been implemented in MARC by Smit et al. (1999), using the appropriate user 
subroutines. This thesis therefore concentrates on the first two problems: large, localised defor
mations and ductile fracture. The following restrictions hold throughout the further elaborations 
in this thesis. 
To prevent excessive computational costs related to three-dimensional simulations, the analyses 
have been performed using two-dimensional plane strain, or axisymmetrical configurations. Due 
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to the highly non-linear character of the problem, an incremental solution procedure is required, 
in which the approximate solution is obtained in a series of subsequent time steps. The contact 
option in the finite element package is best combined with four-noded quadrilateral elements. 
Hence, only four-noded, displacement oriented, bi-linear elements are applied. To prevent lock
ing due to the plastic incompressibility constraints in the constitutive modeis, the volumetric 
part of the strain is accounted for by reduced integration. This approach is also known as the 
constant-dilatation formulation (Nagtegaal et al., 1974). 
The sheet material is considered to be an isotropic continuurn. This assumption is not trivial at 
all, since it is known to be invalid for thin sheets with only a few grains over the thickness (Kals 
and Eckstein, 1998). However, the metal sheets addressed in this study have a large number of 
grains over the thickness. 
This thesis wil! not consider the fine-blanking process, although the numerical procedure pre
sented is believed to be well-suited for an adequate analysis of fine-blanking. 

1.4 Outline of the thesis 

In the previous section it has al ready been explained why this thesis will focus on two modelling 
issues: large, localised deformations and ductile fracture. The main problem in finite element 
modelJing of large deformations is mesh distortion. To solve this problem, a combination of the 
Arbitrary Lagrange Euler (ALE) method and ful! remeshing is applied. Using these techniques 
the discretising mesh is frequently changed to prevent excessive distortion of the elements. This 
implies that history dependent internal variables associated with the constitutive model (the state 
variables) need to be transported between different meshes. In Chapter 2 the ALE and remeshing 
techniques appIied, as weil as suitable procedures for transport of the state variables, wil! be 
introduced and tested. Ductile fracture is incorporated into the formulation by a discrete cracking 
approach, which wil! be elucidated and evaluated in Chapter 3. In Chapter 4, the numerical tools 
presented in Chapters 2 and 3 will be appIied for the analysis of the metal blanking process. The 
verification of the numerical model by Goijaerts et al. (1998) and Stegeman et al. (1999) is briefty 
recalled, and the results of simulations incJuding ductile fracture are discussed. The predicted 
characteristic product dimensions wilJ be compared to experimental measurements. Chapter 4 is 
completed by model analyses of the viscous and thermal effects during the blanking process. In 
the last chapter of this thesis, Chapter 5, the main concJusions from the research presented are 
recapitulated, and some recommendations for future extensions are given. 
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Chapter 2 

Issues in the numerical modelling of large 
deformations 

This chapter describes the models and techniques used to capture the mechanica I behaviour of 
the sheet material during the blanking process. Two constitutive models will be applied in this 
thesis to describe the mechanical characteristics of the material. The goveming equations are 
solved using the finite element method. 
Realisation of a finite element model for the metal blanking process is troubled by the extreme 
magnitude of the deformations. Natural strains of 2-4 occur during the process. These extremely 
large, localised deformations obstruct the application of the Lagrangian approach, which is clas
sically used for finite element modelling of solids. In this approach, the mesh is fixed to the 
material, which facilitates straightforward implementation of history dependent constitutive be
haviour and free surfaces. However, material deformation will cause distortion of the elements in 
the mesh. Although some distortion of the elements is allowed, excessive distortion wiJl degrade 
the accuracy of the finite element approximation and, ultimately, lead to an undesired termina
tion of the simulation. The nature and magnitude of the deformations during the blanking process 
will, in a purely Lagrangian description, generally cause the mesh to degenerate at such a rate 
that the simulation will fail in a premature stage of the process. 
A straightforward solution to the problem of element distortion is remeshing. Wh en the elements 
become too distorted, the calculation is continued with a new mesh, covering approximately the 
domain of the deformed mesh. Generally, a method to transport the state variables of the model 
to this new mesh is then required. Aspecific strategy is the application of an Arbitrary Lagrange 
Euler (ALE) method, which enables the user to control the location of the nodes, but leaves the 
mesh topology unchanged. In this thesis, the ALE method will be combined with aremeshing 
algorithm, to all ow for robust, fully automatic finite element simulation of the metal blanking 
process. To aid the analyst and to limit the spatial discretisation error, remeshing can also be 
performed adaptively. 
In the first section of this chapter, the goveming equations and constiLutive models applied wiJl 
be introduced. Section 2.2 describes and evaluates the ALE method, which will be pursued in an 
Operator Split (OS) sequence. Section 2.3 discusses the remeshing algorithm applied. The last 
section of this chapter introduces the procedures used for adaptive remeshing. 

9 
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2.1 Governing equations 

The sheet material, undergoing the blanking process, is modelled as a continuum. Assuming 
quasi-static loading conditions, inertia effects will not be considered. Moreover, body forces are 
left out of consideration. Consequently, the Cauchy stress u in every point of the continuum 
with domain st has to satisfy the equilibrium equations: 

v . u = 0 ; u = (7"c (2.1 ) 

In this equation, V is the gradient operator with respect to the CUITent configuration. To complete 
the description of the mechanical behaviour, additional information about the material character
istics should be specified: the constitutive model. 
Before the adopted constitutive models are introduced, some kinematic quantities are briefly 
recalled. To define the (finite) deformation of a continuum, the deformation gradienttensor P is 
used: 

F = (Voi)" (2.2) 

in which Va is the gradient operator with respect to the reference configuration, and i the position 
vector of a material point in the deformed configuration, with reference position ia. The velocity 
gradient tensor is defined according to: 

L = (Vv)C = F . p-l (2.3) 

where v is the velocity of a material point. A superposed dot denotes the material time derivative. 
The velocity gradient tensor L can be additively decomposed into a symmetrie part D, called 
the deformation rate tensor, and a skew-symmetric part n, called the spin tensor: 

1 1 
L = D + n ; D = "2(L + L C ) ; n = "2(L - L C ) (2.4) 

The objective left Cauchy-Green strain tensor is given by: 

B = F. pc (2.5) 

In this thesis, two constitutive models for the Cauchy stress u will be adopted . The first one is 
the well-known elasto-plastic von Mises model. To incorporate viscous and thermal effects in 
the formulation, an enhanced constitutive description is applied, which can be considered as an 
extension of the Bodner-Partom model (Bodner and Partom, 1975). In the following Subsections 
2.1.] and 2.1.2, the goveming equations of both models will be briefly reviewed. 
For prob1ems in which significant thermo-mechanica] effects are present, a heat transport prob
lem must be solved simultaneously. Adopting Fourier's law to describe the thermaI heat conduc
tion, this heat transfer problem can be wriuen as: 

(2 .6) 

in which p is the material density, cp is the specific heat, T the temperature and À the heat con
duction coefficient. The dissipated mechanical work is assumed to be fully converted into heat. 
The definition of the plastic strain rate tensor Dp will be addressed in the following subsections. 
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2.1.1 The von Mises constitutive model 

In this elasto-pJastic model, the deformation rate tensor Dis additively decomposed in an elastic 
part D, and a plastic part D p : 

D = D e + Dp (2.7) 

The elastic part De is coupled to the Cauchy stress by a hypo-elastic formulation: 

u = 4C: D e = 4C: (D - Dp) (2 .8) 

A superposed circJe denotes the objective Jaumann rate. The fourth order elastic stiffness tensor 
4C is selected to reflect isotropic Hookean behaviour: 

4C= vE II+~4I 9 
(1 + v)(l - 2v) 1 + !I (2. ) 

with v Poisson's ratio, and E the elastic modulus . Deformation increments can be either elastic or 
eJasto-plastic. Elasto-plastic deformation (Dp =j:. 0) may occur if the yield condition is satisfied 
Cf = 0), and remains salisfied (j = 0). The von Mises yield function f is given by: 

f = ëJ2 - 0'; (2.10) 

in which the equivalent von Mises stress ëJ is defined in the usual way, according to: 

ëJ = J~(7'd . (7'd 2 . (2 .11) 

The actual yield stress (Jy is chosen to reflect isotropic hardening govemed by the effective plastic 
strain Ëp : 

0' - 0' (~) . i - J2Dd . D d 
y - Y c.p , "p - :3 P ' P (2.12) 

An associated flow-rule is used, which can be written as: 

D - 3ep d 
p- -(7' 

2(Jy 
(2.13) 

In fact, only the plastic part of the constitutive description above is attributed to von Mises . In 
this thesis, however, the complete model above is referred to as the von Mises model. 
The material parameters, including the strain hardening behaviour, of the material considered 
in this thesis, stainless steel X30Cr13, were determined by Goijaerts et al. (1998), by means of 
tensile tests on pre-rolled specimens. An earl ier version of the yield stress function suggested by 
them is gratefully adopted in the present research: 

(- ) - + H (1 -Ep/lh) + H r;;-(Jy Ep - O'YO j - e 3V Ep (2.14) 

The material parameters of X30Cr 13 are given in Table 2.1. The resulting strain hardening 
behaviour, defined by the yield stress function , is visualised in Figure 2.1. The set of state 
variables S for the von Mises material is composed of the Cauchy stress tensor and the effective 
plastic strain: 

(2.15) 

This set of variables fully determines the state of the material. Application of the constitutive 
model according to von Mises is a standard option in the finite element package MARC (1997). 
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I E [MPa] I v I CJyO [MPaJ I Hl [MPaJ I H2 I H3 [MPaJ I 
I 1.8· 105 I 0.28 I 368 I 119 I 0.027 I 520 

Table 2.1 : Van Mises material parameters for X30Cr13. 

2000 ,----~--~--~--~-__, 

500 

%L--~--~2--~3~-~4--~5 

EHective plastic strain [-] 

Figure 2.1: Yield stress function for X30Crl3. 

2.1.2 The Bodner-Partom constitutive model 

The von Mises model previousJy introduced is capable of describing rate-independent elasto
plastic material behaviour. However, the high tooi veJocities used in industriaJ blanking can 
induce large strain rates, causing significant thermaJ and viscous effects. To incorporate these 
effects in the constitutive description, a generalised compressible Leonov model with an adapted 
Bodner-Partom viscosity function is adopted . This compressible Leonov model (Leonov, 1976; 
Baaijens, 1991; Tervoort et al., 1998) is based on a multiplicative decomposition of the deforma
tion gradient tensor F, in an isochoric e1astic part F e, a (by definition isochoric) plastic part F p 

and a volumetrie part Jt: 

(2.16) 

where J = det(F) is the volume change ratio. The plastic part F p represents the deformation 
state which would instantaneously be recovered if locally all the loads would suddenly be re
moved from the material. The isochoric elastic left Cauchy-Green strain tensor Be is used to 
characterise the elastic deformation : 

(2.17) 

If the plastic deformation is chosen to occur spin-free, the evolution of Be satisfies (see e.g. 
Tervoort et al., ) 998) the differential equation : 

(2.18) 
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in which a smalJ superposed circle 0 denotes the objective Jaumann derivative . The deviatoric 
part of the Cauchy stress tensor is coupled to B~, while the hydrostatic part is coupled to the 
volume change J : 

u = G B~ + K (J - 1) I (2.19) 

in which Gis the elastic shear modulus and K the elastic bulk modulus. A generalised Newtonian 
flow rule is used to relate the plastic strain rate and the deviatoric Cauchy stress: 

(2.20) 

The viscosity Tl may be considered as a function of the actual state variables. The viscosity 
expression applied is an extension of the definition in the original Bodner-Partom model (Bodner 
and Partom, 1975), suggested by Rubin (1987). The viscosity is assumed to be a function of the 
equivalent (von Mises) stress 0- and the effective plastic strain (p, according to: 

0- (1 [Z]2n) 
Tl = ) 12fo exp 2 {; (2.21 ) 

The material parameters n and f 0 are related to the strain rate sensitivity. For n = I, the viscosity 
definition matches the original Bodner-Partom model. The parameter Z is the resistance to 
plastic flow, which influences the yield stress. The expression for the parameter Z, which defines 
the hardening, will be adopted in partial conformity to the original suggestion by Bodner and 
Partom (1975). However, the hardening has been selected to be govemed by the effective plastic 
strain instead of the plastic work, and additional terms have been introduced to all ow for an 
accurate description of the measured large strain tensiJe behaviour of X30Cr 13 (Goijaerts, 1999). 
Moreover, a dimensionless function r(T) has been incorporated to capture the effects of the 
temperature on the hardening behaviour. The expression for Z reads: 

(2.22) 

In this equation, Zo and Z1 are the initial and saturated values of Z, respectively, which reflect 
the hardening in the original Bodner-Partom model, together with m. The parameters Z2 and Z3 
scale the additional hardening terms, required to accurately match the measured tensiJe curves. 
The hardening definition in Equation (2.22) shows some similarity to the hardening specification 
in the von Mises model, presented in Equation (2.14). The function r(T), with T the absolute 
temperature (in K), is given by : 

( [T - 293]2) r(T) = (1 - a) exp - ,8 +a (2.23) 

in which a and (3 are material parameters goveming the variation in yield stress due to tempera
ture effects. The set of state variables for the Bodner-Partom model is given by: 

(2.24) 



14 Issues in the numerical modelling of large deformations 

In contrast with the von Mises model, the Bodner-Partom model does not lead to well-defined 
yield point. Deformation will generally be elasto-plastic for all stress-states, although the plastic 
part is negJigible for small stresses, due to the characteristics of the viscosity definition. Some 
similarities between the Bodner-Partom and von Mises models can, nevertheless, be indicated. 
The elastic behaviour of both models is similar for small elastic strains and small volumetric 
deformations. Moreover, the flow rules used in both models also share some common properties. 
The material parameters of X3OCr13 for the Bodner-Partom material are given in Table 2.2. 
These parameters were determined by assuming ra to be 108 S-2, which is a common value for 

I Mechanical parameters I Thermal parameters 

G [MPa] 7.30. 104 À rW/Cm K)] 50 
K [MPa] 1.42· 10" p [kg/mJ] 7· 10J 

ro [S- 2] 108 cp [J/(kg K») 520 
Zo [MPa] 640 a 0.1 
Zj [MPa] 841 /3 [K] 650 
Z2 [MPa] 660 
Z3 [MPa] 60 
m 14.9 
n 3.88 

Table 2.2: Mechanica! and therm a! material parameters adopted for the Bodner-PaTlom material. 

metaIs. The parameters n, m, Zo and Zl were established by Goijaerts (1999) from a fit to the 
results of three tensile tests at different strain rates. The parameters goveming the hardening 
behaviour at larger strains, Z2 and Z3, were selected to match the tensile behaviour of the von 
Mises material, at a strain rate of 0.001 S-l. The function Tand its parameters a and (3 were 
heuristically determined, based on four available tensile curves (van Alphen, 1996) at different 
temperatures. In Figure 2.2, the resulting isothermal tensile behaviour of the Bodner-Partom 
material is visualised. 
The compressible Leonov model, including the Bodner-Partom viscosity definition, was imple
mented in the updated Lagrange environment of the commercial finite element package MARC 
(1997) by Smit et al. (1999). This implementation is based on a time integration procedure by 
Rubin (1989). 

2.2 The Arbitrary Lagrange Euler method 

The Arbitrary Lagrange Euler (ALE) method was originally developed for fluid-solid interaction 
problems (Hughes et al., 1981; Donea et al., 1982). The merits of the ALE method for the sim
ulation of forming processes have been recognised later (Schreurs et al., 1986; Huétink, 1986), 
and numerous applications in the field of forming processes exist nowadays. In this thesis, the 
ALE method is applied to counteract the degenerating effect of deformation on the quality of the 
elements in a Lagrangian analysis. 
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(a) Isothennal tensile behaviour of the applied 
Bodner-Partom model for different strain rates, 
compared to the van Mises model. 
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Temperature = 293 K 
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(b) Tensile behaviour of the applied Bodner
Partom model for different temperatures, at 
a strain ra Ie of 0.001 S-1 

Figure 2.2: Tensi]e behaviour using Ihe Bodner-Partom model. 
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As its name suggests, the ALE method can be considered to be a combination of the Lagrangian 
and Eulerian approaches to finite element modelling. The Eulerian approach uses a computa
tional grid which is fixed in space, rather than fixed to the material as in the Lagrangian approach. 
Classically, the Eulerian approach is used to describe Auid flows. The material is modelled to 
flow 'through' the elements, which do not deform and degrade due to material deformation. 
However, the Eulerian method does not allow for straightforward implementations to simulate 
free surfaces or contact phenomena. In the ALE method, the computational discretisation grid is 
neither fixed to the material nor fixed in space, but controlled by the user. If the computational 
grid is controlled in a convenient way (as will be demonstrated in Section 2.2.2), the ALE method 
can combine the strengths of the Lagrangian and Eulerian approaches. 
In the folJowing subsections, the operator split ALE method applied wilJ be discussed af ter a 
brief introduction of the basic concepts of the ALE method. The need for a transport step wilJ be 
explained, and the adopted methodology to perform this transport step is presented and tested. 
The section is concluded by analysing a test problem, which illustrates the merits of the ALE 
method. 

2.2.1 Basic concepts of the ALE method 

One of the basic concepts of the ALE method is the introduction of two separate reference sys
tems for identification of the points in the continuum (Schreurs et al., 1986): the Material Refer
ence System (MRS) which is fixed to the body, and the Computational Reference System (CRS) 
which is controlled by the user. Both reference systems cover the same domain in space, defined 
by the actual volume of the continuum under consideration. In fact, the MRS and CRS support 
different ways of labelling the points in the continuum. A point in the MRS is called a material 



16 Issues in the numerical modelling of large deformations 

point, and is identified by the vector X. A point in the eRS is called a grid point, and is identified 
by the vector xg • The finite element discretisation in the ALE method is performed in the eRS. 
The user must prescribe the position of the grid points xg during the simulation, to specify the 
evolution of the eRS. For the finite element implementation this implies that the position of the 
nodes, which are grid points, must be prescribed throughout the simulation . In the special cases 
that the eRS is fixed in space or fixed to the material, the ALE method reduces to the Eulerian 
or Lagrangian approach, respectiveJy. 
The physical quantities in the goveming equations are material oriented and, therefore, defined 
on the material points . However, the finite element discretisation is performed in the eRS. The 
finite element formulation of the material oriented goveming equations (see Section 2.1) in the 
eRS can only be accomplished if the quantities defined in the eRS can be coupled to the material 
quantities in the MRS. To arrive at this relation between eRS and MRS, the evolution of a mate
rial related state variabie 'P on initially coinciding material and grid points x and xg is considered, 
following Schreurs et al. (1986), see Figure 2.3 . Af ter an infinitesimally small increment of time 

q>(t+~t) = <p(t)+!\<p 

--. u-u 
---~. 

-. <p(t+~t) = <p(t)+!\n<p 

Figure 2.3: Relation between MRS and eRS related quantities. 

!:lt, the position of the material point has changed to x + 11, while the grid point has shifted to 
xg + 119' The change of 'P during the time increment on the material point and the grid point are 
defined as Àrn'P and Àg'P, respectively. As aresuit, the change of 'P on a grid point can be shown 
(see Figure 2.3) to be: 

(2.25) 

This equation can also be expressed in terms of rates. If the grid rate of 'P is denoted by Wf, and 
the material rate of <p by tp, this results in: 

O'P . ( _ _).=; at = 'P + vg - v . v'P (2.26) 

in which vg and vare the grid and material velocity, respectively. When this rate formulation 
is adopted during the derivation of the finite element formulation, a so-called coupled ALE ap
proach results. In this thesis, an alternative to this coupled formulation is applied: the operator 
split formulation (Baaijens, 1993). For a more e1aborate discussion of the basic concepts of the 
ALE method, and an example of a coupled implementation, the reader is referred to Schreurs 
et al. (1986) . 
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2.2.2 Operator Split ALE 

The Operator Split Arbitrary Lagrange Euler (OS-ALE) method is characterised by the uncou
pling of the caIculation of the deformation and stress state from the mesh adaptation. This split 
offers a computationally effective alternative to the fully coupled approach, with only marginal 
loss of accuracy (Baaijens, 1993; Rodriguez-Ferran et al., 1998). An operator split is applied to 
Equation (2.25), effectively applying this equation to a deformation increment in the following 
two steps: 

I. In the first step, the CRS is fixed to the MRS (ug = i1), so Equation (2.25) reduces to: 

(2.27) 

Accordingly, this first step of the operator split is an ordinary Lagrangian step. An approx
imate solution to the problem defined by Equation (2.1), the applied boundary conditions 
and the adopted constitutive model is determined using the finite element method. The 
commercial finite element package MARC is applied to calculate an estimate of the dis
placement field, and the corresponding state variables. The finite deformations are handled 
by an updated Lagrange formulation (MARC, 1997, Volume A, Chapter 5). For thermo
mechanically coupled problems, the therm al problem defined by Equation (2.6) is weakly 
coupled to the mechanical problem, using a staggered approach (MARC, 1997, Volume 
A, Chapter 6). 

2. Af ter the Lagrangian step, the CRS, which is discretised by the finite element mesh, is 
updated. This implies that the nodes of the mesh can be shifted to new, more favourable 
positions, to preserve mesh quality. Boundary nodes must remain on the material surface, 
to enforce the condition that MRS and CRS cover the same domain in space. Hence, 
boundary nodes can only be allowed to slide over the material surface. In the actual blank
ing analyses, the boundary nodes are fully fixed to the material surface (sliding along the 
surface is suppressed), to induce minima! disruption of the contact conditions. The advan
tage in element shape quality which might be obtained by allowing nodes to move over the 
boundary is smalI, for the strongly refined, unstructured meshes applied in the blanking 
process. 

Reallocation of the interior nodes shouJd be performed striving for maximum shape quality 
of the elements in the mesh, given the restrictions on the location of the boundary nodes. 
The displacement of the interior nodes is fully uncoupled from the material displacement. 
The updated positions of the interior nodes are determined by a smoothing algorithm. A 
fixed number of smoothing steps (10) is performed, in which every interior node is placed 
at the averaged position of its adjacent nodes. The resulting mesh will generaI1y be of 
higher quality than the original one. 

During the update of the CRS, the MRS is not changed (u = Ö). In fact, no physical 
processes take place in this step. Therefore, the state variabJes on the material points 
should not change (.6. m 'P = 0). These two conditions cause Equation (2.25) to reduce to 
the following transport equation: 

(2.28) 
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This equation describes the change of a state variabIe on a point of the computational grid, 
due to the update of the CRS. Since the CRS is discretised by the finite element mesh, this 
transport equation must be solved to determine the state variables on the updated mesh, 
given the change of the positions of the nodes in the finite element mesh (described by 119 ). 

The transport equation is solved using the Discontinuous Galerkin method, which will be 
explained in the next section. 

The OS-ALE approach as pursued by the two sequential steps above, can be considered as a 
special case of remeshing, in which the mesh topology is not changed. 

2.2.3 Transport of variables by the Discontinuous Galerkin method 

Af ter the update of the positions of the nodes, the state variables in particular mesh points must be 
updated to compensate for the change of the mesh, according to Equation (2.28). A displacement 
based finite element method is used, so the state variables (such as stress- and strain-related quan
tities) are defined on the integration points, and will generally be discontinuous across element 
boundaries. This property of the state variabie field is visualised in Figure 2.4. The Discontinu
ous Galerkin (DG) method (Lesaint and Raviart, 1974) enables the solution of Equation (2.28), 
taking into account the discontinuities in the state variabie field before and af ter transport. A 
diffusive smoothing procedure, associated with the construction of a continuous field, is thus 
avoided . If a state variabie af ter the first step of the operator split method (the Lagrangian step) 

Figure 2.4: The discontinuous nature of the state variables cp. 

is denoted by cpold, and that state variabie af ter the second step (the mesh update) with cpnew , 
Equation (2 .28) can be written as: 

(2 .29) 

In this equation, the gradient of the state variabie field '\7 cp in Equation (2.28) is estimated with 
the gradient of the new state variabie field. This choice is equivalent to an implicit integration 
of Equation (2.26) in time using a one-step backward Euler scheme. On the boundary r of the 
domain n the nodal displacements af ter the mesh update should satisfy: 

119· Ti. = 0 on r (2.30) 
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with ii the normal vector on r. This boundary condition reIkcts the requirement that MRS and 
CRS cover the same spatial domain. In the actual implementation, the nodes on the boundary r 
are fixed : 

ilg = Ö on r (2.31 ) 

The Discontinuous Galerkin formulation of Equation (2.29) reads (Baaijens, 1992; Hulsen, 1992): 

l w (cpnew - cpold - il . '\7 cpnew) dn - " ( wil . ii (cp"ew - cpneW)dr = 0 
n y L Jr i 9 up 

"<Ie e 

(2.32) 

\ ., 
v 

upwinding term 

for all admissible weighting functions w. The left integral in this equation is the usual Galerkin 
formulation of the transport equation. The sum of integrals over the element edges represents 
the upwinding terms which account for the discontinuities in cp'Lew. The inftow boundary of 
an element e with outward unit normal ii (at which ilg . Ti > 0) is denoted as r~, and cp~~w is 
the boundary vaJue of cp"ew in the neighboUling element, located on the upstream side of r~. 
The boundary condition in Equation (2.31) is taken into account during the evaluation of the 
upwinding term. The DG formulation of the transport equation can be derived in a number of 
ways, as was shown by Hulsen (1992). 
The DG method is accurate for relatively small mesh displacements, but becomes diffusive for 
larger mesh displacements. Although the transport problem under consideration does not involve 
physical convection of material, it could be considered as a convection problem, if the ob server 
is fixed to the mesh during the mesh-update. Hence, the Courant number Cr= ~, in which h 
is the characteristic element size, can be used as a dimensionless scaling factor for the reJative 
mesh displacement. To iIIustrate the inftuence of the Courant number on the performance of the 
DG formulation of the transport equation, a one-dimensional test problem is defined. A fictitious 
initial state variabIe field CPi(X) is constructed on a mesh of unity sized eJements, according to: 

{ 

0 for x < 10 
(x) = O.Ol(x - 10)2 for 10 < x ~ 20 

cp, 1 for 20 < x ~ 30 

o for x> 30 

(2.33) 

Note that cp; (x) has a discontinuity for x = 30. A mesh displacement ug(x) = 5 is applied in a 
variabIe number of steps to arrive at a range of Courant numbers from 0.005 to 5. The initial 
and resulting discontinuous state variabIe fields CPi(X) and CPr(x), respectively, are displayed 
in Figure 2.5. For Cr = 5, the DG method cIearly gives diffusive results. For small Courant 
numbers, the solution is less diffusive, but shows small oscillations near the discontinuity. In 
OS-ALE analyses, the Courant number will be suitably Iimited to a maximum Crmax by splitting 
the transport step into a number of subincrements. This Crrnax was selected to be 0.05 to achieve 
acceptably small diffusion at minimal computational cost. All the simulations presented in the 
rest of this thesis have been performed using this Crmax . 

The one-dimensional test case presented above merely gives an indication of the accuracy of the 
DG method. To evaluate the accuracy of the DG method under circumstances more similar to the 
application in blanking, the method must be tested two-dimensionally on an unstructured mesh. 
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Figure 2.5: Influence of the Courant number on the performance of the DG approach. Thin Jines de
note epi(X), thick lines denote ep,.(x). The functions are plotted using the shape functions 
on the element level, to visuaJise the present discontinuities. 

The Molenkamp convection problem (VreugdehilI and Koren, 1993) was seIected for this test. 
The initial field in the Molenkamp test is given by: 

<Pi(X, y) = O.014((x+~ f+y') (2.34) 

with x and y Cartesian coordinates. In the conventional Molenkamp test, a material rotation is 
prescribed on a spatially fixed square mesh (-1 ~ x ~ 1, -1 ~ Y ~ 1). The material makes 
one fuJ] revolution around the origin of the coordinate system. In the OS-ALE formulation, 
the mesh moves and the material is stationary. Because the boundary is not allowed to change 
(see Equation (2.30» in the present implementation, the Molenkamp test for the suggested DG 
method is performed on a circular mesh. The initial discrete field is constructed by evaluating 
Equation (2.34) at the integration points of the mesh. The resulting initial field, defined by 
the shape functions on element level, will consequently be discontinuous, simiJar to the state 
variabie field af ter an updated Lagrange step. The Molenkamp test has been performed with 
3 different meshes, with approximately constant distributions of the element size h throughout 
each individual mesh. One revolution is performed in N step steps, chosen such that the maximum 
Courant number Crmax of 0.05 is not exceeded. After one revolution, the resulting state variabIe 
field <Pr is compared to the initial state variabIe field <Pi' The discretised initial and resulting 
state variabIe fields are displayed in Figure 2.6. In Table 2.3 some characteristic values of these 
fields are given. The sampling of Equation (2.34) in the integration points causes the initial 
maximum <Pi,max in the field 'Pi to be unequal to unity. The resulting <p,.(x, y) field does not 
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Figure 2.6: Initial and resulting fields from the Molenkamp test for the DG method. 
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h I1 N. tep I 'Pimux I 'Prmux 111'Pi - 'P,·lloo 111'Pi - 'Pr112 I 
0.1 1250 0.992 0.76 0.25 3.1 ·10' 
0.05 2500 0.995 0.91 0.10 1.3 .10-2 

0.025 5000 0.999 0.96 0.047 6.0.10 ;J 

lIall oo = max lal 
IIal12 = J~ In a2dfl 

Table 2.3: Results of the Molenkamp test for the DG method using unstructured meshes. 

exhibit oscillations. The results in Table 2.3 confirm th at accuracy of the DG method is at least 
O(hP) in the 2-norm on an unstructured mesh (Lesaint and Raviart, 1974; Johnson, 1987), where 
p is the order of the element shape functions. It is concluded that the DG method is capable of 
solving the transport equation with sufficient accuracy for the application at hand. 

2.2.4 Test problem 

To evaluate the OS-ALE procedure and the Discontinuous Galerkin formulation of the associated 
transport problem, a test problem has been analysed. A plane strain analysis of a material block 
with an encapsulated central rigid cylinder is performed, see Figure 2.7. The extemal sides of the 
block are fully restrained, and the cylinder is rigidly connected to the block material. Deforma
tion is induced by prescribing the displacement of the cylinder in the horizontal direction . Due 
to symmetry, only one half of the specimen needs to be modelled. The thickness of the block 
is I mmo The constitutive behaviour of the material is described by the elasto-plastic von Mises 

Figure 2.7: Test problem for the OS-ALE implementation, dimensions are in mmo 

constitutive model. The material parameters are taken from Table 2.1 and Figure 2.1. First, the 
ability of the OS-ALE method to prevent mesh degeneration is illustrated by analysing the re
sults for this test problem, with a relatively coarse mesh of 189 elements. The initial mesh is 
displayed Figure 2.8(a). The cylinder displacement is prescribed by incremental steps of 10-3 

mmo Both an updated Lagrange and an OS-ALE analysis have been performed. In the OS-ALE 
analysis, the mesh is updated after every 10th increment. The analyses have been continued up 
to the point where the updated Lagrange calculation fails due to a negative Jacobian matrix in a 



2.3 Remeshing 

(a) Initial mesh. (b) Deformed meshes afler 0.19 rnrn displace
ment. Upper half: OS-ALE rnesh, Lower 
half: rnirrored updated Lagrange mesh. 

Figure 2.8: Initial and deforrned meshes for the test problem. 
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severely deformed element. This point is reached at an applied displacement of 0.19 mm. The 
resulting meshes are displayed in Figure 2.8(b). 
A comparison of the top and bottom halves of Figure 2.8(b) c1early shows the merits of the OS
ALE method: the e1ements remain well-shaped in the OS-ALE mesh, while a significant number 
of elements in the updated Lagrange mesh are severely distorted. Maintaining the element quality 
in the OS-ALE method also causes the OS-ALE analysis to be more accurate than the ordinary 
Lagrangian analysis, for large deformations. Given identical initial meshes of 1037 elements, 
an OS-ALE and an updated Lagrangian analysis of the same test problem have been performed. 
In Figure 2.9, the calculated force-displacement curves from these analyses are compared to the 
resull of an updated Lagrangian analysis using an extremely fine mesh of 5328 elements. The 
solution for this reference problem is considered to be exact. Figure 2.9 c1early shows that the 
ALE analysis is more accurate than the Lagrangian analysis, using the same initial mesh . 

2.3 Remeshing 

Although the OS-ALE method preserves mesh quality up to a certain extent, it will generally 
be unable to maintain the quality of the mesh throughout a complete blanking simulation. This 
is due to the large change in geometry of the domain under consideration. Additional remesh
ing (Geiten and Konter, 1982) is repeatedly needed to prevent mesh degeneration . The actual 
strategy combines both ALE and remeshing, to minimise artificial diffusion due to the inevitable 
interpolation which is required to transport the state variables af ter remeshing. 
Contrary to the OS-ALE technique, remeshing allows for changes in mesh topology. Key ele
ments of the remeshing procedure are the generation of a new mesh, and the subsequent transport 
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Figure 2.9: Force-displacement curves of the ALE and Lagrangian analyses. 

of state variables, from the old (deformed) mesh to this new mesh. In highly nonlinear, transient 
problems such as the blanking process, generation of a suitably refined mesh is not a trivial task. 
Preferably, the remeshing is performed adaptively, such that small elements are located in the 
areas of most severe stress- and strain-gradients. In the following subsections, the algorithms 
used for mesh generation and transport wiJl be presented, and tested. 

2.3.1 Mesh generation 

Due to restrictions of the finite element package MARC (1997) used for the updated Lagrangian 
calculations, quadrilateral four-noded elements must be used in the analyses. Automatic gener
ation of a quadrilateral mesh often proves to be significantly more difficuIt than the generation 
of triangles. Convers ion of a triangular mesh into a quadrilateral one appears to be a suitable 
approach to generate quadrilateral meshes, as was already suggested in a number of recent publi
cations. Zhu et al. (1991) introduced a quadrilateral mesh generator based on an advancing front 
triangular mesh generator. The conversion of triangles into quadrilaterals is performed during 
the generation of the mesh. The approach published by Lee and Lo (1994) converts an exist
ing triangular mesh (with an even number of boundary segments) into a quadrilateral mesh with 
comparabIe element sizes. Other approaches were published by Cheng and Topping (1997) and 
Johnston et al. (1991). 
A disadvantage of the aforementioned approaches is that the suggested procedures are relatively 
complicated. In contrast, the algorithm suggested by Rank et al. (1993), which converts a trian
gular mesh into a quadrilateral one with approximately half the element sizes of the triangular 
mesh, is quite straightforward. In this subsection, this procedure will be briefty reviewed, and 
slightly extended. The resulting approach to quadrilateral mesh generation is very similar to the 
one published by Borouchaki and Frey (1998). For the (adaptive) generation of the triangular 
mesh 10 be converted, a Delaunay-based mes her (Shewchuk, 1996) is used . 
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Before introducing the convers ion aJgorithm, it is necessary to define a parameter to quantify the 
shape-quality of quadrilateral elements. The chosen quality parameter q is fully determined by 
the internal angles of the quadriJateral element considered and, consequently, not influenced by 
the aspect ratio: 

(2.35) 

in which cPk is the intemal angle of the quadriJateraJ, al JocaJ node k. The parameter equals unity 
for a rectangle, and zero for a quadrilateral distorted into a triangle. An il!ustration of element 
shapes and corresponding q vaJues is presented in Figure 2.10. The seJected definition of the 

D q=1 

t===::lI q= I 

U q=O.50 

b q=O.J5 

Figure 2.10: Some element shapes and the corresponding quality. 

shape-quality parameter indicates the preferred element shape. The convers ion algorithm wil! 
strive for elements with a maximum shape-quaJity q. In this thesis, a slightly modified version of 
the conversion algorithm suggested by Rank et al. (1993) has been applied. Given a triangular 
mesh to be converted, the algorithm can be outlined by the five sequential steps presented below. 
In Figure 2.1 I the aJgorithm is visualised for an example mesh. 

1. The first step of the conversion is a merging step, which generates a combined quadrilat
eralJtriangle mesh, by selectively combining couples of triangJes. A list of all possible 
couples of triangles is formed, and the quality according to Equation (2 .35) of the quadri
lateral formed byeach coup1e is computed. The coupjes resulting in the highest quality 
quadrilaterals are joined first. Coup les resulting in quadrilaterals with a quality q bel ow 
a predefined minimum vaJue qmin are not merged. A value of qmin = 0.1 appears to be 
suitable, and is used throughout this thesis. 

2. Secondly, the combined mesh (quadriJaterals and triangles) resuJting from the previous 
step is smoothed. Interior nodes are placed at the averaged positions of the nodes adjacent 
to them. This action is performed a predefined number of times N.rnooth' In this thesis, 
Nsmoolh = 10 unless indicated otherwise. The boundary nodes are not moved in this step. 
Due to the highly optimised trianguJar mesh supplied by the triangular mesh generator, 
this step generally induces only minor changes in the positions of the nodes. 

3. Next, all elements in the resulting (still combined) mesh are split: quadrilaterals are divided 
into 4 smaller quadriJaterals, and triang1es into 3 smaller quadriJaterals. This results in a 
conforming quadrilateral mesh. The nodes which are added on the boundary are projected 
onto the contour specified by the user. 
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Figure 2.11: Mesh conversion example, from initial triangular mesh to resulting quadrilateral mesh. 

4. Then the boundary is optionally checked for possible near-triangle quadrilaterals, which 
may occasionally arise on coarsely meshed convex sections of the boundary. The projec
tion of the new nodes on the boundary, crealed by the previous splitting step, may result 
in a situation as depicted in Figure 2.12. The resuiting poorly shaped quadriJaterals are 
deleled from the mesh (see Figure 2.12). 

Figure 2.12: Boundary mesh modification. 

5. Finally, a second smoothing step is performed. The interior nodes are smoothed as de
scribed in step 2. However, now the boundary nodes are allowed to slide over the prede
fined boundary, to optimise the quality of the boundary eJements. 
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The result of the conversion algorithm above is a mesh with quadrilateral elements of approxi
mately half the size of the original triangles. The difference with the original algorithm suggested 
by Rank et al. (1993) is the fourth step in the list above. 
The strength of this mesh generator is its capability to robustly generate highly graded mes hes 
on strongly non-convex domains, made possible by the underlying triangular mes her (Shewchuk, 
1996). This capability is ilIustrated in Figure 2.13, where the resulting mesh for a domain with 
strong refinements and a crack is displayed. The ratio of the maximum and minimum element 

(a) Total mesh - the sm all rectangle defines the region 
of the close-up. 

(b) Close-up of the refined region . 

Figure 2.13: Example of a highly graded mesh with a crack. 

size in this mesh exceeds 101 . Robust generation of these kinds of mes hes is an essential con
dition for the successful implementation of the discrete cracking approach, which will be intro
duced in Chapter 3. 

2.3.2 Transport 

Transport of state variables between meshes with different topology cannot be achieved using the 
Discontinuous Galerkin method introduced in section 2.2.3. Therefore, the transport from the 
old (deformed) mesh to the new mesh is performed by interpolation. The interpolation scheme 
applied should realise the transport of the discontinuous state variabie field from the old mesh to 
the new mesh with Iimited loss of accuracy. The state variables in a discretised continuum are 
defined at the integration points of the mesh. The most obvious way to transfer these variables 
from the integration points of the old mesh to the integration points of the new mesh (method 1) 
can be outlined as follows . 

Method 1: Find the location (element and local isoparametrie coordinates) of the new 
integration points in the old mesh. To obtain the state at each new integration point, ex
trapolate the state variables defined on the integration points of the old element, to the 
location of the new integration point. 
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However, the discontinuities in the state variabIe field wil! induce instabilities when this method 
is used repeatedly in areas where subsequent meshes have comparabie topology in combination 
with small changes in nodal positioning and gradients in the state variabie field. This can be 
illustrated by considering the one-dimensional transport problem introduced in section 2.2.3, for 
two Courant numbers of 0.05 and 0.5. The results achieved with transport method 1 are displayed 
in Figure 2.14. This figure clearly shows th at the method can cause catastrophic loss of accuracy 
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Figure 2.14: Results of the I D transport problem from method I for Cr = 0.05 and Cr = 0.5. The 
vanabJe 'P is pJotted using the shape functions at the element level, to visualise the 
present discontinuities. 

for smaJl Courant numbers, although it appears to be quite accurate for larger Courant numbers. 
In this one-dimensional transport problem, the instability for Cr = 0.05 is caused by the fact 
that the new integration point wil! be located in the same updated element every step. As a 
result, the new integration point will never reach the adjacent element. This problem disappears 
if the total translation is applied in larger steps. During automatic remeshing, it is not possible 
to guarantee that the circumstances in which this instability occurs are avoided throughout the 
mesh. Consequently, application of method 1 is hazardous. 
Data transfer between continuous fields, on both old and new meshes, wil! not cause these insta
bilities. A modified interpolation scheme is presented bel ow. 

Method 2: First construct a continuous state variabie field on the nodes of the old mesh. 
ExtrapoJating the integration point state variables to the nodes, and averaging the contri
bution of the connected elements to a node, wil! accomplish this. Then find the location of 
the new nodes in the old mesh, and interpolate the continuous field to these locations. This 
resuIts in a continuous field, spanned by the nodal vaJues in the new mesh. The state at 
the integration points of the new mesh can easily be recovered by interpolation at element 
level on the new mesh. 

Although the application of method 2 will prevent instabilities, it wil! cause some artificial, 
numerical diffusion. This property is iIIustrated in Figure 2.15, where the results of method 2 
for the one-dimensional transport problem are presented. To evaluate the accuracy of method 
2 under more realistic conditions, the Molenkamp test explained in Section 2.2.3 is performed 
using this method. The test is carried out with the same three mes hes as presented in Section 
2.2.3. The number of steps for one revolution was selected such that a maximum Courant number 
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Figure 2.15: Results of the 1 D transport prob1em from method 2 for Cr = 0.05 and Cr = 0.5. 

Crmax of approximately 3 was achieved. The initial and resulting state variabie fields 'Pi and 'Pn 

respectively, are displayed in Figure 2.16, for the three meshes . In Table 2.4 some characteristic 
quantities of the initial and resulting fields are given (comparabie to Table 2.3). The results for the 

, 
0.1 20 0.992 0.41 0.58 7.9.10 -"L 

0.05 40 0.995 0.60 0.39 5.1 .1O-~ 
0.025 80 0.999 0.75 0.25 3.1 .10 -"L 

Table 2.4: Results of the Molenkamp test of the remeshing transport method. 

Molenkamp test confirm the diffusive behaviour of method 2. However, the results aJso show that 
the diffusive effects decrease upon mesh refinement. Although the convergence is not as good 
as the convergence observed using the DG method, the smoothing character of method 2 is still 
less of a drawback than the instability of method I, which can seriously threaten the convergence 
upon mesh refinement. As a conc\usion, method 2 wiJ] be applied for the remeshing operations 
in the blanking analyses. 
Implementation of interpoJation method 2 requires the identification of the position of an arbi
trary point in a finite element mesh, defined by the (Cartesian) coordinates in agIobal system of 
coordinates. This position in the mesh is determined by an element number and a set of local 
(isoparametric) coordinates. Identification of this position is realised by inspection of individual 
elements. In most cases, a point in the mesh is located within the elements connected to the node 
which is c\osest to this point. Consequently, these elements are examined first. In the rare cases 
that these elements do not contain the point, the remaining elements in the mesh are searched. In 
this way, the computational costs of finding an arbitrary point in a given mesh are Jimited. 
To identify if a point is located within a certain element, the local coordinates of the point in that 
element are determined, and compared to the predefined Jimits. Generally, the determination of 
the local coordinates of an arbitrary point within an element requires the solution of a non-linear 
system of equations. This is mostly done using an iterative scheme. However, the isoparametric 
bi-linear quadrilateral elements used in this thesis allow for the application of a more efficient, 
direct analytical approach (Olmi et al., 1997). 
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Figure 2.16: Initial and resulting fields from the Molenkamp test of remeshing transport method 2. 
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2.3.3 Test problem 

The remeshing procedure has been evaluated by analysing the results of the test problem which 
was already introduced in Section 2.2.4. Aremeshing operation was performed af ter each 30th 
increment (0.03 mm applied cylinder displacement). The resulting mesh af ter a displacement of 
0.19 mrn is displayed in !he upper half of Figure 2.17. The remeshing clearly keeps the mesh 

Figure 2.17: Deforrned meshes after 0.19 mrn displacement. Upper half: mesh from the rerneshing 
analysis. lower half: updated Lagrange rnesh. 

in a good condition. A comparison with the mesh from the OS-ALE analysis of the test prob
lern (Figure 2.8(b» reveals that the rerneshing procedure maintains better mesh quaJity !han the 
OS-ALE procedure, due 10 !he allowed changes in rnesh topology. The accuracy improvernent 
due to the apparent mesh quality advantage obtained by remeshing should be visible in the force
displacement curves. A comparison of the curves from the updated Lagrange analysis and !he 
analysis with remeshing, using initially identical mes hes of 1037 elements, to the curve of !he 
'exact' updated Lagrange analysis on !he fine mesh. is given in Figure 2.18. This figure illustrates 
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Figure 2.18: Force·displacement curves of the remeshing and Lagrangian analyses. 



32 Issues in the numerical modelling of large deformations 

the accuracy advantage resulting from the remeshing procedure. Close inspection of the com
puted force-displacement curves reveals small (hardly visible) discontinuities in the ca1culated 
force af ter every remeshing. These can be diminished by selecting a more stringent convergence 
criterion in the updated Lagrange steps, and using a finer mesh. The small discontinuities do not 
appear to influence the accuracy of the predicted force (see Figure 2.18). 

2.4 Adaptive remeshing 

The generation of an appropriate mesh is of ten a major challenge in practical application of the fi
nite element method. The ideal mesh should be fine enough to capture the solution accurately, but 
at the same time as coarse as can be allowed, to limit computational effort. Adaptive (re)meshing 
methods try to capture this ideal mesh, by coupling the local density of degrees of freedom to 
an estimate of the error in a trial solution. These methods are becoming increasingly popular, 
because they allow the user to perform ca1culations with a predefined numerical accuracy. 
This section will discuss the adaptive remeshing strategy adopted, and its implementation. Af ter 
a brief review of adaptive methods for Iinear problems, the applied error estimate wiJl be intro
duced. The strategy pursued to cope with the transient effects in forming analyses is discussed 
next. This chapter is concluded with the adaptive analysis of the test problem introduced in 
Section 2.2.4. 

2.4.1 Introduction to adaptive methods 

Adaptive (re)meshing methods have been under development since Babuska and Rheinbo!dt 
(1978) introduced a posteriori error estimates for the finite element method. The introduction of 
an error estimator based on commonly applied post-processing techniques, by Zienkiewicz and 
Zhu (1987), gained interest for adaptive techniques. The basic concept of these techniques is 
the adaptation of the discretisation on the basis of an estimate of the error in the finite element 
approximation. For Iinear problems, adaptive strategies can generally be outlined as follows: 

1. First, an initia! discretisation is created, on which the finite element approximation of the 
exact solution is computed. This approximation is the first trial solution of the adaptive 
procedure. 

2. Then, the error in this trial solution is estimated. Two categories of error estimators can 
roughly be distinguished: residual- and reconstruction-based error estimators. Residual
based error estimators approximate the error in a finite element solution by evaluating 
the magnitude of the deviations from the governing equations. Error estimators based on 
reconstruction techniques compare a reconstruction of the trial solution to the trial solution 
itse\f. The reconstruction is an approximation of the exact solution, based on the trial 
solution. 

3. Finally, the resulting estimation of the error is compared to the maximum error allowed 
by the analyst. If the actual error is smaller than the limit value, the goal is reached and 
the analysis answers the desired accuracy. If the actual error exceeds the specified limit, 
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a new discretisation is generated, using the estimate of the error in the trial discretisation. 
This new discretisation should have extra degrees of freedom in the areas where the error 
was large, but can also show less degrees of freedom in the areas where the error was 
smal!. A new trial solution is then calculated on this new discretisation, and the procedure 
is repeated. 

Adaptation of the Jocal density of nodal degrees of freedom in the mesh can be performed 
by different approaches . In h-adaptive methods the local size of the elements is adapted by 
adding or removing eJements. In p-adaptive methods the order of the e1ements is changed, 
while in r-adaptive methods the nodes are reallocated to locally change the sizes of lhe 
eJements, without changing the mesh topology (similar to the ALE method) . 

In the above strategy only the spatial error caused by the finite element discretisation is consid
ered, which is generally sufficient for Iinear finite element problems. For non-Jinear, transient 
problems with history dependent constitutive behaviour, additional errors arise. These additional 
errors are caused by the iterative solution techniques needed for the non-Iinearities and the time
integration of the constitutive equation, and should be accounted for if a predefined accuracy is 
to be achieved. The construction of a well-founded adaptive strategy for non-linear elasto-plastic 
problems is the subject of ongoing research (Lee and Bathe, 1994; Peric et al., 1994; Barthold 
et al., 1998). Moreover, application of sophistications such as ALE and remeshing introduce 
extra errors. Nevertheless, a relatively rudimentary adaptive method is followed in this thesis, 
which only considers aspecific spatial error. In the next paragraphs, the applied h-adaptive 
remeshing strategy is elucidated. 

2.4.2 The error estimate 

To control the adaptive remeshing process, a representative global scaJar measure of the local 
error, which is a field variabie, will be defined. This scalar error measure will be prescribed not 
to exceed a predefined threshold, using the adaptive procedure. To amve at this error measure, 
the local (element) error must be defined first. The estimated local absolute error measure E,e 
on an element e is defined by the following generalisation of the c1assical energy error norm 
suggested by Zienkiewicz and Zhu (1987), similar to Peric et al. (1994) and Vaz et al. (1998): 

(2.36) 

in which Oe is the domain of an element e. In this definition, the trial (finite element) solutions 
for the equivalent stress and strain rate are denoted with a superscript h, the reconstructions with 
a superscript r. Reconstructions are achieved using a technique called Superconvergent Patch 
Recovery (SPR), proposed by Zienkiewicz and Zhu (1992b). 
Using the SPR technique, a continuous field lp"~ (defined on the nodes of the mesh) is recon
structed from the discontinuous state variabie field !ph (defined on the element integration points). 
This reconstructed field can be shown to be more accurate than the original discontinuous field, 
and can thus be applied for error estimation (Zienkiewicz and Zhu, 1992a, J 995). For the two
dimensional bi-Iinear elemenls applied in this thesis, the SPR technique can roughly be described 
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as follows. In all the elements in the mesh, eph is established at the sample points, using the ele
ment shape functions, and subsequently stored. The key issue of the SPR technique is that eph in 
these sample points is generally more accurate than eph in other points of the mesh. For certain 
elements, eph in the sample points can be shown to have superior convergence properties (the 
points are then identified as superconvergent points), hence the name of the technique. Around 
each of the nodes in the mesh, a patch is defined, formed by the elements directly connected 
to the node considered, see Figure 2.19. On every patch, a (Iinear) least squares approximation 
according to: 

(2.37) 

is determined, starting from the eph values in the sample points, in which rJI and rJ2 are normalised 
Cartesian coordinates on the patch, see Figure 2.19. The reconstructed state variabIe value on 

o Sample point 

• Node considered 

o Node 

Figure 2.19: An example ofthe patch of elements around the node considered, and the sample points. 

the node considered is the value of ep(rJI, r(2) at this central node. The reconstructed field epT is 
defined by the reconstructed values at all the nodes. For a more e1aborate discussion of the SPR 
technique, the reader is referred to the publications of Zienkiewicz and Zhu (1990, 1992a,b,c, 
1995). 
The incremental element error is estimated by replacing the equivalent stress {J during the incre
ment, with the updated equivalent stress at the end of the increment {Ju: 

(2.38) 

in which b.tp denotes the effective plastic strain increment. Summation over all the elements in 
the mesh IVelem defines the global absolute error: 

Ne/cm 

e= L ç; (2.39) 
e= 1 

The associated global relative error é can then be defined as: 

é = ç 
(Jn ({JT b.t;;)dn) 1/ 2 

(2.40) 
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During the adaptive remeshing procedure, an attempt is made to limit this global relative error to 
a predefined maximum émax . To achieve that, an equal contribulion of the individual elements to 
the global error is pursued. The individual element error to accomplish this equal contribution 
can easily be derived from Equations (2.39) and (2.40): 

( r (cf' D..{")dD.)1/2 
(mal: _ JO p 
'>e -érnax ~ 

V 1 'elem 
(2.41 ) 

The local element size h"ow required to accomplish this maximum element error can now be 
related to the old element size huid, using the order p of the finite elements applied: 

(2.42) 

Bi-linear elements are applied, so p equals I. For transient problems such as the blanking process, 
the ideal discretisation wiJl change during the analysis. The adaptive strategy which accounts for 
this issue will be explained in the next section. 

2.4.3 Strategy of adaptive remeshing 

The applied adaptive remeshing strategy is based on controlling the global relative error in each 
increment of the analysis, defined by Equation (2.40). For a given increment, the procedure can 
be outlined by the following steps: 

I. First, the prescribed load increment is applied to the mesh at the beginning of the incre
ment, resulting in trial solutions Ö"~ and D..t~. 

2. Then, the reconstructions Ö"~ and D..t; of these trial solutions are calculated using SPR, and 
the global relative error é is estimated, according to Equation (2.40). 

3. If this error exceeds the predefined threshold é rnax , a new mesh is generated for the begin
ning of the increment, with an element size distribution hnew according to Equation (2.42). 
The state variables in the original mesh at the beginning of the increment are transported 
to this new mesh using the transport method discussed in Section 2.3.2. The increment can 
now be recomputed with this new mesh. The analysis continues with the next increment if 
é :::; (max is satisfied, otherwise the procedure is repeated. 

A key element in the adaptive remeshing procedure is the generation of a mesh with an element 
size distribution according to hnew . The mesh generator as described in Section 2.3.1 can be 
applied for this purpose, with a few minor modifications. 
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2.4.4 Test problem 

To illustrate the effectiveness of the adaptive remeshing procedure, the test probJem in Sec
tion 2.2.4 has been analysed using the adaptive procedure outlined above. The OS-ALE and 
remeshing techniques have been appJied to prevent excessive mesh distortion. Af ter every 10th 
increment, the global relative error tover the last 10 increments is determined and an adaptive 
remeshing is performed if this error exceeds Emax. Otherwise, an OS-ALE step is performed. 
Ordinary remeshing steps, in which the element size distribution is not altered, are performed 40 
increments af ter the last (adaptive) remeshing step. The initial trial mesh is the coarse mesh of 
189 eJements displayed in Figure 2.8(a). The analysis of this test problem was performed with 
Emax = 0.05. The global relative error during the adaptive analysis and the number of elements 
in the mesh are displayed in Figure 2.20. It can be observed that some retries are required in 
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Figure 2.20: Global relative error (left axis, solid line with circle marks) and number of elements 
(light axis, brok en line) in the mesh during the adaptive analysis. 

the initial stage of the analysis, to limit the incremental error to the specilled maximum. Once a 
suitable element size distribution is determined, retries are only incidentally needed, to account 
for the changes in the solution field due to the transient effects. 
In Figure 2.21, the force-displacement curve resulting from the adaptive analysis is compared to 
the reference solution provided by the updated Lagrangian analysis using the fine mesh of 5328 
elements. The predicted forces agree weil, demonstrating that the adaptive remeshing procedure 
is able to determine an appropriate mesh for the test problem. The calculated effective plastic 
strain fields from both analyses are visuaJised in Figure 2.22(b). Some minor differences can 
be observed in these fields, but the overall agreement is excellent. The adaptive procedure and 
the updated Lagrange analysis on the fine mesh exhibit comparabIe accuracy. However, during 
the adaptive analysis a maximum of 1700 elements is required, as opposed to the 5328 elements 
used for the updated Lagrangian simulation. The mes hes of both analyses are compared in Figure 
2.22(a), for an applied displacement of 0.13 mmo It is concluded that the adaptive procedure can 
be applied to decrease computational costs without significant accuracy loss. 
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Figure 2 .21: CompaJison of force-displacement curves from the adaptive and updated Lagrange 
analyses. 
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Figure 2.22: Comparison of the updated Lagrange analysis (upper haJves of the figures) and the 
adaptive analysis (bottom halves of the figures, mirrored). 
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2.5 Discussion 

Sections 2.2 and 2.3 have demonstrated that the OS-ALE and remeshing procedures are pow
erful tools to attack excessive element distortion. The Discontinuous Galerkin method, applied 
to achieve transport of the state variables during OS-ALE steps, was shown to be an accurate 
method to solve the transport problem, if the Courant number is selected sufficiently smal!. 
Transport of state variables during remeshing is inevitably less accurate, due to the smoothing of 
the state variables required to prevent possible instabilities. Still, the presented results for the test 
problem (Figures 2.9 and 2. I 8) suggest that this diffusive transport step has little inftuence on the 
final solution. A similar observation was made by Stoker and Huétink (1998), when evaluating 
different transport schemes for the ALE method. It might thus be concJuded that the OS-ALE 
technique is not necessarily required for the accurate modelling of large deformations, since 
remeshing soJe1y appears to be sufficient. Indeed, the incorporation of the OS-ALE procedure 
is not essential to model the blanking process. Nevertheless, the small discontinuities present 
in the force-displacement curve in Figure 2.18 cannot be observed in the OS-ALE analysis (see 
Figure 2.9). This proves that the remeshing steps induce a larger distortion of the state variabie 
field than the OS-ALE steps, on the same mesh. As a result, more iterations are required in the 
updated Lagrangian steps af ter the remeshing. Moreover, an OS-ALE step requires significantly 
less computational effort than a remeshing step. Hence, the OS-ALE method can be applied to 
reduce the number of remeshing steps required, resulting in a more efficient, if not more accurate 
solution of the problem. 
Several enhancements of the remeshing transport algorithm could still be incorporated. An in
triguing possibility is the construction of the continuous field using the SPR method, or an en
hanced form of this method, in which the stresses are equilibrated on the patch (see, for instance 
Boroomand and Zienkiewicz, J 997). 
The adaptive remeshing aJgorithm as reviewed in Section 2.4, is a valuable supplement in the 
practical application of the numericaJ techniques. Although the adopted adaptive strategy ad
dresses only aspecific incrementaJ spatial error, it aJready significantly eases the analyses. Ap
plication of adaptive remeshing aJso has a positive effect on the discontinuities in the force
dispJacement curves, caused by the remeshing transport algorithm. This becomes apparent when 
Figures 2.18 and 2.21 are compared. The adaptive refinement near large stress and strain gradi
ents appears to diminish the diffusive nature of the transport algorithm. 



Chapter 3 

Ductile fracture 

Besides the large deformations discussed in the previous chapter, modelling of the blanking 
process is complicated by the failure of the metal, resulting in fracture and, ultimately, separation 
of the blank from the sheet. This fracture determines the final shape of the product and should, 
consequently, be incorporated in the finite element model. Generally, two types of fracture can 
be observed: brittIe and ductile fracture. BrittIe fracture is distinguished from ductile fracture by 
the relatively small energy dissipation during crack growth. In the metal blanking process the 
separating fracture is generally a ductile one. Duclile fracture in metals is caused by microscopie 
defects in the material, inducing voids. Prediction of this type of fracture is usually based on a 
description of void formation and coalescence, applied in the form of a ductile fracture criterion . 
In Section 3.1, a brief review is presented of the processes causing ductile failure in metals . 
Criteria based on fracture mechanies are distinguished from alternative local criteria, and the 
application of alocal criterion is motivated. Once an appropriate criterion for ductile fracture 
in the blanking process is established, the computational model is modified 10 deal with cracks. 
Section 3.2 explains the discrete cracking method applied to incorporate ductile cracks in the 
finite element model. A test problem will be analysed to evaluate the numerical features of the 
procedure proposed. 

3.1 Prediction of ductile fracture 

DuctiJe fracture in metals is generally accepted to be govemed by the occurrenee of voids on 
the micro-scale (Dodd and Bai, 1987). These voids are microscopie holes in the metaJ, initi
ated by imperfections. The evolution of a void is characterised by the following three stages, 
schematically visuaJised in Figure 3.1. 

1. Nucleation. 
Nucleation of voids occurs near second-phase partieles, incJusions, disJocation pile-ups or 
other imperfections present in the (matrix) material. Deformation of the materiaJ causes 
a concentration of stresses and slrains in lhe vicinity of these imperfections. At a critical 
point during deformation, these stress and strain concentrations will cause the nucJeation 
of a void in the material. The presence of imperfections in X30Crl3 is illustrated in Fig
ure 3.2(a) by an image of the microstructure of Ihis material. Two phases can clearly be 
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observed: a ferrite matrix and carbide inclusions. The carbides are likely to be the void 
nuclei in this material, since they offer significantly more resistance 10 deforrnation lhan 
the ferrite matrix. 

Nucleation Growth Coalescence 

Figure 3.1: Schematic representation of the nucJeation, growth and coalescence stages. 

(a) Microscopie image of a polished and 
etched sheet X30Cr13, showing a ferrite 
matrix with carbide inclusions. 

(b) SEM image of dimples on the fractured edge 
of a blanked sheet X30Cr13. The shear is di
rected from the lower left corner towards the 
upper right conner of the image. 

Figure 3.2: Microstructure and dimples in X30Cr 13. 

2. Growth. 
Under lhe influence of continuing plastic deformation, the voids can grow. The rale of 
growth of a void is governed by lhe deformation history and the stress state applied. Espe
cially the hydrostatic part of the stress has astrong influence on the growth rate. To quan
tify this influence, a non-dimensional parameter ca lied the triaxiality is commonly applied. 
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The triaxiality is defined as the ratio of hydrostatic and equivalent (von Mises) stress: 

1fiaxialitv = ah 
" 0-

(3.1) 

3. Coalescence. 
At a certain stage in the process of void growth, the defonnation will localise in the lig
aments between neighbouring voids, causing these ligaments to fail, and the voids to co
alesce. The failure mechanism has often been attributed to the development of smaller 
micro-voids inside the ligament. The onset of coalescence defines the initiation of a duc
tile crack. The failed ligaments can be observed on fractured surfaces, in the form of 
so-called dimples or shear lips. In Figure 3.2(b), a SEM image of the fractured surface of 
a blanked sheet of X30Cr13 is shown, revealing these dimples. The corresponding char
acteristic sizes of the dimples in Figure 3.2(b) and the carbide incJusions in Figure 3.2(a) 
suggest that the carbides are indeed the void nucleating constituents . 

An extensive research effort has been devoted to the modelling of the stages of void evolution, to 
predict ductile fracture in metaJs, see for instance the review papers by Tvergaard (1990), Needle
man et al. (1992) and Thomason (1998). This effort has resulted in sophisticated extensions of 
the original model for porous pJasticity proposed by Gurson (1977), and in a selection of criteria 
for ductiJe fracture. A unified criterion for ductile fracture in metals has, however, not been es
tablished yet. Given the complexity of the void phenomena and the variation in microstructural 
properties of different metals, it is doubtful whether an accurate, generally applicable ductile 
fracture criterion for metaJs wiJl ever be discovered. Consequently, an appropriate criterion must 
be selected from the available set of suggested criteria, supported by an experimentaJ evaluation. 
The possibilities currently available for the prediction of fracture phenomena can be cJassified 
in two categories: fracture mechanics and local approaches. In the folJowing subsections, both 
approaches will be briefly introduced, and the choice for a local approach will be motivated. 

3.1 .1 Fracture mechanics approach 

In fracture mechanics (e.g. Ewalds and WanhilI, 1984), a crack and the surrounding material are 
considered. If linearly elastic material behaviour is assumed, expressions for the stress field in 
the vicinity of the crack can be derived, which show a singularity at the crack tip. The magni
tude of the stresses is determined by a parameter K, called the stress intensity factor. A crack 
propagation criterion can be postuJated supposing a critical stress intensity factor Kc. Initiation 
of fracture must be modelled by an additional criterion or, alternatively, circumvented by the as
sumption that cracks with a certain Jength already exist in the material. An energy balance of the 
material with a crack can be formulated to arrive at the energy release rate G, and corresponding 
critical value Ge. However, this approach can be shown to be equivalent to the stress intensity 
approach. 
The concepts from linear eJastic fracture mechanics can still successfully be appJied 10 elasto
plastic malerials if the size of the plastic zone around the crack tip is small compared to the crack 
dimensions. If the characteristic size of the plastic zone is in the order of the crack length, non
Iinear or elasto-plastic fracture mechanics procedures must be pursued. These procedures are 
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based on the so-called HRR (Hutchinson, 1968; Rice and Rosengren, 1968) singular stress field 
for a special class of elasto-plastic materiais . The magnitude of the stresses can be characterised 
by the J-integral (Rice, 1968). However, under some circumstances, the J-integral does not 
characterise the main features of the crack tip field (loss of J-dominance). These circumstances 
include large-scale yielding, finite deformations and unloading, which are all present during the 
blanking process. In these circumstances, one parameter is not sufficient to characterise the stress 
field in the vicinity of the crack tip. Additional parameters have been suggested to circumvent 
this shortcoming (see e.g. Schmitt and Kienzier, 1989; O'Dowd and Shih, 1991; Wang, 1994). 
Alternatively, some criteria of a more geometrical nature are available, which consider the ge
ometrical properties of the crack tip in order to predict crack propagation. Well-known criteria 
in this category consider the crack tip opening displacement and crack tip opening angle. How
ever, the definition of these parameters is rather arbitrary (Liebowitz et al., 1995), and their use 
is Iimited to mode I cracks. Besides, actual application of such a criterion in an e1asto-plastic 
model can only be realised at enormous computational costs, due to the required accuracy of the 
caIculated geometry of the crack tip. 
The global approaches to fracture all share two major drawbacks. Firstly, only the CUITent state 
of deformation is considered: the history dependent nature of the void related phenomena gov
erning ductile fracture is ignored. Secondly, prediction of fracture initiation requires additional 
assumptions, since these methods can only be applied if a crack or defect is already present. 
As aresuIt, fracture mechanics approaches have not been successfully applied to predict ductile 
fracture in forming processes, at least to the authors knowiedge. Alocal criterion was therefore 
selected to predict ductile fracture in this thesis. 

3.1 .2 Local approach 

In the local approach to fracture (see e.g. Lemaitre, 1986), the attention is focused on a single 
material point. An attempt is made to predict failure in this point, by considering the history of 
the local state variables. Such approaches are of ten associated with continuum damage mechan
ics. In contrast with fracture mechanics, 10caJ approaches can predict both fracture initiation and 
propagation without additional assumptions, since no defect is required to evaluate the fracture 
criterion. Besides, local criteria have been appJied successfully to predict ductiJe fracture ini
tiation in forming problems (Clift et al., 1990; Gouveia et al., 1996). Local criteria for ductile 
fracture are generally based on an effective strain path integral, according t~: 

rp(t) 
Jo f(O")dtp 2: C (3.2) 

in whic~l tp(t) denotes the effective plastic strain in the CUITent configuration. The criterion in 
Equation (3.2) postulates the condition for crack growth to be governed by a threshold value 
C, which should be considered as a material parameter. The kernel function f(O") reflects the 
influence of the stress state on the degradation of the material, and is usually strongly related 
to the triaxiality, see Equation (3.1) . A large number of proposals for f(O") has been published. 
Some welJ-known suggestions for this material degradation function are given in Table 3.1 . 
Most of the available local criteria originate from knowledge about the void phenomena on the 
microscale. Of ten, a representative cell from the microstructure containing a void is modelled. 
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f(O') I Reference I Remark 

30"h) Rice and Tracey (1969) 
Huang (1991) suggests 

aexp( 2Ö" a = 0.427 

Cockcroft and Latham (1986) 0"1 is the maximum 
0"1 principal stress 

1 " h [\13(1 (1 +0"2] 
0"2 is the minimal prin-

--Sin - -n --- McClintock (1968) cipal stress, n is a hard-
l-n 2 Ö" 

ening parameter 

1 + A 0"" Oyane et al. (1969) 
A should be determined 

Ö" experimentally 

Table 3 .1: Some well-known suggestions for the material degradation function 1(0") . 

To arrive at a criterion on the continuum level, assumptions about the microstructure as weil as 
the deformation and stress history applied are inevitable. The classical fracture criteria suggested 
by McClintock (1968) and Rice and Tracey (1969) were derived this way. The intrusive nature 
of the assumptions, necessary to translate the results at micro-scale to continuum-scale, implies 
that the criteria proposed wilJ only accurately predict ductile fracture in a limited range. As a 
consequence, a unified criterion for ductile fracture is not available. Moreover, most of the cri
teria for ductile fracture are based on the assumption that the deformation applied is extensional 
in character. However, the deformation during the blanking process is dominated by shear. Void 
growth under shear deformation conditions is govemed by significantly different, and consider
ably more complicated effects than void growth under extensional deformation. Particularly the 
contact between inclusion and matrix material can cause large deviations from known models 
for void growth and nucleation (Fleck et al., 1989). This might be the reason for the poor per
formance of a set of ductile fracture criteria in predicting fracture initiation during the blanking 
process in an earJier study (Brokken, 1995). Identification of a suitable ductile fracture criterion 
for the blanking process should, consequently, be based on the results of microstructural mod
elling, taking into account the specific deformation during the process. An attempt at such a 
modeJ1ing approach is presented in appendix B. Practically useful results have, however, not yet 
been achieved. 
To arrive at an appropriate ductile fracture criterion for X30Cr13 during the blanking process, 
Goijaerts et al. (1999) evaluated the performance of a set of 10caJ criteria in predicting initia
tion of ductile fracture during axisymmetric blank ing. They proposed an adapted version of the 
criterion suggested by Oyane et al. (1969), by comparing the results of blanking experiments 
to the results of validated (Goijaerts et al. (1998); Stegeman et al. (1999), see also Section 4.1) 
finite element analyses of these experiments. These finite element analyses were performed us
ing the techniques described in Sections 2.2 and 2.3. Throughout this thesis, an earl ier version 
(Goijaerts, 1998) of the criterion suggested by Goijaerts et al. (1998) for X3OCr13 is applied, 
given by: 

lof p(t) (1 + 3 ~ ) dEp:::: 2.4 with (a) = {O for a:::; 0 
a for a> 0 

(3.3) 

For positive hydrostatic stresses this criterion is identical to the criterion suggested by Oyane 
et al. (1969). 
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3.2 Fracture modelling 

The available modelling techniques for failure phenomena are characterised by a diversity of 
approaches. Selection of the most appropriate formulation is mostly govemed by the type of 
fracture, the characteristics of the material, and the information the analyst is interested in. The 
possibilities for the modelling of failure (in the context of the finite element method) can roughly 
be categorised in two groups: discrete and continuous approaches. ClassicaJly, discrete ap
proaches are used in the field of fracture mechanics, while continuous approaches are commonly 
associated with continuum damage mechanics. 
In discrete approaches, failure is incorporated by embedding cracks in the geometrical contour 
discretised by the finite element model. This implies that the mesh has to be adapted to trace the 
progressing cracks. A straightforward strategy to implement the reducing material interaction 
is element elimination or erosion. This technique removes the eJements in which the fracture 
criterion is exceeded from the mesh. Although some recent publications show an increasing 
popularity of this technique (Ko et al., 1997; Breitling et al., 1997; Jeong et al., 1996; Taupin 
et al., 1996), it is obvious that the results will be intrinsically mesh-dependent: the volume 
of material that is deleted from the configuration is govemed by the local element size. An 
alternative to element deletion is the node release approach, in which cracks are aJlowed to 
propagate along the edges of the elements. This technique can be successfully applied if the 
crack trajectory is known a priori (Dodds et al., 1993), but is restricted to the set of trajectories 
allowed by the mesh, if the crack trajectory is unknown. A powerful extension of the node release 
approach is achieved by dropping the restriction that the cracks must propagate along element 
edges. Implementation of such a discrete cracking method is elaborate, due to the continuous 
remeshing required to foJlow the crack path. However, the discrete cracking method has been 
applied successfully to both eJastic (Bittencourt et al., 1996; Knops, 1994) and plastic (Könke, 
1995; Valente, 1993; Lim et al., 1996) materiais. An example of a characteristic implementation 
of a discrete cracking approach in metal forming simulations was given by Marusich and Ortiz 
(1995). 
In continuous approaches, the fracture is modelled using damage mechanics. Failure is intro
duced in the formulation by the incorporation of softening material behaviour. Continuous ap
proaches essentially model the fracture as a localisation of deformation. The porous plasticity 
model suggested by Gurson (1977), and later extended by Tvergaard (1981) and Tvergaard and 
Needleman (1984), is probably the most well-known continuous model for the prediction of duc
tile failure in metals. However, this model shows the same pathological mesh dependence as all 
other local continuum damage modeis, unless an appropriate regularisation is adopted (de Borst 
et al., 1993). Suitably regularised continuum damage models are nowadays available (Peerlings 
et al., 1996; Geers et al., 1998) for geometrically Iinear problems and elastic material behaviour. 
A continuous approach has the distinct advantage over a discrete approach that it can account for 
the effect of void phenomena on the material behaviour. However, the actual material separation 
associated with the extension of a crack, must ultimately still be modelled by accomplishing 
geometrical separation between the two crack faces, for example by deleting fully damaged 
elements (PeerJings, 1999; Ren and Bicanic, 1997), or ideally by introducing a discrete crack. In 
fact, the combination of continuous and discrete approaches appears to be a most promising way 
to model ductile fracture . However, suitably regularised continuum damage models for plasticity 
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and finite deformations are still in the development stage (NeedIeman and Tvergaard, 1998). 
Hence, a discrete cracking approach was selected to model ductile fracture in this thesis. 
Initiation and propagation of discrete cracks are assumed to be govemed by a relevant (in this 
case local) fracture criterion. To realise this, the fracture potential P is introduced, which is a 
scaJed (non-dimensionaJ) field variabie derived from the applied ductile fracture criterion. For 
the fracture criterion as formulated in Equation (3.2) and specified by Equation (3.3), the fracture 
potential is defined according to : 

p = ft-(l) f(u)dËp = ft-tl) (I + 3~) dËp 

C 2.4 
(3.4) 

This dimensionless fracture potential can be interpreted as a measure for the damage locally 
accumulated in the material, similar to the damage variabie in continuum damage mechanics. 
However, it does not influence the local constitutive behaviour. Such an approach can be cate
gorised as a semi-coupled continuum damage approach (Benallal et al., 1991), where the influ
en ce of the damage is incorporated only by geometrical adaptations. To avoid confusion with 
traditional fully-coupled continuum damage approaches, the parameter P will be referred to as 
fracture potential, rather than damage. 

3.2.1 Implementation of discrete cracking 

Application of a discrete cracking approach implies that the mesh needs to be modified con
tinuously to accommodate the evolution of cracks. The adaptation of the mesh can either be 
performed locally, only in the vicinity of the crack tip, or globally, throughout the whole domain 
considered. In this thesis, mesh modification is performed globally, since global remeshing is 
required to prevent excessive element distortion. A major obstacle in the implementation of a 
fully automatic discrete cracking approach is the need for a mesh generator which is able to ro
bustly produce highly refined mes hes on non-convex domains. The mesh generator presented in 
Section 2.3.1 is weIl suited for this task, as was already shown in Figure 2.13. 
In this study, a discrete cracking procedure is applied in which cracks are conditionally initiated 
and propagated over a fixed length increment 6.L. In fact, this 6.L is a discretÎsation parameter, 
similar to the element size in a finite element analysis. The resulting discretised crack trajectory 
should be considered as an approximation of the real crack trajectory. The actual implementation 
allows cracks to initiate only on the boundary of the mesh, which appears to be sufficient for the 
simulation of the ductile cracks during the blanking process. 
In discrete cracking simulations, the fracture potential is added to the set of integration point 
state variables S, and updated every increment. Af ter a predefined number of increments, the 
integration point based fracture potential is extrapolated to the nodes. A crack is initiated at a 
boundary node, if the fracture potential in that boundary node, or within a di stance of 6.L from 
that boundary node, exceeds the threshold value I. Existing cracks propagate if the fracture 
potential exceeds 1 at a distance 6.L from the actual crack tip. This method is preferred over 
the evaluation of the fracture potential at the crack tip itself, because the finite element solution 
at the crack tip is not very reliable. More reliable solutions at the crack tip could be realised by 
assuming a certain rounding of the crack tip (crack tip blunting is a well-known phenomenon in 
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ductile fracture), and using an suitably reflned mesh around the radius. However, the crack tip 
curvature applied should then be selected to be physically relevant. Microscopic observations of 
partly fractured blanked sheets simiJar to Figure 3.2(a) revealed sharp cracks. This implies that 
the crack tip radius to be applied is so small that the actual microstructure ahead of the crack tip 
should be mode lied as weil (see e.g. Ghosal and Narasimhan, 1997). This is highly impractical 
for the actual purposes, and evaluation of the fracture potential in the direct vicinity of the crack 
tip is consequently avoided. Moreover, ductile fractures are known to propagate by coalescence 
with voids ahead of the crack tip. Assuming that the calculated fracture potential at a di stance 
t::",L accurately describes the local void development, the crack propagation strategy could be 
considered to be based on the physical propagation process of ductile fracture. 
Similar issues play an important role in determining the direction of crack propagation. As 
a result of the propagation process, ductile fracture paths tend to meander from void to void, 
on the microscale (Tvergaard and Needleman, 1992), resulting in rough fracture surfaces. In 
this study, the primary interest is in the more global direction of the fracture. Based on the 
postulate that the crack will propagate to the weakest (most damaged) material ahead of the crack 
tip, the propagation direction is selected to coincide with the direction of maximum fracture 
potential. Numerically. the propagation direction is determined by sampling a finite number 
Nang of locations. circumferentially spaced in the vicinity of the actual crack tip. For crack path 
stability several sampling distances {.Ll' .L2, ... .LNdi,} proved to be necessary. An example of 
this approach is visualised in Figure 3.3, for the case Nang = 13, N lii , = 4. For every radial 
distance the direction is determined for which the fracture potential reaches a maximum. The 
eventual direction of crack extension is established by taking the median of these directions. In 

Figure 3.3: Detennination of the propagation direction. 

the discrete cracking simulations in this thesis, Nang is taken 50. The set of sampling distances 
is selected to be .L = Sd {I, 1.5. 2, 3}. in which Sd is a sampling di stance unit. which should 
be quantified in the order of the prescribed fracture length increment t::",L, 10 again avoid the 
finite element solution in the direct vicinity of the crack tip. Crack initiation will not be allowed 
within a distance of 2 t::",L of an existing crack. to avoid cracks from initiating directly next to an 
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existing crack. The propagation of cracks is limited to the area in front of the crack tip, see also 
Figure 3.3. Moreover, the current implementation allows cracks to propagate only to intemal 
material points . Hence, the ultimate separation in the blanking process cannot be modelled, 
since propagation to a free surface is not incorporated. Due to the non-Ioc al character of the 
procedure used to determine the propagation direction, the cracks can be propagated accurately 
to a distance of approximately 2 Sd from a free surface, for the selected L. 
Implementation of a discrete cracking model has to be performed maintaining a unique relation 
between applied load and corresponding crack length, for sufficiently refined numerical discreti
sations. Generally, the laad is defined in terms of applied (distributed) forces, or prescribed 
displacements as a function of time. In this thesis, the following incremental procedure wiJl be 
pursued: 

1. If it is established from the converged state at the end of a load increment that a crack 
should have been initiated or propagated during that increment, a new mesh is generated 
covering the domain at the end of that increment, with the crack extended by an appropri
ately prescribed crack length increment tlL. Subsequently, the state variables at the end 
of the previous increment are transported to this new mesh. 

2. Then, an equilibrium increment is performed using this new mesh, resulting in an update 
of the state variables and the specimen geometry. This equilibrium increment is a zero 
increment, in which the extemal load is not altered I . 

3. At the end of this equilibrium increment, the updated fracture potential field is evaluated. 
If further crack extension or initiation is required the process is repeated. 

The deformations in a cracked specimen will of ten be concentrated in the area around the crack 
tip. Consequently, the mesh in this area should be as weil conditioned as possible. To achieve 
this, the crack tip is surrounded by a refined, regular mesh, as will be illustrated in the next 
section. Application of special crack tip elements is left out of consideration, as a well-defined 
dominant singularity in the stress field cannot be identified under conditions of large scale yield
ing and finite deformations. 

3.2.2 Numerical evaluation of the discrete cracking procedure 

The numerical features of the discrete cracking procedure presented above are evaluated, before 
the method will be appJied in the analysis of the metal blanking process. The following two 
numerical requirements should be satisfied. 

1. The results should be mesh independent. This implies that the computations should con
verge to a unique solution upon refinement of the discretisation, defined by the element 
size and the fracture length increment. 

2. The procedure should result in a unique relation between the applied load and the predicted 
crack shape, for sufficiently sm all selected load steps. 

I For the time dependent Bodner-Partom materiaI, a smal! time step (reflecling a fixed propagation velocity) 
should be applied to obtain the new equilibrium state af ter crack propagation, see aJso Brokken el al. (1998). 
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The issues above will be evaluated by the elaboration of the following test problem. A square 
bloek, thickness I mm, with two (different) notches (see Figure 3.4(a» has been analysed, as
suming plane strain conditions. The bottom and right edges of the block are fixed, while the left 

O. 

0.1 

-l----+--+-____+. 

(a) The test problem for evaluation of the discrete 
cracking procedure, dimensions in mmo 

p 

(b) Example of a fracture potential field, and definition 
of the close-up area for following figures. 

Figure 3.4: Test problem for the numeri eaJ evaluation, and definition of close-up region. 

o 

and top edges of the block are translated upwards. Von Mises material behaviour has been as
sumed, according to Table 2.1 and Figure 2.1. The fracture criterion given by Equation (3.3) has 
been applied. The geometry for this test problem has been selected to trigger a shear band diago
nally across the specimen which results in a curved crack trajeetory. This is illustrated in Figure 
3.4(b), where the fracture potential field at an applied displacement of 0.122 mm is displayed. 
The analyses have been performed using the OS-ALE and remeshing approaches described in 
Sections 2.2 and 2.3 , up to the point where the fracture potential exceeds 1, at an applied dis
placement of 0.11 mmo From that point on , the analyses were continued with several different 
parameter settings. 
To show th at the first requirement (convergence upon refinement of the discretisation) is satis
fied, the results for different discretisations have been compared. The discrete cracking procedure 
presented in Section 3.2.1 has two parameters which con trol the discretisation : the element size 
h in the vicinity of the crack tip and the fracture length increment t:.L. Two sets of analyses 
have been performed, in which h and 6.L were varied, respectively. In the first set, the con
vergence upon mesh refinement was investigated by analysing the test problem with a range of 
local element sizes h from 0.31.10-3 mm to 2.5.10- 3 mm, with a fixed t:.L of 0.01 mmo The 
resulting meshes in the vicinity of the crack tip are displayed in Figure 3.5, at an extemally ap
plied displacement of 0.124 mmo In these analyses, an incremental displacement of 10-1 mm 
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h = 2.5.10-3 mm h = 1.25.10-3 mm 

h = 0.63.10-3 mm 
I 0.01 mm I 

h = 0.31.10-3 mm 

Figure 3.5: Meshes in the vicinity of the crack tip, for a range of local element sizes. 

has been applied. After every tenth increment, the fracture potential was evaluated, and cracks 
conditionaJly extended. For this test, the sampling distance unit Sd was taken 0.025 mm, which 
results in the following set of sampling di stances: L = 0.025 {I, 1.5, 2, 3} mmo The predicted 
crack trajectories at an externally applied displacement of 0.124 mm are visualised in Figure 
3.6(a). These trajectories are observed to converge to a unique shape upon mesh refinement. The 
caJculated force-displacement curves, presented in Figure 3.6(b), also show convergence upon 
mesh refinement. 
In the second set of analyses, the test problem is simulated with a range of fracture length in
crements 6.L from 0.005 to 0.04 mm, for a fixed h equal to 1.25.10-3 mmo The crack shapes 
resulting from these analyses are displayed in Figure 3.7(a). This figure shows th at the length de
viations are all within a di stance of 6.L from the converged crack tip. Hence, the discrete crack
ing procedure proposed appears to approximates the crack length with an accuracy of O(6.L). 
The predicted crack lengths converge weil upon reduction of 6.L. The variations in crack shape 
are only marginaJ. The predicted force-displacement curves, displayed in Figure 3.7(b), also 
show satisfactory convergence. Figures 3.6 and 3.7 show that the predicted crack trajectories and 
force-displacement curves both converge to unique solutions upon refinement of the discretisa
tion . Hence, the first requirement is considered to be satisfied by the procedure, at least for the 
appJied material behaviour and fracture criterion. The test problem has also been analysed using 
different applied displacement increments between 2.10- 1 and 2.5.10-5 mm, to evaluate com-
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Figure 3.6: Results of the test problem for different h's. 
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Figure 3.7: Results of the test problem for different t::..L's. 
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pliance with the second requirement. In these analyses, f::..L was taken 0.01 mm, while Sd and h 
were selected at at 0.025 mm and 1.25.10-3 mm, respectively. The resulting crack shapes and 
force-displacement curves are given in Figure 3.8. Figure 3.8(a) shows that the predicted crack 
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(b) Predicted force-displacement curves. 

Figure 3.8: Results for different applied displacement increments. 

trajectories converge well with reduction of the incrementally applied displacement. The force
displacement curves in Figure 3.8(b) illustrate thai the procedure arrives at a unique solution, by 
conditionally extending the cracks. The previous analysis already showed that the fracture length 
increment also has little influence in the calculated results, if f::..L is selected sufficiently smal\. 
Consequently, the second requirement is also satisfied for the material behaviour and fracture 
criterion applied. It is concluded that the suggested procedure satisfies the requirements, and can 
thus be applied to simulate ductile fracture in the analyses of the blanking process of X30Cr13. 
Similar results (Brokken et al., 1996) obtained for different material behaviour and another frac
ture criterion (Rice and Tracey, 1969) reveal that the procedure seems to be generally applicable 
with conservation of the convergence properties. 
It has been mentioned al ready that the set of sampling di stances .c should be chosen in the order 
of lhe fracture length increment f::..L. To evaluate the influence of the se\ected sampling distances, 
the test problem has been analysed using a range of sampling distance units Sd from 0.0125 to 
0.1 mmo These analyses have been performed with f::..L = 0.01 mm, h = 1.25.10-3 mm and an 
applied displacement increment of 10-4 mmo The calculated results are visualised in Figure 3.9. 
The predicted crack trajectories and force-displacement curves are only marginally influenced by 
the selected Sd. However, for the smallest Sd of 0.0125 mm, the crack trajectory starts to deviate. 
This deviation is caused by the typical characteristics of the fracture potential field calculated in 
the direct vicinity of the crack tip, where the solution is less accurate, and of ten dominated by 
shear bands. 
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Figure 3.9: Results for different sampling dislances. 

3.3 Concluding remarks 

In this chapter, a discrete cracking approach for ductile fracture in the metal blanking process 
has been presented. Initiation and propagation of cracks are controlled by the fracture potential 
field, which is a scalar variabie derived from alocal criterion for ductile fracture. This fracture 
potential is a quantity similar to the damage variabIe in a continuum damage approach, however, 
it does not inftuence the constitutive behaviour. Hence, the method could be characterised as a 
semi-coupled continuum damage approach (BenaJlal et al., 1991). 
The numerical implementation is realised such th at the (less accurate) finite element solution 
in the direct vicinity of the crack tip is avoided. Discrete cracks are conditionally initiated and 
propagated over a fixed length increment I::.L . The direction of crack extension is selected to co
incide with the direction of maximum fracture potential. Numerical evaluation of the suggested 
procedure showed that the technique yields results which converge to a unique solution upon 
refinement of the relevant discretisations. An experimental validation of the predicted responses 
is, however, stililacking. 



Chapter 4 

Results 

The previous two chapters introduced the numerical procedures required to handle large defor
mations and ductile fracture in the framework of the finite element method. In this chapter, these 
procedures wiJl be utilised in an effort to arrive at the main objective of the research presented in 
this thesis: the prediction of the shape of the cut si de of blanked products . 
Only two-dimensional plane strain and axisymmetric analyses will be considered. Moreover, the 
two-dimensional blanking processes considered are assumed to be symmetrical. Therefore only 
half of the specimen needs to be modelled. A schematic representation of the blanking model, 
which is appJied for both plane strain and axisymmetric analyses, is presented in Figure 4.1. The 

Figure 4.1: Schematic representation of the geometry and the boundary conditions. 
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tools are considered as rigid bodies throughout this thesis. The parameter va lues defining the 
actual geometry will be presented in the foJlowing sections. For the plane strain analyses, the 
width of the sheet is denoted by W. 
The first section of this chapter wiJl review the results of the experimentaJ validation of the 
predicted blanking force, rollover shape and deformations, reported by Goijaerts et al. (1998) 
and Stegeman et al. (1999). In Section 4.2 the resuJts of simulations inc1uding ductile fracture 
will be discussed, and a seJection of predicted product shape parameters will be compared to 
the experimental observations by Goijaerts et al. (1999). The adaptive remeshing technique 
introduced in Section 2.4 is not applied in these analyses, because the current implementation 
does not yet allow discrete cracking to be combined with adaptive remeshing l . Section 4.3 will 
illustrate the thermal and viscous effects for different punch velocities, by incorporation of the 
Bodner-Partom constitutive model. These comparative analyses have been performed without 
discrete cracking, using the adaptive remeshing procedure. 

4.1 Experimental validation 

In this section, a representative selection of the results of an e1aborate validation of the finite ele
ment model based on the OS-ALE and remeshing procedures introduced in Sections 2.2 and 2.3, 
will be reproduced. This validation was actually performed by Goijaerts et al. (1998) and Stege
man et al. (1999). For a more extensive treatment of the experimental issues of the validation 
procedure, the reader is referred to those papers. 
The validation has been carried out using aplanar experimental setup, in which the cutting area 
is observed in-situ using a CCD (Charge Coupled Device) camera. In this setup, blanking ex per
iments on X30Cr13 sheet have been observed from the side, from a view point as used for the 
schematic illustration in Figure 4.1, see Figure 4.2(b) . The experimental results for the blanking 
force, rollover shape and effective tata! strain fields befare fracture have been compared to the 
predictions of plane strain finite element analyses, for two c1earances S of 0.02 and 0.1 mmo 
The parameters defining the geometry are Jisted in Table 4.1. During the experiments, the re-

I T [mm] I Ld [mm] I Loo.I [mm] I Hp [mm] I Rd [mm] I Rb [mm] I W [mm] I 
I I I 5.02 I 24 I 0.007 I 0.011 I 0 I 10 I 

Table 4.1: Geometrical parameters used for the validation. 

quired punch force Fp was measured, and subsequent digital images were acquired from the 
CCD camera. In the numerical analyses, the van Mises material model with the parameters for 
X30Cr 13 has been adopted, see Figure 2.1 and Table 2.1. The bJankholder force Fb used in the 
finite element calculations was prescribed to match the measured blankhoJder force. Friction was 
modelled by the van Mises friction model (MARC, 1997, Volume A), with a friction coefficient 
equal to 0.1. This coefficient is aften applied for metals (e.g. Kalpakjian, 1992). Moreover, the 
friction model and value of the friction coefficient applied hardly influenced the simulation re-

IThis restriction is mainly caused by the different data structures for the mesh coarseness information in bath 
implementations. and the complexity of bath algorithms. 
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sults. A punch displacement of OS 1 0-3 mm was appJied each increment. To prevent excessive 
element distortion without superfluous computational expenses, an OS-ALE step was performed 
af ter every five increments, and a full remeshing af ter every 25 increments. 
The measured and ca1culated blanking forces are displayed in Figure 4.2(a). This figure shows 
that the numerical model overestimates the blanking forces by approximately 6%, which is con
sidered to be a rather accurate result. The effect of a changing clearance on the blanking force 
is also captured correctly. In Figure 4.2(b) the numerically predicted contour of the specimen 
is plotted in the corresponding digital image from the experiment, for S equal to 0.1 mrn and 
a punch displacement of 0.15 mmo The agreement between ca1culated and experimentally ob
served rollover shape is excellent. 

8 

2 

o 

S=0.02, Numerical 
S=0.1, Numerical 
S=0.02, Experimental 

o S=0.1, Experimental 

0.1 0.2 
Punch displacement [mm] 

0.3 

(a) Numerical and experimentaI blanking force, for two 
cl earances S. 

(b) Numerical and experimentaI rollover. 
The artifact in !he lower right corner 
of this image is caused by a reflection 
in the die. 

Figure 4.2: Comparison of numerical and experimental blanking force and rollover. 

The set of digital images gathered by the CCD camera can be used to track an arbitrary set 
of points on the specimen, using the Digital Image Correlation (DIC) technique (Sulton et al., 
1986). To validate the calculated deformations within the specimen, two initially coinciding 
grids of points have been tracked in both experiment and ca1culation. The displacements of the 
points in those grids can be used to ca1culate an estimate of the strain fields (Geers et al., 1996). 
In Figure 4.3, the resulting effective strain distributions (Stegeman et al., 1999) are displayed 
for S = 0.1 mmo Comparison of the displayed strain fields reveals that the numerical model 
overestimates the effective strain by approximately 10%, which can already be considered to be 
a rather accurate result. Nevertheless, Goijaerts et al. (1998) suggested a plausible explanation 
for the overestimations of the blanking force and effective strains. They argued that the overes-
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Effective strain 

o 0.05 0.1 0.15 0.2 0.25 

Effective strain 

o 0.2 0.4 0.6 0.8 

Figure 4.3: Comparison of numerical and experimental effeclive strain fields on the grid, at 0.1 mm 
(top) and 0.23 mm punch displacement (boltom). 
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timation could be expected, due to the difference of a plane strain numerical analysis on the one 
hand, and a planar experiment on the other hand, in which the material observed at the surface 
does not comply to the conditions of plane strain. A qualitative three-dimensional finite element 
simulation of aplanar blanking experiment of X30Cr J 3 confirmed this hypothesis. The over
all concJusion of the validation is that the plane strain finite element model gives quantitatively 
useful results (Goijaerts et al., 1998; Stegeman et al., 1999). 

4.2 Product shape predictions 

The objective of the research presented in this thesis is the construction of a finite element model 
which can accurately predict the geometry of the cut side of a blanked product. The previous 
section already showed th at the numerical model can cOITectly predict the rollover shape. In this 
section, the sizes of the sheared edge, fracture and bUIT predicted by the model wil! be compared 
to the results ofaxisymmetric blanking experiments on X30CrI 3 by Goijaerts et al. (1999). 
These experiments were performed in an axisymmetric setup to circumvent the variations in 
fracture initiation over the width of planar specimens, caused by the non-constant stress state 
over this width. Different clearances S were realised by the application of different punches. 
Due to limitations in manufacturing accuracy, the individual punch radii are not exactly identical. 
Table 4.2 specifies the geometrical parameters measured , which were consequently used in the 
simulations. To reduce computational costs, the blankholder was not modelled as a contact 
body in these analyses, but its effect was incorporated by a suppressed dis placement in the axial 
direction on the outer edge (at radius Lout. see Figure 4.1) of the sheet. The material behaviour 

I S [mml I T [mm] I Ld [mm] I LOll.t [mm] I Hp [mm] I Rd [mm] I 
0.01 0.0824 
0.03 0.0880 
0.06 1 5 15 0.0859 0.1355 
0.1 0.0975 

0.15 0.0880 

Table 4.2: Geometrical parameters used for the axisymmetric simulations with fracture. 

was modelled by the elasto-plastic von Mises model, using the parameters given in Figure 2.1 
and Table 2.1 . Ductile fracture was incorporated in the blanking simulations by the discrete 
cracking procedure presented in Chapter 3, using Equation (3.3), which is actually an earlier 
version of the criterion suggested by Goijaerts et al. (1999). The numerical simulations have 
been performed with an incremental punch displacement of 0.5 ·] 0-3 mm per increment. Af ter 
every 10 increments, the fracture potential field was evaluated, and cracks were conditionally 
initiated or propagated combined with appropriate remeshing. The fracture length increment I:::.L 
was selected at 0.01 mm and the sampling distance unit Sd at 0.025 mmo An OS-ALE step was 
performed when no discrete cracking activities were required. Remeshing steps were performed 
50 increments af ter the last crack extension or remeshing. Friction was modelled using the 
Coulomb friction model with a coefficient of O.I. 
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In Figure 4.4, the calculated force-displacement curves of the punch are given for the range of 
clearances applied. The numerical model predicts that for increasing clearances S the maximum 
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Punch displacemenl [mm] 
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Figure 4.4: Calculated blanking farces for different clearances. 

blanking force Fp decreases, while this maximum shifts towards larger punch displacements . 
This trend has also been observed in blanking experiments (Stegeman et al., 1999; Chang, 1978). 
The resulting fracture potential fields, occuITing just before the final separation, are displayed in 
Figure 4.5, for the clearances of 0.01,0.03 and 0.1 mmo This figure illustrates that application of 
the discrete cracking procedure allows numerical predictions of the lengths of sheared edge and 
fracture, as weil as the size of the bUIT. 
Goijaerts et al. (1999) measured the length of the sheared edge on the sheet Ls and the height of 
the bUIT on the blank LB (see Figure 4.6(a». The size of the rollover LR was recovered from the 
finite element analyses. Accurate measurements of this length proved to be difficuIt, while the 
validation (see Section 4.1) showed that the model can accurately predict the rolJover. Figures 
4.6(b), 4.6(c) and 4.6(d) show the resulting experimental characteristic lengths, as weil as their 
numerical predictions. The calculated punch displacement at fracture (Figure 4.6(b» and the 
length of the sheared edge (Figure 4.6(c» both agree weil with the experiments, for all c1ear
ances ex cept 0.15 mm o For this clearance a significant deviation from the experimental lengths 
is observed. This deviation is caused by the numerical implementation of the discrete cracking 
procedure, which onJy allows fracture initiation on the boundary (see Section 3.2.1). A crack 
is initiated when the fracture potential reaches I in a boundary node, or within a di stance of the 
fracture length increment from a boundary node, thus effectively impJementing an initiation layer 
of !:::.L thickness at the material surface. For S = 0.15 mm, the maximum of the fracture potential 
field is located just outside of this initiation layer. As a result, crack initiation is postponed, and 
the length of the sheared edge is overestimated by 0.04 mmo AJlowing crack initiation in the bulk 
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S=0.03 mm 

Figure 4.5: Predicted fracture path and fracture potential field, for three clearances. 
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of the material is expected to solve this problem, however, it must be noted that a clearance of 
0.15 mrn is relatively large (15 % of the sheet thickness), and not aften applied in industrial prac
tice. Overall, the quality of the predicted lengths of the sheared edge is considered to be fair. The 
ca1culated burr sizes presented in Figure 4.6(d) differ significantly from the experimental values. 
This is caused by the inaccuracy present in the calculated position of fracture initiation, due to 
the limited accuracy of the material parameters and fracture criterion. Because this inaccuracy 
is small compared to the thickness of the plate, the relative error in predicted sheared 1ength is 
smalJ. Relative to the burr size, however, the deviation is significant. 
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Figure 4.6: Comparison of characteristic lengths predicted by the numericaJ model and measured by 

Goijaerts et al. (1999). 
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The residuaJ stresses caJculated with the finite element model also allow the description of spring
back effects. This capability will be illustrated by the springback analysis of the blank, for a 
clearance of 0.1 mmo To accomplish finaJ separation of sheet and blank, the crack was propa
gated through the final bridging connection by hand (the current implementation does not aJlow 
discrete cracks to propagate to a free surface). Removal of the blanking tools from the config
uration, and suppression of the occurring rigid body mode, allowed the caJculation of the blank 
shape af ter springback, as visualised in Figure 4.7. In this figure, the caJculated geometries of 
the blank, before and af ter springback, are plotted. Figure 4.7(a) clearly shows that the model 
predicts significant irreversible bending or dishing of the blank, which is also observed in reality. 

1 JI 
(a) Shape of !he blank before and af ter springback. 

Betere springback 
Afterspnngöack 

(b) Close-up of the cut side. 

Figure 4.7: Springback of the blank, for S = 0.1 mmo 

4.3 Viscous and thermal effects 

In industrial practice, bJanking is of ten performed at high punch velocities. This causes sig
nificant thermal and viscous effects in the material behaviour, which can be modelled by the 
Bodner-Partom constitutive description presented in Section 2.1.2. To investigate the viscous 
and thermal effects in the blanking process, analyses of plane strain blanking at different punch 
velocities have been performed. The applied material parameters are taken from TabJe 2.2, whiJe 
adaptive remeshing according to Section 2.4 has been perforrned in these analyses. The im
plementation does not yet aJlow the simultaneous appJication of discrete cracking and adaptive 
remeshing, so fracture was left out of consideration. The geometry and boundary conditions 
were selected to match those used in the previous section for S = 0.1 mm, see TabJe 4.2. The 
initial temperature was seJected to be 293 K. 
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Convection and conduction of heat between the sheet and its environment was not taken into ac
count in these analyses, and the viscoplastic work was assumed to be fully transformed into heat. 
Six analyses were performed, with different punch velocities \lp ranging from 0.001 mmls to 330 
mmls. The maximum global relative error (mun used to control the adaptive remeshing, was 
selected at 0.075. The time step applied in every increment was prescribed to arrive at a punch 
displacement per increment of 2.5.10-4 mmo The incremental global relative error, according 
to Equation (2.40), was evaluated every 20 increments. An OS-ALE step was perforrned when 
the global relative error was below the selected maximum. Ordinary remeshing steps, in which 
the local element size was not altered, were performed 100 increments af ter the last (adaptive) 
remeshing step. The meshes resulting from the adaptive procedure were similar (with respect to 
the element sizes) to the hand-made meshes applied in the simulations without adaptive remesh
ing. It was observed that the adaptive procedure tends to refine the mesh in the vicinity of large 
effective plastic strain- and stress-gradients. In the blanking process, these large gradients occur 
near the contact area with the cutting tools. 
In Figure 4.8(a), the force-displacement curves for the smaller punch velocities are presented, 
and compared to the force-displacement curve resulting from the corresponding analysis from 
the previous section using the von Mises material and discrete cracking. The force-displacement 
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Figure 4.8: lnfluence of the punch velocity on the blanking force. 

curve for the smallest punch velocity of 10-3 mmls agrees weil with resuIts of the von Mises 
analysis. Note thal the strain hardening of the Bodner-Partom material has been selected to agree 
closely with the hardening of the von Mises material, in a tensile test at a strain rale of 10-3 . Still, 
the agreement observed in Figure 4.8(a) is not trivial, since the strain rate in the blanking process 
varies significantly in space and time. Figure 4.8(b) shows the force-displacement curves for 
elevated punch velocilies. This figure clearly shows that the blanking forces at these velocities 
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are initially dominated by the viscous effect, since higher velocities cause higher forces. Af ter 
some punch travel, however, the thermal effect becomes dominant and this trend is reversed. The 
thermal effect cannot be indicated in the force-displacement curves for the smaller velocities in 
Figure 4.8(a). In Figure 4.9 the predicted temperature rise distributions in the sheet are visualised 
for the different punch velocities, monitored directly af ter a punch displacement of 0.625 mm is 
reached. These temperatures show the trend to be expected: increasing the punch velocity results 
in higher temperatures, which are more localised. The temperature at the punch is slightly higher 
than the temperature at the die, due to the smaller radius of the punch. 

Tem.,.rature rt .. [KJ Temperature rtle [KJ Temperature rl .. [KJ 

"ir1tiliillill&& ······:·.··;;;t41®Jfl\'ilihlilli! d • • ••• • . Mz:WijWllluW 
50 100 150 ~ 100 1~ 200 2M 100 200 300 400 

(a) lip = 33 mmls. (b) l'p = 100 mmls. (c) l'p = 330 rnmJs. 

Figure 4.9: Temperature rise for different punch velocities, at a punch displacement of 0.625 mmo 

The results presented show that application of the Bodner-Partom constitutive model allows the 
description of thermal and viscous effects in the blanking process. As aresuIt, the influence of 
the punch velocity on the blanking force, before fracture occurs, can be determined. However, for 
a complete description (including fracture) of the blanking process at elevated punch velocities, 
the strain rate and temperature dependence of the ductile fracture criterion should be determined 
as weIl. 
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4.4 Concluding remarks 

The results presented in this chapter reveal that the finite element model proposed can accurately 
predict most of the essential features of the blanking process, at least for the applied X30CrI 3 
sheets of I mm thickness. The blanking force before fracture, as weil as the rollover shape, can be 
captured with sufficient accuracy for industrial application. If the discrete cracking a1gorithm is 
applied, the calculated lengths of the sheared edge are within the range experimentally observed, 
for all c1earances except 0.15 mmo The deviation for this large clearance has been explained in 
Section 4.2. Although the length of the sheared edge can be calculated with sufficient accuracy, 
the burr height cannot be predicted correctly. However, a reasonably accurate prediction of the 
burr height would require an absolute error in the predicted location of fracture initiation which 
is smaller than 1% ofthe plate thickness. The material parameters and fracture criterion currently 
applied do not achieve this level of accuracy. Besides, is seriously doubted that identification of 
a ductile fracture criterion with an error smaller than 1 % is feasible, or even usefu\. Hence, the 
overall performance of the numerical model and material parameters applied, is considered to be 
quite satisfactory. 
Assuming that the predictive capabilities of the numerical tools developed can also be shown for 
other materials and sheet thicknesses, the model is valuable for process design and development 
in industry. 
It is emphasised that the demonstrated quality of the predictions is strongly related to the reliabil
ity of the material properties. The numerical approach can only produce practically interesting 
results if the correct strain hardening at very large strains, and an appropriate ductile fracture 
criterion are available. The experimental techniques required to accomplish the identification 
of the material properties (Goijaerts et al., 1999), are therefore a prerequisite for the successful 
application of the presented method. 
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Conclusions, recommendations 

Design and realisation of ametal blanking process in engineering practice is currently mainly 
based on empirical knowIedge. As a consequence, the realisation of more critical processes, 
involving high geometrical accuracy specifications or non-standard materials and sophisticated 
product shapes, is of ten troubled by time-consuming trial and error. A validated model to analyse 
the blanking process could provide the fundamental insight that is currently Jacking, and will also 
constitute a valuable design tooI. The primary objective of the research presented in this thesis 
is the construction of a finite element approach to predict the shape of the cut side of blanked 
products . This thesis proposes a set of techniques to prevent excessive element distortion at large 
deformations, and to incorporate ductile fracture into the finite element formulation. 

5.1 Conclusions 

The Lagrangian finite element simulation of the blanking process is obstructed by excessive 
element distortion, caused by the large, localised deformations. The combination of an Operator 
Split Arbitrary Lagrange Euler (OS-ALE) method and full remeshing can effectively maintain 
well-shaped elements throughout a blanking simulation. These methods do, however, require a 
procedure to transport state variables between different meshes. 
The Discontinuous Galerkin (DG) method facilitates the accurate transport of discontinuous state 
variables during OS-ALE steps, if the Courant number (to be considered as the local ratio of 
mesh displacement and element size) is suitably Iimited by splitting the transport step into sub
increments. Application of a dedicated iterative sol ver results in an efficient implementation of 
the DG formulation . 
Transport of the state variables between subsequent meshes after remeshing is accomplished by 
actually transporting a continuous version of the originally discontinuous state variabIe field, to 
prevent instabilities. However, the construction of a continuous field inevitably introduces some 
numerical diffusion . As aresuit, the remeshing transport is less accurate than the DG method 
applied in OS-ALE steps. The OS-ALE method can effectively be applied to improve efficiency, 
if not accuracy, by reducing the number of remeshings required. 
Fully automatic remeshing can only be realised if a robust mesh generator is available. The 
combination of a Delaunay-based triangular mes her and a straightforward conversion algorithm 
proves to supply a powerful and robust procedure for the generation of quadrilateral meshes. 
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The construction of an appropriately refined mesh is still a challenge in engineering practice, for 
highly non-Iinear, transient problems such as the blanking process. This task can be simplified 
by performing adaptive remeshing. Application of a rudimentary adaptive procedure, in which 
only aspecific incremental spatial error is addressed, can already significantly ease the analy
sis. Moreover, the adaptive procedure appears to reduce the diffusive nature of the remeshing 
transport algorithm. 
Ductile fracture has been implemented into the finite element formulation by a discrete crack
ing procedure. Initiation and propagation of cracks are both postulated to be controlled by the 
fracture potential field, which has been derived from alocal criterion for ductile fracture. This 
fracture potential reftects the damage locally accumulated in the material, due to void growth. 
This darnage is assumed not to inftuence the constitutive behaviour. A numerical evaluation 
showed th at the procedure proposed is capable of generating crack growth estimations which 
converge to a unique solution upon refinement of the relevant discretisations . Although an ex
perimental verification ofthe crack propagation predicted by the model is still lacking, the results 
show that the calculated crack trajectories appear to be correct, at least for the blanking process. 
An elaborate experimental verification of the numerical blanking model without discrete crack
ing, based on the OS-ALE and remeshing procedures presented in Chapter 2, was perforrned 
by Goijaerts et al. (1999) and Stegeman et al. (1999). They showed that the model predicts the 
correct rollover geometry, and th at the punch force is slightly (6 %) overestimated by the numer
ical model. Moreover, the predicted effective strain field appeared to be a modest overestimation 
(10 %) of the measurements. Although the deviations are al ready smaJl enough to conclude 
th at the model is sufficiently accurate for practical applications, Goijaerts et al. (1999) showed 
that the observed overestimations can be explained by three-dimensional effects in the planar 
experiments, which were not modelled in the two-dimensional plane strain simulations. 
The main objective of this study was the prediction of the shape of the cut edge of a blanked 
product, which is generally partly fractured. Comparison of simulations incJuding ductile frac
ture and experiments, reveal that the model is also able to predict the length of the sheared and 
fractured parts of the cut side quite accurately, if an appropriate ductile fracture criterion (Goi
jaerts et al., 1999) is applied. The predicted burr heights are, however, less reJiable. The absolute 
accuracy of the location of fracture initiation required to arrive at an error which is reasonable 
(Iess than 0.01 mm) compared to the small (0.05 mrn) burr size, cannot be achieved with the cur
rent model and material parameters. This is believed to be caused by limitations in the accuracy 
of the material model and fracture criterion . However, the overall perfonnance of the blanking 
simulations with the material parameters applied is quite satisfactory. Comparably accurate re
sults have, to the author's knowIedge, not been reported to date. Moreover, the demonstrated 
quality of the predicted rollover shape, as weil as the sheared and fractured lengths, is sufficient 
for industrial application. 
The adoption of the Bodner-Partom constitutive model allows the incorporation of thermal and 
viscous effects. A set of analyses at different punch velocities showed that the blanking force 
required is mainly inftuenced by the viscous effect, at low punch velocities. For higher punch 
velocities, the blanking force at larger punch displacements is dominated by the thermal effects. 
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5.2 Recommendations 

In this thesis, a finite element model for the metal blanking process has been developed. The 
results presented in Chapter 4 support the conclusion that the model proposed could become a 
valuable design tooi for blanking industries. Indeed, the next step would be a confrontation of 
the model with realistic industrial problems. This is the environment where the model should ul
timately prove its merit. However, the following numerical refinements could still be considered. 

OS-ALE 
Although the DG transport step in the OS-ALE method applied is already highly devel
oped, more sophisticated sol vers, and dedicated renumbering schemes might still make it 
more efficient. However, since the total computational effort is largely spent on the updated 
Lagrange steps, the net profit of a faster DG sol ver will be smal\. 

Mesh generation 
The triangular mesh generator applied was mainly selected for its ability to robustly gen
erate highly refined meshes on domains with cracks. The combination of the presented 
conversion algorithm with a triangular mesher based on the paving algorithm should be 
considered, because higher quality quadrilateral meshes are to be expected using that com
bination (van Rens et al., 1998). 

Remeshing transport 
In the Molenkamp test, the remeshing transport algorithm proved to be significantly less 
accurate than the DG method. Hence, an effort should be made to reduce the diffusive 
nature of the remeshing transport procedure. A straightforward solution could be achieved 
by the application of special adaptive remeshing techniques, dedicated to reducing the dif
ference between a (discontinuous) state variabie field and its continuous version. The con
tinuous field could be determined using SPR, or an enhanced variant of SPR, which allows 
stresses to be equilibrated on the patch (see, for instance Boroomand and Zienkiewicz, 
1997). These refinements are expected to diminish the irregularities observed in the force
displacement curves during remeshing. 

Adaptive remeshing 
The objective of an adaptive method should be a predefined, limited error in the finite ele
ment solution. To achieve this, all the errors introduced during the computation should be 
evaluated, including the transport errors due to OS-ALE and remeshing. Adaptive remesh
ing is aJso expected to be a valuable addition to the discrete cracking procedure. Hence, 
the combined application of adaptive remeshing and discrete craclung should be accom
plished. 

Discrete cracking 
Thecurrent discrete cracking implementation allows crack initiation on the boundary only. 
This restriction does not appear to influence the accuracy of the predicted geometries for 
realistic clearances. However, the deviation of measured and predicted sheared lengths 
observed for the largest clearance, suggests that the implementation of discrete crack initi
ation in the bulk of the materiaJ could improve the model. 
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Besides possible numerical refinements, some more general recommendations are formulated for 
future research: 

Experimental verification of the predicted crack propagation 
Although the numerical properties of the discrete cracking procedure adopted have been 
evaluated e1aborately, experimental validation of the predicted results (fracture propaga
tion and crack trajectory, force-displacement curves) has not been performed yet. The re
sults for the blanking process suggest that the crack trajectories, at least for rather straight 
cracks, are realistic. An experimental verification should, however, be performed to gain 
more confidence in the fracture predictions, and the appJied criterion. 

Microstructural modelling of void growth during the blanking process 
The fracture criterion applied in this thesis is based on phenomenological observations. 
The description of the micro-structural phenomena of void growth during the blanking 
process is a research theme under deveJopment, see Appendix B. Numerical simulations 
of a representative part of the microstructure could give a more fundamental insight into 
the microstructural aspects of ductile fracture during the metaJ bJanking process, and serve 
as a guideline in the search for an appropriate ductile fracture criterion. 

Incorporation of damage eHects 
For the future, an increasingly important role of (suitably regularised) continuum dam
age approaches is expected, the fracture potential being replaced by the damage variabIe. 
Adaptive meshing techniques are likely to be required to capture the small localisation 
zone accurately, at reasonable computational costs. 

Verification for other materials 
The numerical model has currently only been verified for stainless steel X3OCrI3. An 
experimental verification for other materials would increase confidence in the model. 

Extension to three dimensions 
The modelling in this thesis was deliberately restricted to two-dimensional analyses, to 
prevent excessive computational costs. Three-dimensional simulations of the blanking pro
cess should be feasible with the computational power and numerical techniques currently 
available. Although application of a discrete cracking approach in three-dimensional anal
yses appears to be possible, the probIem of mesh generation might be a major obstacle. 



Appendix A 

Implementation of the Discontinuous 
Galerkin method 

The state variabIe transport problem must be solved for every OS-ALE step in the analysis. Due 
to the inclusion of the discontinuities on element edges, and the number of state variables to be 
transported, the number of degrees of freedom in the DG formulation of the transport equation 
is larger than the number of degrees of freedom in the updated Lagrange step. Consequently, 
computational efficiency is an important issue in the implementation of the DG method. In 
this appendix, a dedicated solver for the DG formulation of the transport equation in a two
dimensional configuration will be presented. 

A.1 Derivation of the element equations 

Recalling the Discontinuous Galerkin formulation ofthe transport equation from Equation (2.32), 
the contribution of an element e is given by: 

r W (<.pnew _ cpold _ Ü, . V <.pnew) dO. - r wü . fi( cpnew - <.pnew)dr = 0 \j W (A.]) Jn .ï Jr'.9 up 
• C ... ol .. cv' 

Partl Part2 

The Galerkin part of this equation (part 1) is considered separately from the upwinding term 
(part 2), for purposes of comprehensibility. Introducing a Cartesian xy-coordinate system, the 
components U x and uy of the vector üg , and the element shape function column!:! (x, y), the first 
part of this equation Can be written as: 

(A.2) 

where w, <.pnew and tp0ld denote columns with the nodal values of w, cp'!ew and cpold, respectively. 

The nodarvalues Of~old are obtained by extrapolation of the state varia bles from the integration 
points, using the shape functions. It is emphasised that this extrapolation is performed within 
each element separately. 
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The matrices 111 and K are defined according t~: 

M kc .;!t!T dO (A.3) 

K r N (UI ààt!T + Uy ààt!T) dO 
Jn c ~ x y 

(A.4) 

These matrices are approximated by Gaussian quadrature using 4 integration points. The first 
part of Equation (A.l) can now be reformulated as: 

(A.5) 

The attention is now focused on the second part of Equation (A.l), the upwinding term. A 
linear shape function Ns is defined on each side of the element considered. The integral in the 
second part of Equation (A.l) is now evaluated as a summation of the contributions of the distinct 
element sides re,s of the individual element e: 

(A.6) 

The subscript. is used to indicate that the values in a column denote the quantities on the nodes 
of a side of the element. The quantity U 1I is defined according t~: 

in which 

{ 0 for a:::; 0 
(a) = a for a > 0 

(A.7) 

(A.8) 

For the selection of the values in the nodes of the considered side from the total element nodal 
values, the permutation matrices Din,. and l2ex ,s are introduced for the element e, and the neigh
bouring element adjacent to re,s, respectively: 

D new 
-in,s 'E 

= D new 
-ex,s <eup 

Using ~s = 12in,s~' expression (A.6) can be written as: 

The following three matrices are introduced: 

Mup 

Q.,x ,s 

Df",J\!! up Din,. 
l' 

Din,. M up l2ex,s 

(A.9) 

(A. 10) 

(A. I n 

(A.12) 

(A.13) 

(A.14) 
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The integration in Equation (A .J2) is performed using two-point Gaussian quadrature. Using 
Q . = Ls Q. , expression (A.6) can be written as: 
-Ut -'Zn:s 

1J3Tflin<f:new _1J3T L {~x.s~:~W} (A.I5) 
s 

When the two parts in expressions A.5 and A.I5 are rejoined, the test functions 1J3 can be elimi
nated, which results in: 

(A.16) 

which defines a separate system of linear equations for the element considered. It is clear that 
cpnew in an element only depends on cpold in that element, and cpnew in its upstream neighbours. 
Àssembly of the local element systemsinto agIobal system of eéjuations is non-standard, because 
the degrees of freedom are defined on the element level: the nodes of an element could be 
considered as 'internal' nodes, with no direct connection to the nodes of adjacent elements. This 
is required to allow cp to be discontinuous on the element edges (see Figure 2.4) . Equation 
(A.J6) provides, however, the interaction between the individual elements. The global system of 
equations, assembied from all the separate element systems defined by Equation (A.I6) must be 
solved to obtain a column with the global cpnew for all the nodes of all the elements in the mesh. 

A.2 A dedicated solver tor the DG method 

The total transport step is usuaJly performed in a number of subincrements, to ensure that 
Cr::; Crmax . As aresuIt, the global system must be solved multiple times in one transport 
step. The structure of the global system matrix determines which solver is most economical for 
the solution of the global system. The global system matrix resulting from the DG method is 
composed of a block-diagonal originating from the first part in the left hand side of Equation 
(A.I6), and off-diagonal interactions from the second part. The global system of equations can 
be solved by a direct or an iterative sol ver. 
If a direct sol ver is applied, it is economical to calculate the LU-decomposition of the assembied 
matrix, and use this every subincrement for the calculation of the new subincremental solution. 
Application of 'sparse' storage techniques for the system matrix is recommendab\e, since this 
matrix contains mainly zeros. Renumbering of the elements can be used to decrease the band
width of the global system matrix . 
An alternative to the direct sol ver is an iterative sol ver. A dedicated iterative sol ving procedure 
has been developed for the DG formulation of the transport equation. It combines a variation 
on a block iterative Gauss-Seidel solver with an explicit/implicit approach, inspired by Baaijens 
(1994). The dedicated explicit/implicit solver is given by the following system of equations, 
which can be solved for every element separately: 

(A.I7) 

in which n denotes the iteration number. The initial estimate for cpnew is given by: 
~up 

(A.18) 
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Equation (A. 17) is solved for an individual element, resulting in a new estimation ;enew,n+l of 
;euew for the element under consideration. This estimation is used for the next iteration, and for 
the remaining elements in the current iteration, to estimate the second term in the right-hand side 
of Equation (A.17). The iterations are continued until convergence is achieved. 
The implementation of the sol ver has been performed striving for maximum efficiency. The 
inverses of the element stiffness matrices A. -1 = (M. - K - 9.i ,) -[ , as weil as 9.ex s are stored and 
repeatedly used every subincrement and iteration. To reduce computational costs even further, 
the values of M rpold for an element are calculated only once every subincrement. 
Relative efficiency of the direct and iterative solvers depends on the type of problem. Theoreti
cally, a direct solver can be more economical for transient problems, in which the mesh displace
ment is arbitrary. However, the iterative sol ver can be vastly superior in terms of efficiency for 
continuous flow problems. If a suitable element numbering is applied (numbering in a direction 
opposite to the characteristic direction of Ug), the number of iterations can generally be reduced 
dramatically. Experience has shown th at the iterative sol ver is significantly faster than the di
rect sol ver for most forming problems. Hence, the iterative sol ver is applied in all the analyses 
presented in this thesis. 



Appendix B 

Towards the modelling of void growth 
during the blanking process 

Ductile fracture in the metal blanking process is caused by the nucJeation, growth and coales
cence of voids. The development of voids during deformation processes has been extensively 
studied in literature, resulting in a diversity of models for void evolution and ductile fracture 
(Tvergaard, 1990; NeedIeman et al., 1992; Thomason, 1998). However, most of these studies 
focus on extensional modes of deformation (uni- or bi-axial tension). In the blanking process, 
the material in which fracture initiation occurs has a much more complicated deformation his
tory. If the stress and deformation history at the location where ductile fracture will initiate is 
considered, the following stages can roughly be indicated : 

1. First, hydrostatic pressure is built up, during the indentation phase of the process. 

2. Then, the material is severely sheared, while the sheared edge of the product is formed . 
Initially, this shear deformation occurs under considerable hydrostatic pressure. 

3. As the workpiece material passes the cutting edge of the tooI, the hydrostatic stress gradu
ally changes from pressure to triaxial ten sion. 

4. Af ter a certain amount of deformation under predominantly hydrostatic tension, ductile 
fracture occurs. 

This deformation/load history clearly deviates from uni- or bi-axial extension. Fleck et al. (1989) 
already showed th at void growth in shear is dominated by significantly different phenomena than 
void growth during uni-or biaxial extension. This is the reason that the available void growth 
models and related criteria, originating from tensile configurations, cannOl a priori be assumed 
to be valid for the conditions occuning in bJanking. Moreover, traditional void growth studies 
usually consider a unit cell in a reguJar void stack. Smit (1998) showed that the behaviour 
of these regular morphologies can differ significantly from the behaviour observed in irregular 
(random) void stacks, especially when localisation of deformation is involved. In this appendix, 
a framework is suggested for the numerical modelling of void phenomena during the bJanking 
process, based on the work by Smit (1998). 
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8.1 A microstructural modelling approach 

To gain insight into the void deveJopment phenomena during the blanking process, a microstruc
tural modelling approach is pursued. However, the c1assical problem associated with this kind 
of modelling is the transfer of the microstructural results to the macro-scaJe. This so-called 
homogenisation can of ten only be accomplished if rigorous assumptions are made about the 
link between micro-level and macro-level. Ta accompJish homogenisation for large deformation 
probJems, Smit et al. (1998) suggested the multi-Ievel finite element method (MLFEM). In this 
method, the local constitutive behaviour on the macroscopic level is described by a finite element 
model of a representative part (cal led Representative Volume Element or RVE) of the microstruc
ture. With the assumption that the deformation of the macrostructure is locally homogeneaus, a 
regular stacking of RVEs wiJ] result in a spatially repetitive deformation pattem. Hence, periodic 
boundary conditions are appropriate. An example of a deformed RVE with inclusions and asso
ciated voids, embedded in a regular RVE stacking, is displayed in Figure B.I. The finite element 

Figure 8.1: Example of an RVE with inclusions and voids. 

model of the RVE supplies the constitutive behaviour on the macro-level, since it provides a re
lation between the macroscopically applied deformation and the resulting stress (see Smit et al. 
(1998)). In every integration point in the macroscopic mesh, the finite element model of the 
RVE must be evaluated every incremental iteration step. The complete MLFEM analysis of the 
blanking process can, conseguently, only be realised at extremeJy large computational expenses. 
Besides, and additional problem obstructing the MLFEM analysis of the blanking process is the 
remeshing reguired to keep the elements well-shaped, on both macro- and micro-level. The state 
description on the macroscopic level no longer consists of a set of discrete guantities. The infor
mation on the deformed RVE configurations, including the stress and strain distributions, should 
also be incorporated. As a result, transport of the state description on the macro-level af ter a 
remeshing step is far from trivia!. Hence, the MLFEM analysis of the entire blanking process 
has not been attempted. 
Instead, an approach is proposed in which the micro- and macro-levels are not fully coupled. 
Before this approach is presented, however, the microstructural model will be introduced. The 
two-dimensional (plane strain) model of the microstructure of X30Cr13 adopted in this appendix, 



8.1 A microstructural modelling approach 75 

should be considered as a heuristic initial guess of the actual microstructure, based on the mor
phology visualised in Figure 3.2(a), and genera I knowledge of the mechanical properties of the 
phases to be distinguished. The ferrite matrix is modelled as a von Mises material, and the car
bide inclusions are assumed to be non-adhering rigid circular partieles, initially fitting perfectly 
in the voids of the matrix. Contact between the carbides and the matrix is expected to be par
ticularly important during shear deformation (Fleck et al., 1989). An example of an RVE with 
inclusions, only partially filling the voids due to deformation, was already given in Figure B.l. 
The random positioning of the inclusions, as weil as the specification of the periodic boundary 
conditions and the definitions of the macroscopie (averaged) va lues of stress and deformation, 
are identical to the work of Smit et al. (1998), with the exception that inclusions on the boundary 
of an RVE are not allowed. Moreover, the OS-ALE and remeshing approaches have been applied 
to prevent excessive distortion of the elements in the RVE. 
A straightforward one-way coupling between macro- and micro-level (see Figure B.2) could be 
accomplished by the following procedure. 

Retrieve the time dependent two-dimensional deformation gradient tensor F(t) of an in
teresting material point in the blanking simulation (the macro-level), and prescribe the av
erage deformation of the RVE, F rve(t), to equal this deformation history; F Tve(t) = F(t) . 

This procedure does not entail a full coupling between micro- and macro-level. Hence, the 
results on the micro-level wiU not be fully consistent with the observations on macro-level, but 
a valuable qualitative impression of the void development phenomena occurring on the micro
scale could be achieved nevertheless. However, the rigid inclusions and nearly incompressible 

Macro-level (blanking simulation) 

Meterial point 

F(t) 
art) 

Micro-level (RVE) 

t=;,,(t) cr",.(t) 

\ t 
~ 
~ 

Figure 8.2: One-way link between macro- and micro-level. 

matrix material in the RVE cause the void growth calculated on the micro-scale to be severely 
underestimated, as this void growth would be fully governed by the al most negligible volume 
change J = det(F(t)) retrieved from the macro-level. 
To avoid this implicit prescription of the RVE void growth by the (plastic) incompressibility 
applied on the macro-level, another approach is proposed, keeping in mind that the averaged 
stress on the RVE, uTve(t), cannot be directly prescribed : 
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Retrieve the deformation- and stress histories (F(t) and lT(t), respectively) of an interest
ing point in the blanking simulation. The average deformation applied to the RVE, ft Tve(t), 
is now defined (assuming a two-dimensionaJ setting) according to : 

(B.l) 

in which F(t) denotes the isochoric part of F(t). The volumetrie part of the deformation 
applied to the RVE, defined by JTve(t), is now selected such that the average hydrostatic 
stress on the RVE, o-h,Tve(t), equals the macroscopie hydrostalic stress O',,(t), retrieved 
from the bJanking simulation. In the implementation, the actuaJ JTve(t) is numerically 
determined by a secant method. 

The calculation of Jrve(t) does require some additionaJ computational effort. However, on ce a 
suitable averaged effective bulk modulus of the RVE has been determined, the first estimate of 
Jrve(t) is of ten sufficiently accurate. 

8.2 Preliminary results 

To test the feasibility of the procedure suggested above, some initiaJ analyses have been per
formed on a re1atively primitive RVE with 6 inc1usions and an inc1usion volume fraction of 
18 %, see Figure B.3(a). The matrix material is modeIJed as a von Mises material, with the fol
lowing material parameters: E = 1.8.105 MPa, v = 0.3 and O'y(tp ) = 250+ 1 OOtp MPa. Simple 
shear was prescribed (F(t) = 1+ ,ë1 ë2), and the volumetrie part of the deformation, J"ve(t), was 
prescribed to achieve different constant averaged triaxialities (see Equation (3 .1)) of -2,-1 and O. 
The calculated net void volume fractions, dispJayed in Figure BA, show that a larger triaxiality 
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(a) Original RVE geometry. (b) Deformed RVE geometry, for ,=0.34 at a triaxiality of O. 

Figure B.3: Original and deformed RVE geometry in simple shear. 
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Figure B.4: Net void volume fraction evolution in simple shear, for different triaxialities. 
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promotes void growth during shear deformation. Moreover, void growth is observed for mod
erately negative triaxialities. A triaxiality of -2, however, appears to prevent void growth in this 
example. Somewhat speculatively, this observation can be linked to the adapted Oyane et al. 
(1969) criterion suggested by Goijaerts (1998) to predict ductile fracture in the blanking process, 
according to Equation (3.3). Although this criterion is based on phenomenological observations, 

the materiaI degradation function f((7') = (1 + 37) applied, incorporates a criticaI triaxiality 
(of - Jl3, in this case), below which the fracture potential does not increase upon plastic defor
mation. A qualitatively similar trend can be identified in Figure BA, where void growth appears 
to be prevented for triaxialities of approximately -2 and smaller. More realistic analyses with 
larger RVEs and more accurate material parameters should, however, be performed to confirm 
this. Compared to the deformations occurring during the blanking process, the shear ~I applied 
to the RVE in the preceding analyses is relatively modest. Nevertheless, the deformations on the 
micro-level are already severe, as is illustrated in Figure B.3(b), where the effective plastic strain 
in the deformed configuration of the RVE is displayed for 'Y = 0.34, at zero triaxiaIity. 
Additional to the simple shear analyses presented above, a first attempt was made to apply the 
deformation of a material point in a blanking simulation to an RVE, using the procedure sug
gested in the previous section. The original and resuhing deformed RVE configurations, and 
associated effective plastic strain distributions, are displayed in Figure B.5. The selected point 
in the blanking simulation was positioned at the marker displayed in the left part of Figure B.2. 
The simulation did not reach the stages beyond the second item in the list at the beginning of 
this appendix, due to numerical problems caused by the very thin, elongated Jigaments occurring 
between the inclusions. Consequently, all deformation has been applied under hydrostatic pres
sure. For the materiaI parameters and RVE geometry selected, the pressure is apparently high 
enough to postpone the onset of void growth 10 later stages in the blanking process. 
It is emphasised th at the results presented in th is appendix are the preliminary results of a fea
sibilily study. The RVEs applied are still too simple 10 yield realist ic resulls. Moreover, the 
constitutive behaviour applied for the matrix , the inclusions and their interface is not realistic . 
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(a) Original RVE geometry. (b) Deformed RVE geometry. 

Figure 8.5: Onginal and deformed RVE geometry, for the blanking process. 

However, the results do show that Ihis kind of microstruclUral modelling can resuIt in abelter 
understanding of the void development phenomena during the blanking process. Consequently, 
the approach suggested might be a valuable modelling tooI 10 give direction to the search for 
appropriate ductile fraclUre criteria for non-extensional deformation processes. 
Nevertheless, some important issues should receive further attention . The model suggested is a 
plane strain two-dimensional simplification of a three-dimensional microstructure. The 'folding' 
effects observed dUling the simple shear analyses (see Figure B.3(b)) are likely caused by the 
plane strain assumption. Three-dimensional modelling should be performed 10 evaluate the ef
fects of the plane strain assumption. However, three-dimensional analyses of RVEs with large 
numbers of inclusions are, for the time being, difficuIt to realise, due to the huge computational 
effort required to handle the contact phenomena, and the large number of degrees of freedom 
involved. Furthermore, the conslitutive properties of the maleriaIs, and their interface, on the 
micro-scale should be identified. To this end, inverse characterisation methods (see, for inslance 
Meuwissen, 1998; Meurs, 1998) promise to be most suitable. In this study, the material on the 
micro-scale was assumed to be an isotropic continuum. However, the influence of single crystals 
and their orientation is very likely to be significant on the micro-level. Moreover, the calculated 
effective strains displayed in Figure B.5(b) indicate that matrix failure might also play a role in 
the mechanica] behaviour of the microstructure during the blanking process. Incorporation of 
matrix failure might also prevent the numerical problems caused by the very thin, eJongated liga
ments. Furthermore, the influence of Ihe one-way coupling on the caJculated void growth should 
be investigated, by a comparison with an MLFEM analysis (al modest deformations). 
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Samenvatting 

Het ponsproces is een van de meest toegepaste scheidingstechnieken voor plaatmetaal. Het pro
cesontwerp berust echter voornamelijk op ervaringsgegevens, wat in de praktijk vaak leidt tot 
een langdurige 'trial and error' werkwijze. Daarnaast staat het gebrek aan fundamenteel inzicht 
de innovatie voor hoogwaardige toepassingen vaak in de weg. Een gevalideerd model van het 
pons proces zou de ontbrekende kennis kunnen leveren. In dit proefschrift wordt een eindige 
elementen model behandeld voor de analyse van het ponsproces, met als doel het voorspellen 
van een van de belangrijkste kwaliteitsparameters van een geponst product: de vorm van de 
gesneden rand. 
De eindige elementen modellering van het ponsproces wordt bemoeilijkt door de grote, sterk 
gelokaliseerde vervormingen . Door ontoelaatbaar grote vormveranderingen van elementen faalt 
de berekening voortijdig, als geen gerichte maatregelen worden genomen. Daarnaast wordt de 
uiteindelijke productvorm bepaald door taaie breuk, die in de modellering betrokken dient te 
worden. 
Ontoelaatbaar grote element vervormingen worden voorkomen door een combinatie van een 
Operator Split Arbitrary Lagrange Euler (OS-ALE) methode, en remeshing. Doordat de eindige 
elementen mesh met deze technieken regelmatig wordt veranderd, moeten de interne variabelen 
van het model tussen verschillende meshes worden getransporteerd. Een complicerende factor 
voor deze transportstap is het feit dat de interne variabelen in het algemeen discontinu zijn over 
elementgrenzen. De Discontinuous Galerkin (DG) methode, die wordt toegepast om de interne 
variabelen te transporteren tijdens OS-ALE stappen, verdisconteert deze discontinuïteiten. Bij 
het remeshen echter, moeten de discontinuïteiten worden geëlimineerd, om numerieke instabili
teit te voorkomen. Dit leidt, noodgedwongen, tot een zekere numerieke diffusie, waardoor het 
transport bij remeshen onnauwkeuriger is als de DG methode die wordt toegepast bij OS-ALE. 
Dit effect blijkt echter geen sterke invloed te hebben op de uiteindelijke uitkomst van de simula
tie. 
Robuuste, automatische generatie van meshes met vierknoops elementen wordt bewerkstelligd 
door een (Delaunay) mesh met driehoeken om te vormen tot een mesh met vierhoeken. Het con
strueren van een voldoende fijne mesh blijft echter een probleem in de praktijk. Een eenvoudige 
automatische adaptieve procedure voor remeshen ondervangt dit probleem. 
Taaie breuk wordt gemodelleerd met een discrete scheur methode. Initiatie en voortplanting van 
scheuren wordt gestuurd door de scheurpotentiaal, afgeleid van een geschikt lokaal criterium 
voor taaie breuk. Deze scheurpotentiaal kan worden opgevat als een maat voor de lokaal ge
accumuleerde schade in het materiaal, maar heeft geen invloed op het constitutief gedrag. De 
toegepaste procedure voor de simulatie van discrete scheurvorming levert resultaten die conver
geren naar een unieke oplossing, wanneer de relevante discretisaties worden verfijnd. 
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Het eindige element model van het pons proces (zonder scheurvorming) is geëvalueerd met be
hulp van experimenten aan een 'vlak' ponsproces. De vergelijking van simulatie en realiteit 
toont aan dat zowel de benodigde ponskracht, als de vorm van de ingetrokken zone goed worden 
voorspeld door het numerieke model. Een vergelijking tussen rotatie-symmetrische experimen
ten en berekeningen met scheurvorming, laat zien dat het model de gesneden lengte, bij normale 
snijspleten (1 tot 10% van de plaatdikte), binnen de experimentele spreiding voorspelt. Voor de 
grootste snijspleet (15 %) wordt echter een afwijking gevonden, die veroorzaakt wordt door de 
geïntroduceerde veronderstelling dat scheuren alleen kunnen initiëren aan de oppervlakte van het 
plaatmateriaal. Verder is de overeenkomst tussen gemeten en berekende braamhoogte doorgaans 
slecht, vermoedelijk door beperkingen in de betrouwbaarheid van het toegepaste scheurcrite
rium. Voor een goede voorspelling van de braamhoogte zou een scheurcriterium nodig zijn wat 
de plaats van de scheurinitiatie met een afwijking van minder dan I % van de plaatdikte kan 
bepalen. 
Toepassing van het Bodner-Partom materiaal model geeft de mogelijkheid om reksnelheids- en 
temperatuurseffecten te modelleren, die optreden tijdens ponsen met hogere snelheden. Geble
ken is dat in de beginfase van het ponsproces de reksnelheidseffecten, en aan het eind van het 
proces de temperatuurseffecten bepalend zijn voor de grootte van de ponskracht. 
Het eindige elementen model met de huidige materiaal parameters is in staat een aantal be
langrijke eigenschappen van een geponste rand met voldoende nauwkeurigheid te voorspellen . 
Resultaten met vergelijkbare nauwkeurigheid zijn, naar de kennis van de auteur, tot nu toe niet 
gepubliceerd. 
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schrift. Dat geldt ook voor het afstudeerwerk van Yvonne Stegeman, waarvoor mijn dank. 

Voor de perfecte dagelijkse werksfeer wil ik, naast alle collega's van de Materials Technology 
groep, met name mijn (oud-) kamergenoten bedanken: Bas van Rens, Robert Smit, Marc Geers, 
Marcel Meuwissen, Christiaan Rademaker, Hans Muiderman en Robert Cloquet. Naast een hoop 
ge-O-H en veel gezelligheid zijn er zelfs nog nuttige dingen gebeurt: in samenwerking met Ro
bert en Bas hebben respectievelijk DiRo en een publicatie het levenslicht gezien. 

Verder gaat mijn dank uit naar mijn vriendenkring voor de broodnodige variatie, ontspanning, 
belangstelling en steun. Ik hoop de schade van de afgelopen maanden snel in te kunnen halen. 
Het volgende grote project wordt Madeleine vliegend krijgen. 

Mijn dank gaat echter vooral uit naar mijn vader, moeder en zus, voor hun nooit aflatende onder
steuning en vertrouwen. 

Dirk Brokken, 
Eindhoven, 6 april 1999. 
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Stellingen 

Behorende bij het proefschrift 

Numerical modelling of ductile fracture in blanking 

1. De vonn van de gesneden zijde van een geponst product kan worden voorspeld met een 
geschikte eindige elementen modellering, als een betrouwbaar scheurcriterium en de cor
recte materiaalparameters worden gebruikt. 

• Dit proefschrift, Hoofdstuk 4. 

2. Wanneer discrete scheuren in een eindige elementen model worden geïntroduceerd aan de 
hand van een scheurpotentiaal, kunnen mesh-onafhankelijke resultaten worden verkregen 
door het berekende potentiaalveld in de directe nabijheid van de scheurtip buiten beschou
wing te laten. 

• Dit proefschrift, Hoofdstuk 3. 

3. Sterk verfijnde, ongestructureerde vierknoops eindige elementen verdelingen in 2D kun
nen effectief worden gegenereerd door een driehoeksmesh te vertalen naar een vierknoops
mesh. 

• Rank, E., Schweingruber, M., and Somrner, M. (1993). Adaptive mesh generation 
and transfonnation of triangular to quadrilateral meshes. Com. Num. Meth. Eng., 9, 
121-129. 

• Dit proefschrift, Hoofdstuk 2. 

4. In een scheurcriterium voor taaie breuk moet geschiedenis-afhankelijkheid verdisconteerd 
zijn. 

• Dit proefschrift, Hoofdstuk 3. 

5. In een composiet bestaande uit matrixmateriaal en inclusies zijn contactverschijnselen op 
micro-schaal tussen de componenten essentieel voor de door afschuiving en druk veroor
zaakte groei van holtes rond inclusies. 

• Reck, N.A., Hutchinson, J.w., and Tvergaard, V. (1989). Softening by void nuclea
tion and growth in tension and shear. J. Mech. Phys. Solids, 37(4), 515-540. 

• Dit proefschrift, Appendix B. 

6. Taaie scheuren planten zich in het ponsproces voort in de richting van de maximale schade, 
niet in de richting loodrecht op de maximale hoofdspanning. 

7. Scheurvorming is in essentie een separatie zonder verlies van materiaal; het verwijderen 
van elementen om deze separatie tot stand te brengen in een eindige elementen simulatie 
is dus modelmatig gezien onjuist. 



8. De wet van Murphy (' Anything that can go wrong, will go wrong') is een uitstekend uit
gangspunt voor software-ontwikkeling. 

9. Niet alleen het millennium probleem, maar ook het feit dat er nog steeds op uitgebreide 
schaal met de VI-editor FORTRAN77 programma's worden geschreven bevestigt dat de 
levensduur van software vaak veel langer is dan verwacht. 

10. De toenemende populariteit van automaten met gekoeld drinkwater in kantooromgevingen 
toont aan dat de verpakking in veel gevallen belangrijker is dan de inhoud. 

ti. Een echte 'kist' is van hout. 

Dirk Brokken, 
Eindhoven, 28 aprilt999. 


