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Summary 

Discrete die forming, in its most elementary version, was introduced more than fifty years 
ago for (sheet) metal forming. The concept of a reconfigurable die has a great potential for 
many applications with an increasing demand of special, personalized products, e.g. med
ica! applications. Furthermore, a reconfigurable die would also be an adequate solution 
for other manufacturing processes that focus on smaJl lot productions and prototyping 
applications where conventional rigid tooling is too expensive. 

So far, ex.isting concepts were limited to large scale applications because of the indi
viduaJ actuation and fixation of the discrete elements. In this study, a new design of 
a fully automated reconfigurable discrete die is engineered towards an operational smal! 
scaJe device, trying to overcome the inherent difficulties in discrete forming through a new 
design of the die. Attention is focused on: (1) the mobility and actuation of the individual 
elements without dragging neighboring elements; (2) the minimization of ciosure gaps for 
each elements and (3) the maximization of the applicable force on each element without 
slip. 

In most metal forming processes, materials are subjected to large plastic strains. When 
these are too large, e.g. when the forming limit is exceeded, the product cannot be made 
because of material failure. Subjecting the material to a sequence of wel! chosen (non
proportional) deformation paths during forming may reduce the problem substantially. 
Optimum forming is here defined as the adequate selection of a (sequence of) deformation 
path(s) such that plastic strains are reduced during the production process or such that 
residual stresses in the final product are optimized, thereby minimizing the risk of failure. 
Realization of an optimum sheet forming process wil! generally cal! for the subsequent 
use of different die shapes. A reconfigurable die may therefore enable and/or increase the 
efficiency of this procedure considerably. 

Sheet metal forming operations are generally analyzed using conventional Forming Limit 
Diagrams (FLD's) which are basedon proportionalloading experiments. However, even 
in single-step forming processes like deep drawing, non-proportional strain path changes 
are common. It is known that this leads to failure limits which cannot be predicted by 
classica! FLD's. Many studies show that the complex strain path dependency results from 
the interaction of the evolution of the material microstructure and the loading conditions. 



x Summary 

The effects of loading path changes on the reorientation of dislocation structures are in
vestigated and it is shown that the resulting harderring effects cannot be described by 
standard isotropie and kinematic harderring models. In this study, a generalized form of 
the phenomenological Teodosiu model, capable of descrihing arbitrary strain path changes, 
is evaluated on the basis of pure bending experiments, which inhibit a non-homogeneaus 
strain distribution through the material thickness. The experimental setup for the mate
rial characterization consists of a newly developed pure bending device that enables the 
analysis of orthogonal, large deformations, high cycle reversed toading as well as elastic 
springback effects. 

Within the context of optimum forming and strain path dependent material behavior, 
the fully automated 3D reconfigurable forming device is used in a rubber pad forming 
setup to explore the possibilities of the proposed optimum forming strategy. The die ma
trix consists of 1 mm diameter pins, where the assembied 3D surface can be reconfigured 
in 5 minutes within a working volume of 40 x 50 x 25 mm3 . The strain path dependent 
Teodosiu model is used to predict the formability of 0.7 mm thick DC06 steel. A numer
ical procedure is formulated in which several subsequent, wel! chosen sets of die shapes 
are used in order to manufacture a product by tracing different toading paths, with the 
objective to obtain a nearly homogeneaus residual thickness for the final product . 



Samenvatting 

De eerste ideeën voor een reconfigureerbare matrijs zijn al meer dan vijftig jaar oud. 
Het concept heeft een groot potentieel voor vele toepassingen, bijvoorbeeld op het gebied 
van speciale, gepersonificeerde applicaties, zoals in de medische wereld. Ook kan een re
configueerbare matrijs een oplossing bieden voor processen die gekenmerkt worden door 
kleine stuks produkties en voor de vervaardiging van protoypes, waarbij het gebruik van 
conventionele starre matrijzen doorgaans erg duur is. 

Tot op heden, waren alle bestaande concepten alleen geschikt voor relatief grote toepassin
gen vanwege de individuele positionering en fixatie van de discrete elementen. In dit 
proefschrift wordt een nieuw concept voor een reconfigureerbare matrijs gepresenteerd en 
beproefd middels een prototype. De oplossing voor een werkende reconfigureerbare ma
trijs met een hoge resolutie op kleine schaal wordt bepaald door het nieuwe ontwerp en 
de uitwerking van een aantal technologische details zoals: (1) het individueel verplaatsen 
en fixeren van de elementen van de matrijs; (2) het garanderen van een uniforme fixatie 
kracht voor ieder individueel element en (3) het maximaliseren van de belasting op het 
discrete matrijs oppervlak zonder dat de elementen gaan schuiven. 

Tijdens de meeste metaal omvormprocessen wordt het materiaal blootgesteld aan grote 
plastische rekken. Wanneer de rekgrens wordt bereikt zal het materiaal vroegtijdig zijn 
omvormgrens bereiken en is het dus niet mogelijk om het gewenste produkt te fabriceren. 
Het omvormen door middel van sequentiële omvormstappen kan hierbij een uitkomst 
bieden. In dit proefschrift wordt de term 'optimum forming' gedefinieerd als een omvorm
proces waarbij één of meerdere adequate deformatiewegen worden gebruikt voor het ver
vaardigen van een produkt. Dit proces kenmerkt zich doordat residuele spanningen en 
plastische rekken geoptimaliseerd worden in het uiteindelijke produkt. Wanneer meerdere 
deformatiestappen in het proces nodig zijn voor de vervaardiging van een produkt, zullen 
ook meerdere matrijzen nodig zijn. Daarom zal een reconfigureerbare matrijs dit proces 
aanzienlijk efficiënter maken. 

Bij het omvormen van dunne plaat (metaal) wordt veelal gebruik gemaakt van conven
tionele Forming Limit Diagrams (FLD's). Deze FLD's zijn gebaseerd op proportionele 
rekpaden, maar het is bekend dat zelfs in relatief simpele omvormprocessen zoals diep
trekken, het materiaal onderhevig is aan niet-proportionele rekwegen. In een dergelijk 
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geval, zijn de klassieke FLD's niet in staat om de faalgrens van het materiaal accuraat 
te voorspellen. Gerelateerd onderzoek laat zien dat het rekpadafhankelijke materiaalge
drag voortkomt uit de evolutie van de microstructuur van het materiaal als functie van 
de externe belastingen. Veranderingen in de belastingstoestand hebben effect op de re
oriëntatie van de dislocatiestructuren en onderzoek heeft aangetoond dat dergelijke ef
fecten niet beschreven kunnen worden met standaard isotrope en kinematische verstevig
ingsmodellen. Dit onderzoek maakt gebruik van een phenomenologisch materiaalmodel, 
het Teodosiu model, dat in staat is om willekeurige rekpadveranderingen te beschrijven. 
Voor het karakteriseren van de materiaalparameters wordt gebruik gemaakt van een nieuw 
apparaat dat in staat is om een zuiver buigend moment aan te brengen op een proefstuk. 
Het gebruik van dit apparaat maakt het mogelijk om de effecten van orthogonale en met 
name cyclische belastingen veel nauwkeuriger te onderzoeken dan tot dusver mogelijk was 
met behulp van afschuif- en trekproeven. 

In de context van 'optimum forming' en rekpadafhankelijk materiaalgedrag wordt een 
volledig automatische reconfigureerbare matrijs gebruikt in een rubber-omvorm configu
ratie. Het oppervlak van de matrijs bestaat uit 1846 discrete elementen met een diameter 
van 1 mm en bevindt zich in een volume van 40 x 50 x 25 mm3

. Het oppervlak kan 
met behulp van een computer binnen 5 minuten volledig worden gereconfigureerd. Het 
rekpadafhankelijke Teodosiu model wordt vervolgens gebruikt om de vervormbaarheid 
van DC06 staal te voorspellen. Een numerieke procedure wordt voorgesteld waarin een 
aantal sequentiële deformatiestappen worden gekozen. De mogelijkheden tot een 'opti
mum forming' strategie worden onderzocht op basis van het omvormen van een simpel 
proefstuk, waarbij getracht wordt om een uiteindelijke geometrie te realiseren met een zo 
uniform mogelijke restdikte. 



Chapter 1 

General introduetion 

The shape of sheet metal parts is becoming more complex to reduce assembly time and 
costs. Weight saving requires that parts are made with less materiaL At the same time 
product performance (o.a. shape accuracy, surface quality, strength, stiffness, impact re
sistance) may not be compromized. 
To meet these requirements, advanced manufacturing processes are employed, e.g. by hy
droforming and multi-step deformation sequences. A good understanding of microstruc
tural behavior of the material during forming is necessary to use these techniques suc
cessfully. 

Sheet metal forming operations are generally analyzed using conventionaJ Forming Limit 
Diagrams (FLD's). The experimental determination of a FLD, which is a curve in the 
major strain € 1 - minor strain €2 plane, connecting the loci of failure instahilities for a 
range of different, usually proportionaJ strain paths, is time consuming and tedious. Dur
inga single-step forming process like deep drawing, non-proportional strain path changes 
are mostly present. It is known that this leads to results which cannot be predicted by 
classica! FLD's. In genera!, the formability in the context of subsequent forming strongly 
depends on the deformation history of the materiaL The physicaJ origins of the complex 
deformation behavior observed for metals can be found in the initia! textural anisotropy 
and the anisotropy of the dislocation structures accompanying the plastic deformation. 
The formability of the material is affected by the preserree and evolutions of these mi
crostructures upon loading. 

During a forming process the material is mostly subjected to large plastic strains. When 
these are too large, e.g. when the forming limit is exceeded, the product cannot be manu
factured because of material failure. Subjecting the materialtoa sequence of well-chosen 
(non-proportional) deformation paths during forming may reduce the problem consid
erably. Optimum forming is here defined as the adequate selection of a (sequence of) 
deformation path(s) such that plastic strains are reduced during the production process 
or such that residual stresses in the final product are optimized, thereby minimizing the 
risk of failure. 
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Realization of an optimum sheet forming process wil! generally cal! for the subsequent use 
of a number of dies with different shape. A reconfigurable die may increase the efficiency 
of this procedure considerably. In figure 1.1 a schematic representation of a forming set up 
with a reconfigurable die is presented. 

a) Original configuration b) Intermcdlnto step c) Flnal step d) Final part 

Flxed posltlons 

Equal oute geometry ", .... ., ......... m m ~ 
Figure 1.1: optimum forming and multi-point deformation. 

Within this context, the use of reconfigurable tooling, e.g. a discrete die, is an interest
ing research topic. The reconfigurable character of such a tooi enables an efficient and 
relatively cheap multi-step manufacturing process excluding the need for rigid dies. A 
reconfigurable die could be used in a scientific approach for exploiting strain path depen
dent material properties, and furthermore the discrete die enables an adequate salution as 
an alternative for complex multi-step forming with solid dies and for many manufactur
ing processes where traditional die forming remains too expensive. Another interesting 
technique, known as 'lncremental Forming' has received considerable attention in the past 
decade. Incremental Forming is a dieless sheet metal deformation technique where a sheet 
metal part is formed in a stepwise fashion by a CNC controlled rotating spherical tooi 
without the need for a supporting die. This technique allows a relatively fast and cheap 
production of small series of sheet metal parts as wel!. 

Although many discrete die concepts have been tried in the past, discrete die forming 
has not yet been successfully implemented in the (metal) forming industry. To date, all 
the proposed discrete die concept have some serious drawbacks, varying from the lack of 
desired rigidity of the constituent elements to the tremenclous costs to produce a fully 
automated discrete die . 

This thesis consists of a technological part in which a new concept for a discrete die 
is proposed and engineered, enabling a sophisticated salution for smal! lot, unique, and 
multi-step manufacturing processes and a scientific part, for the investigation of com
plex strain path dependent effects. To this purpose, the discrete die prototype is used in 
combination with an advanced numerical approach, where the device has proven to be a 
valuable tooi for investigating strain path dependent effects, because it enables multi-step 
forming processes. 

The concept of a reconfigurable mold has a great potential for many applications with an 
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increasing demand of special, personalized products, e.g. medica! applications. Further
more, a reconfigurable die would also be an adequate salution for other manufacturing 
processes that focus on smalllot productions and prototyping applications where conven
tional rigid tooling is too expensive. 
Another relatively new technique, known as Polymer Injection Forming (PIF) would ren
der the concept of a reconfigurable die particularly interesting. The PIF process enables 
to deform a sheet metal blank by using the pressure of the polymer melt in an injection 
molding device, camparabie to hydroforming, except that a combined part of metal and 
polymer is manufactured. This was first proposed and tested at the Eindhoven University 
of Technology. One of the tirst benchmark products is presented in tigure 1.2. The PIF 
technique was exploited later on by Corus. 

Figure 1.2: A Polymer Injection Formed benchmark product, where the 'M@te' logo is 
embossed in a 0.2 mm thick sheet metal blank with a diameter of 40 mm. 
At the back of the product, the polymer can be seen. 

The state of the art Polymer lnjection Forming app!ications is presented in tigure 1.3. The 
'Café Invento' coffee machine is developed by lnventum, a Dutch company that develops 
small dornestic appliances and consumer electronics and Corus Research Development & 
Technology. 

Figure 1.3: The 'Café In venta' co !Jee machine, a Polymer Jnjection Molded product, 
developed by fnventurn and Corus Research Development & Technology. 

The PIF technique enables to combine the strength and appearance of the (polymer 
coated) steel with a high degree of fl.exibility to incorporate detailed polymer structures 
on the outside and inside of the device. 
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1.1 Objective and outline 

The thesis consists of four main parts. 

Part 1 
The first part concentrates on a new concept of a reconfigurable discrete die. Loads, 
deformations and pressures are assessed theoretically and numerically. The focus is put 
on the mobility of the individual elements without dragging neighboring elements; the 
minimization of ciosure gaps for each element and the maximization of the applicable 
force on each element without slip. The conceptual study resulted in the manufacturing 
of a simple manually operated prototype (figure 1.4) of which the design and performance 
is discussed in Chapter 2. 

Figure 1.4: The Small Scale Discrete Die prototype, 507 cylindrical pins can be recon
figured and fixed. The working volume is 20 x 30 x 10 mm3 . 

Part 2 
Chapter 3 investigates the performance of the proposed discrete die concept and the 
engineered prototype during simple sheet metal forming operations. Major aspects are: 
(1) a comparison of the surface geometry with respect to products made with a solid 
die; (2) the determination of strain using a photogrammetry method; (3) the use of 
the prototype in a sequentia! forming setup, where it is tried to proportionally deform 
a sheet metal blank into a parabalie shape. The experiments are simulated by finite 
element modelling. Although no sophisticated strain path dependent material model is 
incorporated in this part, the possibilities of a reconfigurable die are clearly demonstrated. 
A more complex history dependent material model is needed in order to evaluate more 
precisely the proposed forming operations and in order to exploit more complex multiple 
step manufacturing processes. This is further addressed in parts 3 and 4. 
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- -- I 
Figure 1.5: Major strain percentage of two differently processed parabalie shaped sam

ples. On the left: a sample fabricated with an intermediate pyramidal shape, 
on the right: a single step fabricated parabalie sample. 

Part 3 
Chapter 4 concentrates on an actvaneed phenomenological material modelforstrain path 
changes (Teodosiu and Hu, 1995). This model accounts for directional harderring effects 
due to a reorientation of dislocation structures upon changes in loading direction. In 
addition, the Teodosiu model deals with standard kinematic and isotropie harderring ef
fects. The influence of persistent planar dislocation structures is represented by a set of 
internal variables: a stress-like fourth-order symmetrie tensor decomposed into dynamic 
and latent parts, characterizing the interaction between the previously formed persistent 
dislocation structures and the current inelastic flow direction. 

Figure 1.6: At the lejt, the pure bending device from the top. The independent static 
bearings can be seen which are positioned at a relative angle of 90 degrees. 
On the right, a close-up, where a specimen is clamped in the device. 
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So far, most of the investigations to determine the material parameters for the Teodosiu 
model used a combination of uniaxial tensile tests and shear tests, which enable both 
orthogonal and reversed strain path changes. However, additional boundary effects such 
as stress concentrabon and material slip at the clamps constitute a classica! souree of 
inaccuracies. In this chapter, a newly developed mechanica! test is used in which a pure 
bending moment can be applied toa sample, eliminating the influence of friction, contact 
forces and slip, see tigure 1.6. Another advantage of this test is that large amplitude cyclic 
loading can be performed. An accurate and straightforward procedure is carried out to 
compare the numerical results to the experimental results and to determine a complete 
set of material parameters. 

Part 4 
In the fourth part, Chapter 5, the material model form Chapter 4 and the material 
parameter set for DC06 steel are used in combination with a fully automated prototype of 
the previously manufactured smal! scale discrete die prototype. The new device consistsin 
a fully automated pin setting procedure, combined with a larger effective working volume 
compared to the tirst prototype, enabling an accurate and fast sequentia! manufacturing 
process for sheet metal. In this chapter, roots towards an optimum forming strategy are 
explored, by using the history and path dependent material model from Chapter 4. 

Figure 1. 7: On the left, the numerical input geometry which is neeaed for the autornatea 
setting of 1846 elements. On the right, the discrete die surface is presentea 
and ready for use. 

On the leftin tigure 1.7, the digital input geometry is presented which provides the coor
dinates of the 1846 discrete elements to the automated positioning module of the device. 
The recontiguration time is approximately 5 minutes and the result is presented in tig
ure 1.7 on the right, where the surface of the 3D discrete die is presented. 

Finally this thesis concludes in Chapter 6, where the main conclusions of this work are 
highlighted. 



Chapter 2 

A conceptual study for a high 
resolution variabie surface generator 

Abstract 

Discrete die forming is an engineering concept of which the first ideas were introduced more 
than fifty years ago, initially designed for (sheet) metal forming. Using a geometrically 
reconfigurable die, precious production time is saved since a range of different product 
shapes can be made without changing tools. Additional cost saving is realized because 
the manufacturing of very expensive rigid clies becomes obsolete. At present, discrete die 
forming is only used for relatively large dimensions, e.g. to produce body panels for an 
airplane. From an engineering point of view, the existing concepts were limited to these 
large scale applications because of the individual actuation of the discrete elements of 
the die. This study focusses on a much smaller scale, trying to overcome the inherent 
difficulties in discrete forming through a new design of the die, its locking, actuation and 
automated controL Furthermore, an upscaled version of the concept is investigated in 
order to produce larger products. The use of the discrete die concept in combination with 
existing production techniques, may result in mass production with a personal touch. 
Many smal! lot forming applications may benefit from this technique, where traditional 
dies remain too expensive. Potential applications can be found in the production of 
medica! and dornestic products, in packaging, automotive and construction industry and 
in combination with several other forming techniques, e.g. casting, injection molding and 
hydro-forming. 
This report describes the development, construction and characteristics of the proposed 
new smal! scale discrete die (SSDD) concept, which resulted in a patent application [4]. In 
this chapter, the main technological issue is the substructuring and ciosure of the discrete 
elements and the static design and performance of the die in particular. The automated 
actuation of the die wil! be reported in future work. 
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2.1 Introduetion 

Basic primitive concepts of a reconfigurable discrete die are by now at least eighty years 
old. Already in 1923, Williams and Skinner were granted a patent for their simple form
ing device for automobile leaf springs [75]. Their device consisted of two opposite rows 
of threaded rods of which the height could be set manually. Original straight leaf springs 
were heated and inserted between the upper and lower rows of pins (figure 2.1a) . The 
curvature of the deformed leaf springs was varied by positioning each individual set of 
pins after which the upper and lower row were pressed against each other. 
In 1931, Hess was granted a patent for 'Process and Apparatus for Manufacturing Anatom
ically Accurate Individual Foot Supports for Shoes' [32]. This idea was the first three
dimensional discrete die concept (figure 2.lb). 
Walters [73] was granted a patent in 1943 for his three-dimensional discrete tooi which was 
in a sense a three-dimensional version of Williams' and Skinners apparatus, but Walters 
added a flexible liner at the contact areas between the discrete tooling elements and the 
deformed metalsheet (figure 2.1c). This was the first attempt to deal with the dimpling 
effect of the deformed products due to the discrete character of the contact surface. 

>.-
Tlt:dmtt.J.S/I:JtiuiMw 

, . .",._,J. )t~ 

kt~~-.. . 

Figure 2.1: Three historica[ examples of the concept of reconfigurable tooling: Spring 
forming device developed in 1923 (a), apparatus for manufacturing anatom
ically accurate foot supports from 1931 {b} and a reconfigurable forming 
device with a flexible liner from 1943 (c). 

In 1969, Nakajima [52] presentedan alternative technique to manufacture complex dies for 
sheet metal forming and electrades for electrolytic machining, processes which are charac
terized by high productivity and low costs. In this study, approximately 1600 cylindrical 
wires made of high carbon steel with a diameter of 1.81 mm (standard deviation 3,6 !LID 
and length 200 mm) were held tagether in a U-shaped container. The surface dimension 
was 72 x 65 mm2 . For a specific surface geometry, every wire was pushed into position 
with an ultrasonic vibrator that was mounted on a numerically controlled milling machine. 
The maximum attainable accuracy of this positioning method was in the order of 0.05 
mm. To prevent the metal blanks from scratching and to deal with the non-smoothness 



The Variabie Surface Generator 9 

of the surface, a rubber sheet of 2 mm was inserted between the blank and the die. For 
the press working of sheet metal, a damping force of 1600 kN was used in one direction. 
Although the diameter differences of the wires were smal!, a highly non-uniform locking 
force was attained, varying from less than 1 kN to more than 2 kN. Also the positioning 
of each individual element could not be done with high accuracy because the pins had 
the tendency todrag along adjacent pins while being positioned. Nakajima stated that in 
electrolytic machining with a wire electrode, the surface of the product wil! be as smooth 
as when made with an ordinary (solid) electrode, if the diameter of the wires is less than 
0.5 mm. 
As a solution for the non-uniform locking forces Nakajima proposed a system in which the 
discrete elements were supported at the bottorn (non-product side) with a pressurized air 
chamber combined with a membrane. The maximum load on the surface at the product 
side could be increased considerably and pins that were not locked by the side damping 
were fixed by the membrane at the bottom. This system was tested and a damping force 
of 600 kN was needed to sustain a total press force of 200 kN. Nakajima pointed out 
that this experimental device was wel! suited for vacuum forming, compression molding 
of plastics and for die casting, and in general for smal! lot and trial production processes. 
However, the non-uniform damping force and the inaccuracies during positioning were a 
big disadvantage. 

In 1973, the Boeing Company Commercial Airplane Division expressed the need for a 
study in which the possibilities of a variabie surface generator were investigated. As a 
result, Wolak [76] started his investigation on the variabie surface generator which might 
be applied in industry as a variabie die to shape metal sheet. The surface generator was 
used in an indirect way for the production of airplane skins. Stretch forming of metal 
sheets on a reconfigurable die was done in a two-step process due to the lack of desired 
rigidity of the constituent elements. The adjustable die was used to cast two stretch
forming dies (typical dimensions 600 x 450 x 100 mm3 ) made of Rigida.x, a material with 
a low melting point and low thermal coefficient of expansion. 
The variabie surface generator consistedof an aluminum plate (625 x 450 x 60 mm3), 

containing 368 holes in which 19 mm threaded rods were positioned. The setting of the 
rods was done with a special screwdriver at micrometer precision. Between the product 
(casted die, Rigida.x) and the surface generator, a rubber membrane with a thickness of 
20 mm was placed. 
The experiments performed on the prototype device dearly demonstrated the possibil
ity of obtaining smooth die surfaces of a desired shape. The geometry variabons at the 
surface were in the order of 0.4 mm, which was acceptable. Wolak also stated that addi
tional development would be necessary before the concept of the surface generator could 
be efficiently used in industry. He pointed out that the primary importance was the de
velopment of a computerized matrix setting procedure for any desired geometry of the 
working surface. 

From the early 1980's until today, a considerable number of research activities have been 
conducted at the Massachusetts Institute of Technology (Hardt, Boyce, Socrate, Robin
son, Webb, Olsen, Knapke, Ousterhout, Karafillis and Eigen [19, 30, 31, 39, 54]) and at 
Rensselaer Polytechnic Institute (D.F. Walczyk [70, 71, 72]), where the possibilities and 
applications of reconfigurable tooling were investigated further. A lot of progress has been 
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made in the field of technological design, numerical control and optimization by exploring 
the use of reconfigurable tooling with finite element analyses. 
At the Massachusetts Institute of Technology in 1991, Hardt, Webb and Ousterhout [54] 
have shown experimentally and Karafillis [39] by means of Fini te Element Analysis (FEA) 
simulations, that a dosed loop process control of sheet metal forming via rapid die re
design could be implemented. Karafillis [39] has also shown how the correct die geometry 
and blank design could be found using springback calculations with FEA. Comparable 
studies in whicb the optima! blank shape design is determined by means of FEA-based 
inverse methods were done by Chung [13], Kim [40], Ku [44], Lee [46], Park [56] and 
Pegada [60] . 

The research group of Hardt introduced the concept of the so-called 'row dividers' as 
illustrated in tigure 2.2. A matrix of square pins is placed in a container. Each row is 
separated from the neighboring rows by metallic spacers that are attached to the rigid 
outer frame. This design prevents pins to drag along pins in an adjacent row while be
ing positioned. Moreover, the maximum applicable load on a single row is increased 
considerably. 

Without row dividers With row dividers 

Figure 2.2: Different clamping concepts illustmted for square blocks without row di
viders (left) and with row dividers (right) . 

In tigure 2.2, the arrays of square blocks are both damped in x-direction with a damping 
force Fx . The outer two blocks of each array are subjected to a force Fz in the z-direction. 
If the contiguration without row dividers is considered, the entire array of blocks will 
slide downwards if the damping force Fx generates insuftkient friction force between the 
contact areas. This is not the case for the contiguration with row dividers since they are 
constrained in the z-direction. By using the row dividers, the blocks can also be indepen
dently positioned when the damping force is sufficiently decreased. 

At the Rensselaer Polytechnic Institute, the research group of Walczyk investigated the 
possibilities of a hydraulically reconfigurable tooi [70, 71, 72]. First the static and dynamic 
behavior of a single hydraulically actuated element in an open and dosed loop positioning 
control process was studied. After that an adjustable die with spherical headed elements 
was investigated . The discrete elements in this study were 25 x 25 mm2 in cross section 
and their maximum travelling distance was 300 mm. It appeared that the vertical stiffness 
of the pins was based on the compressibility of the hydraulic oil. When the pins were 
not damped from the side, the hydraulically actuated elements experienced a significant 
vertical displacement under high forming loads, which was unacceptable. Therefore the 
elements were damped from the side when they reached their final position. In between 
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the elements, row dividers were placed that transferred the load on each individual el
ement by friction to the die frame. The side damping force was 40 kN which resulted 
in a maximum pin load of 6 kN (friction coefficient f.L = 0.3). In this concept also an 
elastomeric layer was used to smoothen the dimpled forming surface of the set of pins. 

In 1991, Finckenstein and Hess [20] developed a numerically controlled device for (hydro
mechanica!) deep drawing and stretch forming. The system consistedof a 200 x 200 mm2 

square matrix of 33 x 33 pins (6 x 6 mm2 cross section, with hemispherical heads) which 
could be positioned with a numerically controlled setting device. An underlying plate 
with 1089 treaded rods (diameter 4 mm) was placed underneath the matrix of square 
pins. A 4-axes numerically controlled setting device turned the setting screws to the de
sired positions, which were calculated from the CAD geometry. The matrix of pins was 
then lowered on the intermediate setting plate with the screws which copied the geometry 
to the pins. The pins were damped from the sides (no row dividers were present in this 
set up) and a total forming force of 200 kN could be accomplished. The estimated si de 
damping farces in this setup were approximately 800 kN, in two directions. No infor
mation was provided about the effects of geometrical differences and the effect on the 
individualload bearing capacity. However, the applicable total forming load of about 200 
kN made simple deep drawing experiments with 1 mm thick St1403 material possible. It 
was an interesting idea to generate the damping farces, not by hydraulic cylinders but 
by means of a wedge system. When the matrix of pins was placed in the forming press, 
the press force was first used to push the wedges into position and fix the pins, again, 
to avoid dimpling, a rubber layer was inserted between the discrete die and the product. 
The full positioning of the pins took approximately two hours. 

In 1998, Kleespies [41] investigated the performance of a reconfigurable die that was used 
for the vacuum forming of compound curved surfaces. Thermo forming molds were typi
cally constructed of metal or wood, which were manufactured using traditional processes 
that took weeks or even months. The study was done in collaboration with Lockheed 
Martin Tactical Aircraft Systems and resulted in a successful rapid fabrication methad 
of surfaces without part-specific tooling. The variabie geometry thermo forming process 
could also be used for rapid production of structural composite surfaces by employing re
cent advances in thermo formabie epoxy resins with discontinuous fiber reinforeed dothes. 
Kleespies also pointed out that an efficient and inexpensive methad of actuating the pins 
could make the variabie geometry forming process feasible for a greater number of appli
cations by increasing the speed of the process. 
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Industrial applications 
At Northrop Grumman Corp. in Bethpage, a coarse reconfigurable forming die is in com
mercial use. In 2001 it has been developed in collaboration with the Massachusetts In
stitute of Technology. The working volume of the die is approximately 1 x 2 x 0.3 m3 

(figure 2.3a) and the discrete matrix of 2688 square pins (cross section approximately 30 x 
30 mm2 and length 530 mm) can be adjusted by means of numerically controlled electric 
pin module setters which are patented [55, 65, 53, 27, 28, 26]. The complete resetting of 
the device takes less than 15 minutes and a method has been developed to compensate 
for elastic springback effects [39]. A 25 mm thick rubber interpolator is used during the 
stretch forming of 1.6 mm thick aJuminurn sheet metal which can be seen in figure 2.3b 
and 2.3c. 

Figure 2.3: Commercially used reconfigurable die with 2688 discrete elements (a). Be
tween the sheet metal and discrete surface a rubber interpolator is used {b). 
The device is used in a stretch forming configuration (c). 

Interpolator studies 
In 1992 at MIT, Eigen [19] investigated several smoothing techniques for discrete die 
forming by means of experiments and simple numerical FEM analyses. A relation was 
found between the interpolator thickness and geometry of the discrete elements for specific 
metal forming conditions. In 2002, the performance of rubber interpolators was numeri
cally investigated by Rao [63] . A matrix of elements carried a rubber sheet with a certain 
thickness. Since the variabie tooling was to be used in a composite layup process, the 
external forces on the rubber membrane were neglected. Various relations for tbe rubber 
membrane thickness, geometry of the discrete elements and surface curvature were derived 
in order to provide an accurate objective surface. 
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Patents 
In the highly competitive aerospace industry, companies are very interested in reducing the 
cost and lead time of tooling development forsheet metal and composite part fabrication. 
A reconfigurable tooi could significantly cut down costs and production time for the 
fabrication of aircraft fuselage parts. Therefore many of these studies were supported by 
the aerospace industry e.g. Boeing, Lockheed Martin Tactical Aircraft Systems or the 
Northrop Grumman Aerospace Corp. , leading to many patented applications. 

u.s. :Patent Jul. u, 1980 Sbcd: .I of2 

Fig. I 

Figure 2.4: Two different patent applications: a set of rams with individual adjustable 
elements with pivoting heads (a) from 1980 and a complete design of an 
electrically actuated adjustable die (b) from 2001. 

In 1980, Pinson [61] patented a device that was used by Boeing for the forming of aircraft 
fuselage parts. The computer controlled device was designed for the production of sheet 
metal parts of any degree of complexity. Two sets of rams, each containing a matrix of 
individual adjustable elements are moved towards each other like a normal set of male 
and female dies. The extremities of the individual elements have pivoting heads to engage 
the sheet metal that is to be deformed (figure 2.4a). 
From 1996 until now, a group of researchers from the Northrop Grumman Aerospace 
Corp. submitted several patents [25, 26, 27, 28]. The patents vary from a complete 
design for an adjustable die [25] (figure 2.4b) to very detailed partsin which the geometry 
of the head fora modularized reconfigurable heated forming tooi is described [26, 27, 28] . 
Also individual motor pin modules are patented (figure 2.5a) which enable the operator to 
control the position of the elements accurately [65]. On the other hand, simple block-set 
form dies were also patented in which the position of every element is dorre by a number 
of spacers between the base and the bottorn of every element [53] (figure 2.5b) . lt is clear 
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that the development and research on the subject of reconfigurable tooling is a major field 
of interest and still in progress. 
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Figure 2.5: Patent applications from 2000: modularized electronic positioning modules 
(a) and a simpte block-set reconfigurable die {b) with individual spacers for 
the positioning of the discrete elements. 

In genera!, the most important techno logica! aspects and features of reconfigurable tooling 
developed in the past can be characterized as : 

• Large scale, coarse resolution. 

• Pins with a square cross section and hemispherical heads are successfully used in 
combination with row dividers, contrary to elements with a cylindrical cross section. 

• Positioning of the pins is clone with hydraulically actuated cylinders, electronic 
positioning modules, a numerical milling machine, or manually. 

• The fixation methods are based either on friction, which is generated by means 
of bolts, wedges or hydraulically actuated cylinders, or by means of large spindie 
mechanisms with individual electronic motor modules. 

• Several forming configurations are used: stretch forming, deep drawing, composite 
layup, vacuum forming, compound forming and rubber pad forming. 

• Rubber interpolators are used to avoid dimpling due to the discrete character of the 
die surface. 
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2.1.1 Applicability, scope and goal 

In this section, a brief summary of the most important discrete die concepts, prototypes 
and applications, either in an industrial or research context, was given. In this thesis, 
however, a new and different concept for a discrete die is developed . The main focus is 
on: 

• Small scale and high resolution. Compared to all discrete die concepts from the past, 
requirements with respect to resolution are high for products in the automotive and 
dornestic appliance industry. An adequate salution will be provided here, which is 
further called the Small Scale Discrete Die (SSDD) concept. This will be discussed 
in section 2.3. 

• Dedicated forming processes. Examples are rubber pad forming, Polymer Injection 
Forming (PIF) and stretch forming or deep drawing which render the new concept 
of the discrete die particularly interesting (section 3.1). 

• The new concept for the die should be well suited for smaltlot and trial production 
processes and cast effective with respect to the manufacturing, rnainterrance and the 
time to reeantigure the die. 

• Static design, substructuring and closure of the die. Loads, deformations and pres
sures are assessed theoretically and numerically. The focus will be on the mobility of 
the individual elements without dragging neighboring elements; the minimization of 
ciosure gaps for each element and the maximization of the applicable force on each 
element without slip. The design of the prototype of this study will be discussed in 
section 2.4. 

• Requirements and performance of the proposed static design and tixation method 
for an upscaled version of the discrete die concept with different pin dimensions. 
This is elaborated in section 2.4 and in more detail in section 2.5. 

• Automatic positioning procedure. Such a procedure has to be fast and accurate. 
CAD and FEA methods of which the details will be investigated in parallel research 
activities have to be used. The design of the die must enable the use of an automated 
positioning system (to be reported in future work). 

2.2 Die forming configurations 

In tigure 2.6, three forming configurations are presented which can be combined in a dis
crete die concept. 

Traditional forming 
Traditional die forming involves a male and a female die (figure 2.6a). Disadvantages 
of this methad are the relatively high costs and the time needed from the design to the 
start of production. Although rapid-prototyping has reduced the manufacturing time of 
conventional solid molds considerably, at least a couple of hours are needed for simple 
geometries, nevertheless, the fabrication of more complex geometries can take several 
months. Another drawback is the use of two molds, one positive and one negative, which 
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leads to higher costs as well. Hence, this deformation method is only well suited for mass 
production in order to reduce the die cost per product made. 
Discrete die forming with two (male and female) dies, would need two reconfigurable dies 
with very accurate relative positioning. This would imply a complex and costly design, 
so this application is not chosen here. 

Rubber pad forming 
In contrast to conventional die forming, rubber pad forming uses a rubber pad to replace 
one of the dies at the back side of the undeformed sheet metal. The rubber volume is po
sitioned in a open ended cylinder. On one side, a hydraulic ram is applying a force to the 
rubber pad, and at the opposite side, the rubber touches the metal blank. Consequently, 
only one die is needed (figure 2.6b), which considerably reduces costs and time-to-market. 
This method is therefore better suited for smaller production quantities also, compared 
to rigid die forming. Because of the simplicity and costs, this configuration is also chosen 
to investigate the developed SSDD concept. 

Polymer Injection Forming {PIF) 
Polymer Injection Forming (figure 2.6c) requires at least one (variable) die surface because 
a polymer melt is injected under pressure at the back of the sheet metal which forces the 
sheet to adapt to the die. As a result, a combined product of metal and polymer can 
be produced with superior surface quality and rigidity combined with the high degree of 
fiexibility to structure the products at the inside [11]. Furthermore, the combined part 
of metal and polymer also provides new design possibilities which are simply not possible 
with conventional die forming operations. An example is a CD-box manufactured at 
Corus RD&T. The outer shells are made of metal whereas an elastic joint , holding the 
shells together, and the mechanism for holding the CD place, are made of polymer. 
The PIF technique would render the discrete die particularly interesting because of the 
relatively smal! sheet thicknesses and low pressures involved [11]. However, PIF wil! 
not be used at this moment in combination with the SSDD concept, but it is certainly 
an option for future investigation. The SSDD concept presented in this thesis is wel! 
suited to validate numerical techniques which provide the possibility to correct for elastic 
springback effects. 
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a) Conventional die forming b) Rubber pad forming c) PIF 
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Figure 2.6: Conventional die forming, rubber pad forming and Polymer lnjection Form
ing (PIF). 

2.3 SSDD Concept 

In this section, the specifl.c properties, requirements and static performance of the pro
posed reconfigurable die concept wil! be elaborated. In future work, the focus wil! be 
shifted to the actuation and control of the discrete die. Essential aspects in the develop
ment of the concept are the mobility of the individual elements without dragging others, 
the minimization of ciosure gaps for each element and the maximization of the applicable 
force on each element without slip. 

Requirements with respect to surface smoothness, appearance and resolution are high 
for products in the automotive and dornestic appliance industry. Therefore the discrete 
die concept of this study focuses on a much smaller scale than all the existing concepts 
developed in the past. Consequently, the discrete elements of the die must be compara
bly smal!. This has a number of technica! and design consequences for the discrete ele
ment geometry, dimensional (production) tolerances, matrix stacking and fixation/closure 
methods. 

Discrete element geometry and dimensional tolerances 
In the past, the smallest size of circular discrete elements in discrete die concepts was 
1.81 mm diameter. The high precision pins (diameter: standard deviation of 3,6 J.lm) 
were made of high carbon steel and were used in Nakajima's discrete die in 1969 [52]. 
The smallest non-eireular elements were 1.59 x 1.59 mm2 , made of SAE 1095 steel and 
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were used in a discrete die described by Walczyk and Hardt in 1998 [72]. The advantage 
of a matrix of square elements, which is clamped from one side, is the existence of an 
isolated loading path, as described by Walczyk and Hardt. However, comparable square 
pins would be too large for the aimed resolutions, reasonably expensive and difficult to 
obtain. 
Preferably, the discrete elements should have a uniform cross sectional area over their 
length, irrespective of the used geometry. However, production costs and quantities de
termine production tolerances. If a small scale discrete die with a 150 x 150 mm2 matrix 
of pins is considered and the cross-sectional area of each pin is smaller than 1 mm 2, already 
ten thousands of pins are needed. An optimum must be found with respect to production 
tolerances (pin dimensions) and costs. Bearing this in mind, it is obviously preferabie to 
use circular pins or wires which come in very different diameters, materials and qualities. 
However, a serious drawback of Nakajima's discrete die concept with cylindrical pins, was 
the non-uniform pin fixation (despite the high dimensional tolerances of the circular pins) 
[52] . The tendency of one pin dragging along another pin while being positioned was also 
a big disadvantage. Inspired by Nakajima's die and the work of Walczyk and Hardt, a 
new concept is developed here. 

2.3.1 New concept 

A closed packed matrix of circular pins is clamped from the side in order to fix the pin 
position like Nakajima's die. However, the concept of the small scale discrete die (SSDD) 
uses the principle of the row dividers, redesigned in order to be used with circular discrete 
elements. The effect of row dividers is an increase of the maximum load capacity and 
the possibility to position each discrete element independently. An additional advantage 
is that the row dividers are designed to deform plastically during calibration of the die. 
Small differences in pin diameter can be corrected by first applying a sufficiently high 
damping force resulting in plastic deformation of the row divider materiaL As a result , 
the row divider thickness will adapt to the slightly non-uniform diameter distribution of 
the pin matrix, thereby compensating for the pin diameter tolerances. 
Theoretically, the contact force for every contact between row divider and pin should be 
the same because the contact pressure multiplied by the contact area is the same if the 
whole system is in equilibrium. In figure 2.7 on the right, this is illustrated. 
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Membra.ne elastlca.lly deformed Membra.ne plastica.lly deformed 

Plastic zone 

Figure 2. 7: Schematic top view of a closed packed matrix of circular pins combined with 
structured row dividers. On the left, the configuration is unloaded, on the 
right the row dividers are plastically deformed to compensate for diameter 
differences of the pins. 

Fixation method, clamping forces 
A dosed packed matrix of perfectly round rigid pins and rigid dampsis considered without 
friction. In figure 2.8, it is shown how the matrix of pins is damped from the side with 
force Fx resulting in areaction force Fy. On the left of figure 2.8, all pins, except the pins 
touching the damps, are in contact with six other pins. With the assumption that the 
components in this system are rigid, it is impossible to calculate the contact forces Fe as 
a function of the applied damping forces Fx and Fy. On the right of figure 2.8, the same 
system is presented with the row dividers. Sirree the bending stiffness of the row divider 
perpendicular to the row divider surface is taken to be negligible, the contact forces Fe 
can be transferred perfectly. 

Figure 2.8: Schematic top view of a closed packed matrix of perfectly round rigid pins 
and clamping blocks without row dividers {left) and the same system with 
row dividers {right). 

In the situation on the right, it is possible to derive arelation between the damping force 
Fx and Fy and the four contact forces Fe. Because of symmetry conditions of the pins that 
are not in contact with the damping blocks, theoretically all four contact forces Fe are 
equal in magnitude. The relation between Fx and Fy depends on the number of contacts 
ex between pins in one row (x-direction) and the number of contacts cy in one column 
(y-direction). In figure 2.8, ex and Cy equal 6 and 2 respectively. The following relation 
between Fx and Fy can be derived (see Appendix A) : 
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The contact force, from now on indicated as Fe, is given by 

Fe= 2 Fx = ~ Fy 
Cy y'3 Cx 

This results in a fixation force F1 for each pin : 

Fx 1 Fy 
F! = f.18 - = f.18 - - = 4f.1Fe 

Cy y'3 Cx 
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(2.1) 

(2.2) 

(2.3) 

with f.1 the friction coeffi.cient. Note that both Fe and F1 are linearly dependent on the 
ratio Fxfcy or Fy/cx. If five rows of pins are considered insteadof three, Cy changes from 
two to four. The clamping force Fx must be doubled to maintain the same force F1 for 
each pin. However, the clamping force in y-direction, Fy, remains the same because Cx 
is unchanged. The clamping force Fx is basically linearly dependent on the side length 
of the SSDD in y-direction. It must be noted again that in this theoretica! analysis the 
elements of the SSDD are assumed to be rigid. In reality, the elasticity of the elements 
causes bending, the effects of which will be discussed in section 2.5. 

In figure 2.9, the concept is illustrated in 3D. On the left a full matrix of pins is shown 
together with the row dividers and clamps. On the right it is shown how the axial force 
on a single isolated pin is transferred to the frame of the die. 

z 

~x 

Figure 2.9: A 3D view of a closed packed matrix of pins with row dividers. On the 
right it is shown how the axial force is transferred to the rigid frame. 
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2.4 Prototype, design and performance 

The row dividers for the first realization of the prototype are 0.1 mm thick and made of 
a 99.5% pure aJuminurn alloy, with a 2 micrometer grain size and a yield stress of 150 
MPa. The chemica! composition is presented in Table 2.1. 

Element Ca 
wt% 0.13 

Table 2.1: Chemical composition of the commercial 99.5% pure aluminum sheet. 

Further, the mechanica! properties of the tungsten rods (Young's modulus of 411 GPa) 
contribute to higher maximum loads with respect to the critica! buckling force for each 
pin. 
The idea of plastically predeforming the row divider material to compensate for the pin 
diameter toleranee is expected to work wel! if the diameter does not change over the 
length of a pin. Fora batch of 100 Tungsten rods (3 wt% Thorium) with a diameter of 1 
mm and a length of 175 mm, initially designed for TIG welding, the measured diameter 
differences were below 0.09 mm and the diameter variation over the lengthof a single rod 
was below 0.01 mm. The diameter differences can be reduced through a carefut selection 
procedure but the idea was to test the compensating effect of the row dividers without 
such precautions. 

Wave pattem 

1. Base plate 
2. Drums with wave pattem 
3. Lever 
4. Original aJuminurn sheet 
5. Row divider after cutting off 

corners 

Figure 2.10: The simple device for jolding the wave pattem in aluminum sheet for the 
row dividers and the schematic representation of a row divider with the 
definitions for the effective height Hml with respect to elastic bending and 
effective height Hm2 with respect to shear. 

The die matrix contains 15 rows of 17 pins and 14 rows of 18 pins (a total of 507 pins), 
individually separated by 28 row dividers. The length b and width h of the matrix is 
approximately 20 mm and 28 mm respectively. Each pin is 35 mm long and the height 
Hm1 and Hm2 of the row dividers is 25 mm and 11 mm respectively. As a result, each pin 
can be positioned within a 10 mm range. 
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In figure 2.10, a simple device for producing the wave pattems in the row dividers is 
shown. A 0.1 mm thick aJuminurn sheet is inserted between the specially designed drums. 
The drums, made of hardened steel, have a periadie wave pattem with a periodicity of 
1.1 mm, which is the diameter of the pin plus the sheet thickness. The wave pattem is 
folded into the sheet without reducing the sheet thickness. On the right, the definition 
of Hm1 and Hm2 is shown, which are important for the elastic bending effects and the 
effective shear height, respectively. 
Figure 2.11 presents a schematic representation of the setup, where the row dividers and 
the damps from the y- and x-direction are dearly visible. The design of the damping 
mechanism results in two different levels (figure 2.11 on the right) at which the damping 
farces from the sides act on the row dividers. Since the damping blocks in the x-direction 
do not touch the pins between level 1 and 2, their movement in this direction cannot be 
suppressed. Therefore, the recess in the middle of the damping blocks for the y-direction 
is necessary to prevent the pins from bending in the x-direction. The effective row divider 
height, transferring the contact farces Fe, is therefore Hm1 - Hm2 · 

~ 

' ' 

level 1 

level 2 

Figure 2.11: Schematic representation of the clamping setup where the row divider 
is presented and the dimensions Hml and Hm2 are shown. The effective 
clamping height is Hml - Hm2· 
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In figure 2.12 on the left, the assembly of the pins, row dividers and damps in the 
y-direction is presented. The damps for the x-direction are placed at the side. Also a 
separated row divider and two rubber inserts, each 0.85 mm thick, can be seen. The inserts 
are placed between the ends of the aluminum membranes to prevent the membranes to 
wrinkle when axial forces on pins are transferred to the base plate. The harderred steel 
damps are pressed against the sides of the pin matrix without touching the row dividers 
(see also figure 2.7 and 2.9). The cylindrical alignment rods, which conneet the pairs of 
damps, do not transfer any forces along their axial direction and are only used to align 
the parts and to facilitate the assembly of the die. In figure 2.12 on the right, all damps 
are assembled. 

Figure 2.12: Assembly of pins {1), row divider (4), x- and y-clamps {2 & 3), rubber 
inserts (5) and alignment rods {6). On the right the complete assembly is 
present ed. 

The number of row divider-pin centacts in x-direction (ex) and y-direction (cy) is 34 and 
28 respectively. The resulting damping forcesin x-direction is approximately twice as low 
as the damping force in y-direction. Therefore, damping forces in the x- and y-direction 
are measured with a 10 kN and a 20 kN load cell respectively. All damps are designed 
such that the damping forces are properly transferred, so every possible misalignment is 
corrected by means of ball joints and elastic joints. 
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Figure 2.13: The position of the pin assembly, row dividers, x- and y-clamps within 
the two independent clamping systems with: the base plate {1), assem
bly of pins, row dividers, x- and y-clamps {2), support blocks {3), rubber 
cushioning (4), x-directional clamping system (5), y-directional clamping 
system {6), 20 kN toadeelt (7), JO kN toadeelt {8), M20 boltx-clamp {9), 
M20 bolt y-clamp {10), elastic joint {11), balt joint {12) and balt bearing 
{13). 

In figure 2.13 on the upper left, the base plate is shown on which the pin matrix is 
positioned on support blocks. The x- and y-damping devices are positioned at the side of 
the base plate. The upper right figure shows the x-damping device in its final position. 
In the back, the damping device for the y-direction can also be seen. In figure 2.13 on the 
bottorn left, the complete setup is presented. The design of the two independent damping 
systems and the positioning of both load cells within the setup are dearly visible. The 
measured damping forces only infiuence each other by farces transferred through the pin 
matrix and not by additional interconnected parts. 
By turning the M20 bolts, the damping devices are loaded rnanually. Bali hearings 
prevent the introduetion of torsional forces into the pin matrix. Both damping forces 
are monitored. During the adjustment of the bolts, the damping force in the x-direction 
must be a factor 2 lower at all times than the damping force in the y-direction in order 
to ensure a correct distribution of contact forces. By turning each bolt sequentially, while 
maintaining this factor, the damping forces are increased. 
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Figure 2.14: The complete die assembly (3) is positioned in a vertical press (1). The 
indenter (5) is attached to a 5 kN loadcell {2) and the farces are determined 
by using an interface with bridge amplifiers (4). 

25 

In figure 2.14 the setup is presented in combination with a press. A hardened steel indenter 
with a diameter of 1.0 mm is attached to a 5 kN loadcell, to apply a load on a single 
pin. The indenter can only move vertically and the forces at the tip in ax.ial direction 
are measured. During an experiment, the damping forces are varied while the factor 2 
between the x-damping force and y-damping force is preserved. For each set of damping 
forces, fifty measurements on the same individually selected pins are done. In figure 2.15, 
the results are presented for 6 sets of damping forces. 
The average fixation force F1 is indicated by cirdes for each experiment. The average 
fixation forces for each set are indicated in the table. 



26 

g 
B 
.§ 

600 . 

500 

400 

~~ 
J 

., 
·I l, 

200 ... ".· . .. 

!11 4d 
. . . ~ 1. ~ 

100 ..... ························ · ........ .... . : 

... , I' ······· t 
> f1 

I 

·····~· .-~ .. 
5. .. ··.· · 

.: 
······=•· . 

~~~0~2--~0.4~~0.~6~0~B--71--7,1~~~1A~~1~6--~1.8~~2 
aamping Jorco y-duectiofl (N) x 10• 

Chapter 2 

test y-force x-force mean max- min 
# (N) (N) (N) (N) 
1. 9500 4520 258 299 
2. 14550 7118 354 360 
3. 19220 9512 414 212 
4. 9047 4402 231 260 
5. 14170 6748 295 255 
6. 19820 9755 435 210 

Figure 2.15: Results of fixation force Ft per pin as a function of the y-directional 
clamping force for 6 different sets of clamping farces. 

Two sets of measurements have been done in which test 1, 2 and 3 were part of the first set 
and test 4, 5 and 6 of the second. After the first set, the device was completely unloaded, 
enabling the repositioning of the pins to their original position. After that , the second set 
of measurements has been conducted. During set 1 and 2, the side clamping forces were 
increased in three steps and the fixation force of 50 pins were determined. It was found 
that the average fixation force Ft increased from 258 N to 414 N, whereas the difference 
between the minimum and maximum values for Ft decreased. This was contributed to 
the plastic deformation of the row dividers in order to adapt to the diameter differences 
of the pins. 

It was observed, for measurement 4 and 5, at approximately the same side clamping 
forces compared to measurements 1 and 2 respectively, that the average fixation forces 
were considerably lower which was contributed to the plastic deformation of the row di
viders. However, the difference between the maximum and minimum fixation forces were 
lower as wel!. For the last measurement, the average fixation force was 435 N and the 
maximum difference 210 N. 
From these observations it can be concluded that the calibration of the smal! scale discrete 
die effectively leads to an increase of average fixation force and a more uniform fixation 
force for the pins, which is one important design requirement. The maximum applicable 
load on one single pin of this prototype, is approximately 450 N, which would be enough 
to do simple forming tests. 
According to equations (3.1) and (3.2) with Cx = 34 and Cy = 28, Fx = 10 kN with a 
friction coefficient JL = 0.15, the clamping force Ft theoretically would be 428 N. This is 
in very good agreement with the experimentally obtained average value for Ft. 

The pin is not supported at the tip and therefore the axial loading on one individual 
pin is also limited because of buckling. Theoretically, this would happen for the given 
geometry and pin specifications (Young's modulus 411 GPa, diameter 1 mm) at an axial 
force of approximately 500 N (equation (2.10) in the next section). From experiments 
it is found that this force is approximately 550 N, for an unsupported pin length of 10 
mm. It must be noted that the lateral displacement in this test is not constrained which 
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means that in the SSDD with rubber interpolator the axial buckling force is expected to 
be higher. In the next section the effect of buckling wil! be discussed in more detail. 

2.5 U pscaling 

The proposed SSDD concept can be scaled to make products of different dimensions. A 
higher density of discrete elements is needed for products that require a higher geometrical 
resolution. This can be achieved by decreasing the diameter of the pins and/or thickness 
of the row dividers. Both variauts have different consequences which wil! be discussed in 
this section. According to the absolute dimensions of the discrete die, also the damping 
forces to be applied at the sides must be recalculated. Furthermore, the effect of elastic 
bending is assessed for different configurations. 

Governing equations 
The effects of a change in length b and width h of the discrete surface can be investigated 
using the equations summarized below, and given in more detail in appendix A : 

SSDD Concept: Row divider: 

Figure 2.16: Dimensions of the SSDD and row divider. 

First the number of discrete elements in a single row, arow, can be calculated using the 
dirneusion b, which is the length of the complete surface, in combination with r and 
t, which represent the radius of the discrete elements and thickness of the row divider 
respectively: 

b 
arow = -::-2(,--r_+_t...."/2:-:-) (2.4) 

It must be noted that in the real SSDD b » (r + t) and h » (r + t). For the number of 
element layers in the y-direction, acotumn is related to the height of the surface h by 

h 
(2.5) 

acolumn = J3(r + t/2) 

After determining arow and acotumn, the number of contact zones in x- and y-direction can 
be calculated according to: 

b 
c., = 2arow - 2 = r + t/2 - 2 (2.6) 

and: 
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h 
Cy = awlumn - 1 = J3(r + t/2) - 1 (2.7) 

For the system depicted in tigure 2.16, the number of contacts in x- and y-direction, Cx 

and Cy are 6 and 2 respectively. By using equations 2.1, 2.2 and 2.3, the damping forces 
Fx and Fy and the fixation force F1 can be determined. When the surface of the SSDD 
is loaded with a pressure P, the damping forces Fx and Fy can be determined. Details on 
this derivation are given in appendix A. (See also tigure 2.16) 

F = Ph(r + t/2) 
x 0 4/l ' 

F _ 3Pb(r + t/2) 
y- 4M ' (2.8) 

where, 11 represents the friction coefficient for the row divider/pin interface. When the 
maximum shear stress T of the membrane is known, the minimum shear height Hm2 of 
the row divider can be calculated according to : 

H _ J3Pb (:_ ~) 
m 2 - 2T t + 2 (2.9) 

The damping farces Fx and Fy are proportional to h and b respectively. Another conse
quence is that for a given length b and width h of the discrete surface, and known forming 
pressure Pand maximum shear stressTof the row divider, the minimum height Hm2 of 
the row divider is independent of h and linearly dependent of b. Furthermore, Hm2 will 
decrease if the ratio r /t decreases . 

2.5.1 Infiuence of shear strength row divider material 

Although the individual elementscan at least be loaded to 400 N, as shown insection 2.4, 
the maximum load at the surface of the SSDD prototype is not simply the number of 
elements times 400 N. The complete matrix of pins is carried by a limited amount of row 
dividers which are subjected toa shear load. The maximum surface load is clearly limited 
by the shear strength of the row dividers. The maximum applicable uniform pressure P 
depends on the number of row dividers and their effective cross section, determined by 
Hm2 and t . This is illustrated in tigure 2.16 for which the derivation is given in appendix 
A. The maximum shear strength of the presently used row divider material (aluminum) 
is 100 MPa. As a result, the maximum applicable theoretica! pressure on the surface is 
approximately 11.5 MPa. In practice, the system withstands a pressure of 18- 20 MPa, 
without noticeable damage. However, a larger pressure than 20 MPa does damage the 
system completely. A forming pressure of 20 MPa is considered too low and therefore the 
aJuminurn row dividers have been replaced by dividers made from cold rolled steel, 0.1 
mm thick and with an ultimate shear strength of 300 MPa. This increases the maximum 
theoretica! applicable pressure Pon the surface of the SSDD to 34.5 MPa. 
Note that, for the aJuminurn row dividers, the maximum applicable load on one pin is 
approximately 400 MPa but due to the limited shear strength of the row divider material, 
the pressure on one element duringa maximum homogeneaus load P is less than one tenth 
of 400 MPa. As a consequence, a considerably larger local forming pressure is possible 
compared to the maximum uniform forming pressure P. 



The Variabie Surface Generator 29 

2.5.2 Buckling of discrete elements 

If the diameter of the discrete elements changes, the critica! buckling force should be taken 
into account. In figure 2.17, two buckling modes are presented. The critica! buckling force 
Fb depends on the second moment of inertia I = f4D 4 of the pin, the Young's modulus 
E and the length Le that applies to the considered bending mode. In the SSDD concept, 
the rubber interpolator obstructs the motion of the top of the discreteelementsin lateral 
directions, therefore the actual bending mode is expected to be between the two considered 
configurations. 

where Le = 2L 

where Le ~ 0.7L 

L 

Figure 2.17: Critical buckling force Fb for two different configurations, on the left a 
clamped beam with free end and on the right a clamped beam with a pinned 
end. 

The critica! buckling force is given by : 

(2.10) 

which can also be written as the product of the forming pressure P and the pin surface 
n( ~)2: 

(2.11) 

(2.12) 

In the previous section, the critica! buckling force is experimentally determined for the 
single sided clamped beam with a loose end. Fora length L = 10 mm and Le = 20 mm, 
the theoretica! critica! buckling force is 497 N and experimentally it is found to be 550 N. 
When the loading configuration changes because of the constraint at the pinned end, the 
critica! buckling force Fb might increase to 4060 N. It is clear that the critica! buckling 
force is only reached at very high forming pressures and it is more likely that the pins wil! 
start to slip, due to insufReient damping forces F,, and Fy, before the critica! buckling 
force is reached. 
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2.5.3 Elastic bending assessment 

When the matrix of cylindrical elements and row dividers is clamped from the side in 
order to fix the position of each element, a homogeneaus contact force is present over the 
height Hm1 - Hm2 of the membrane for each contact zone. After applying a load on the 
matrix in the z-direction, this contact force distribution wiJl change. In ligure 2.18, the 
situation is schematically represented. By means of a finite element simulation, applied to 
a simplified version of the real device, the effect on the change in contact force distri bution 
wiJl be investigated as a function of the membrane height Hsim and width of the matrix 
surface hsim· 

In ligure 2.18, the dark area represents the contact zone of the row divider between 
two cylindrical elements. For clarity, only one complete row divider is shown which is 
attached to the rigid world. On the right of figure 2.18, the deformation mode is shown 
when a load is applied in z-direction. The contact force on the top of the row divider wiJl 
increase whereas the contact force on the bottorn wiJl decrease. 

: : 

iJ II IIIIIIIJFJ· .. -
Lo ad 

Figure 2.18: Schematic representation oftwo cylindrical elements and one contact zone 
in the middle of the matrix, representing a simplified model of the SSDD 
device 

Before the SSDD wiJl be used for forming operations, the device is preloaded. The forces 
Fx and Fy, see also figure 2.16, are increased toa certain level to deform the row divider 
material plastically to compensate for diameter ditierences of the cylindrical elements. In 
this procedure, the material is strain hardened. During the actual loading of the SSDD 
surface in a forming operation, the stresses in the row divider material may not exceed 
the yield stress resulting from the predeformation. 
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Simulation of a simplified model 
A simplified model of the SSDD will be used to investigate the effects on the contact force 
distribution when the height of the row divider Hm1 or the width of the surface h are 
changed. For the simulation, a row divider height Hsim and a die matrix width hsim are 
introduced (figure 2.18). The pin will be simulated as a cylindrical rigid body, touching 
the row divider. Of primary interest is the reduction of the maximum applicable load on 
a single pin as the contact stresses redistribute. Also integrity of the row dividers needs 
to be preserved at spots with an increased contact pressure. In tigure 2.19, the effect of 
elastic bending in the SSDD is schematically represented by means of a model where parts 
of the SSDD on both sicles of the central row divider are considered to be rigid . When 
the rigid blocks are positioned against the deformable part (dark area), and only a dis
placement in the y-direction is possible while rotations around the z-axis are suppressed 
(figure 2.19 left), the load at which the damped part wil! start toslip is approximately 
2p,Fy, assuming a simple Coulomb friction model without stick slip effects. 
On the right of figure 2.19 the damping blocks are allowed to rotate. Consequently, the 
contact force distribution is different from the left situation. The maximum admissi
ble yield stress in the deformable material is reached at a lower load, compared to the 
left situation, and therefore the maximum applicable load is less due to the bending effect. 

Banding s uppresaed, homo geneaus co ntact force distribution Rotatien possible, lncrea.sed contact force at tho top 
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Figure 2.19: Schematic representation of a simpte mechanism with friction. 

The maximum applicable load, as a function of height Hsim and width hsim, is investigated 
by means of a simplified FEA model. The position of the pivot points in this model is 
chosen such that the position in the z-direction is exactly in the middle of the row divider 
height Hsim· When a damping force Fy is applied, without a load in the z.-direction, 
the contact force distribution is homogeneaus over the height which is also the case in 
reality. When the pivot point would be located at a different height, the contact force 
would not be constant over the height. The position of the pivot points in the y-direction 
corresponds to the width h of the SSDD surface and only one half of the row divider is 
simulated. The center edge is in contact with a rigid block that is only allowed to slide 
in the y-direction. This is illustrated in figure 2.20. 



32 Chapter 2 

At maximum clamping forces Fx = 10 kN and Fy = 20 kN in the SSDD prototype, the 
theoretica! contact force at each contact zone is approximately 750 N. The contact forces 
are distributed over an effective height of 14 mm (Hm 1 - Hm2 ), due to the design of the 
SSDD, resulting in approximately 50 N contact force per millimeter row divider height. 
In the simulation, a row divider height Hsim of 1 mm is used and therefore the final 
load remains constant at 50 N. In the predeformation stage during the first 5 secouds 
(pseudo time) of the simulation, the load is increased according to 4 different paths with 
a maximum preload factor of 2, i.e. 100 N. The prescribed load Fy as a function of the 
pseudo time and the maximum preloads Fy,m for each different path are presented in 
tigure 2.21. 

··{"jllll I 11 11 It-"· 
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Figure 2.20: Schematic representation of the simplified model. 

The yield stress ay of the undeformed steel row divider material is 450 MPa. The in
crease of ay due to strain harderring is indicated on the right for each loading test. Also 
the penetrabon depth of the cylindrical element into the row divider is presented which 
indicates the applicable correction for diameter differences of the discrete elements. From 
section 2.4 it is known that the diameter variations of the pins for the SSDD prototype 
are less than 90 Jlm . Theoretically the maximum compensation for a contact force of 100 
N per millimeter membrane height is 52 Jlm (2 x 26 Jlm). Obviously this is not enough 
to compensate for the diameter differences completely. In order to remedy this, it would 
suffice to increase the clamping forces during preloading, which wil! be possible in future 
set ups. 
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Jnfiuence of prelaad 
During preloading, the yield stress of the row divider material wiJl be increased. During 
the actualloading in a forming operation, the stresses in the row divider material may not 
exceed the yield stress resulting from the predeformation. An analysis wiJl be done for the 
top of the row divider, where the compression stresses are maximal and for the bottom, 
where the compression stresses are minimaL At the bottom, a positive compression stress 
must be guaranteed at all times since the pin and row divider material are hold tagether 
by side damping farces only. Consequently there are two design conditions: no yield at 
the top, and no release at the bottorn of the row divider. 

factor FYmaz yield stress plastic deformation 
(N) (MPa) (ttm) 

1.25 62.5 490 4.6 
1.5 75 500 5.1 
1.75 87.5 520 13.2 

2 100 550 26.0 

Figure 2.21: Prescribed laad Fy on the system as a function of pseudo time and increase 
of yield stress due to strain hardening. 

With the prescribed load Fy after 5 seconds remaining 50 N, then a load F is applied to 
the pin. This load is gradually increased to a maximum of p,Fy. When the Von Mises 
equivalent stress avM in a material point reaches the indicated value according to the 
table in tigure 2.21 the critica! F is reached. In the simulation, a membrane height Hsim 
of 1 mm is used and the dimension hsim is varied between 0 and 30 mm resulting in a 
maximum of 15 for the factor hsim/ Hsim· 
The ratio hsim/ H sim appears to be the determining factor which is claritied by means of 
tigure 2.22, where three different situations are presented of a simply supported cantilever 
beam. The material is considered to behave linear elastic. 
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!i. ay = A 
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Figure 2.22: Gompression stress ay in y-direction as a function of different toading 
modes. 

In case of a single horizontal flx.ing force Fy, the stress distribution is homogeneaus over 
the height, whereas the stress distribution is linearly dependent on the z-coordinate in 
the case of an applied vertical load F in the middle of the beam section. In the SSDD 
concept, the matrix of pins and row dividers can only withstand compression forces. With 
this assumption, the following set of equations can be derived. The compression stress ay 

at the top and bottorn of the beam is given by : 

Fv zM 
ay,top = A+ I' 

H sim 
z =--

2 

Fy z M 
ay,bottom = A+ I ' 

-Hsim 
Z= ---

2 

Bottom of the row divider: positive compression stress 
Campression stresses are required to be positive so ay,bottom ~ 0 then : 

Fv Hs;mM ->---· 
A- 2/ ' 

M = Fhsim 
4 

(2.13) 

(2.14) 

(2 .15) 

(2.16) 

with tsim a fictitious beam thickness and I the second moment of inertia of the beam cross 
section. This results in : 
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Top of the row divider: no yielding 

F 3Hsim -<-
Fy- 2hsim 

35 

(2.17) 

The compression stress increases due to a load during forming. In the simulation the 
maximum applicable fixation force F1 is investigated as a function of the ratio of hsim 
/ Hsim and for different preload factors. In figure 2.23, the results of the simulation 
procedure are shown where only one half of the setup is simulated, according to figure 2.20 
bottorn right, with a force F in the z-direction on the pin. When the ratio hsim/ Hsim is 
equal to 2, and Fv;•x is 1.5, the maximum applicable load F is 45% of the maximum, 

y 

which would be J.lFy. It is clear that the percentage drops considerably when the ratio 
hsim/ H sim is increased, especially for small predeformation fractions . 

-;R 0 

h I H. 
s1m 

Figure 2.23: Percentage of p,Fy that can be applied as Ff. 

In the SSDD prototype of this study, the ratio h/ Hm 1 = 1.14 with an estimated preload 
factor of 1.75- 2. The effect of the increased contact forces at the top of the row dividers is 
smal!. However, when the SSDD is upscaled, this effect can be significant and hence should 
be taken into account. From this analysis it can be concluded that the preload factor must 
be high, preferably more than 2. This can by accomplished by temporarily applying a 
much higher preload from the sides by increasing Fx and Fy before any forming tests are 
done. Also the effective height Hm1 with respect to the bending effect is an important 
factor. The fraction h/ Hm1 should not be much larger than 1 in order to minimize the 
stress increase in the row dividers. 
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2.6 Feasibility analysis and discussion 

In this section, an overview will be given of the most important features of the realised 
SSDD concept. Gatbering all relevant equations and knowledge, the possibilities and 
challenges for the design of an upscaled version are discussed, where the most important 
expected difficulties will be emphasized. 

Current prototype dimensions and features 
The surface dimensions b x hof the first prototype are 19.7 x 28.6 mm2 . The die matrix 
consists of a total number of 507 discrete elements, 15 rows of 17 pins and 14 rows of 
18 pins, individually separated by 28 row dividers . The effective height with respect to 
the shearing surface Hm2 of the row divider is 11 mm and the effective height Hm 1 with 
respect to the elastic bending effect, discussed in chapter 2.5, is 25 mm. The thickness 
t of the row divider material is 0.1 mm and the pin diameter d is 1 mm. The pins are 
cylindrical with a circular cross section and a flat tip and made of tungsten (Young's 
modulus of 411 GPa) . The maximum unsupported length is 10 mm. The row dividers 
are made of steel. 

Critica[ buckling force 
Theoretically the critica! buckling force is 500 N for the single sided clamped beam con
figuration (see chapter 2.5). In experiments this value is found to be 550 N. However, 
during the forming tests the lateral movement of the pin tip is constrained because of 
the 1 mm thick rubber interpolator. The critica! buckling force H can now be evaluated 
according to the pinned-end beam configuration, resulting in an increa.sed buckling force 
of 4000 N (factor 8). In reality, Fb will be somewhere in between these two values even 
though Fb is expected to be closer to 4000 N than 500 N. 

Equations clamping farces 
In section 2.3, equation (3.1) has been presented relating the individual clamping force 
on a pin (Fe) to the forces Fx and Fy exerted on the system from the sides. The fixing 
force F1 for each pin is given by equation (3.2). Equations (3.1) and (3.2), with Cx = 34 
and Cy = 28, Fx = 10 kN and a friction coefficient f..l = 0.15, provide a ratio Fy/ Fx = 
2.1 and a fixation force F1 = 428 N, which is in good agreement with the experimentally 
obtained average value of 435 N, mea.sured over 50 randomly selected pins. For the steel 
row dividers, the friction coefficient is 0.11 instead of 0.15 (aluminum-tungsten) . At a 
maximum preload of Fx = 10 kN and Fy = 20 kN the maximum theoretica! applicable 
load is approximately 300 N, which is considerably less than 435 N. Another effect that 
may not be neglected, is that the plastic predeformation of the steel row divider material 
is considerably less for the same preload, compared to the aluminum variant. As a con
sequence, the diameter differences of the tungsten pins are not completely compensated 
in the current setup. The (simple) salution for future realization would be to increase Fx 
and Fy yielding a higher and more uniform clamping force distribution over the surface. 
Another important result is that the pins first start to slide due to insufficient side clamp
ing before the critica! buckling force Fb is reached, which can be considered as a safety 
precaution. 
A comparable load of 450 N on one element could be obtained with the steel row dividers 
when damping forces Fx and Fy equal to 15 kN and 30 kN. The higher preload would 
reduce the damping force variatien considerably as wel!. 
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Row divider: shear surface, infiuence of Hm2 
The maximum applicable homogeneaus pressure Pon the SSDD surface can be calculated 
by using equation (2.9) from section 2.5. In case the row dividers are made of aluminum, 
the maximum applicable load on the surface is 11.5 MPa, for the steel row dividers this 
is 34.5 MPa. The ultimate shear strength (T) of the steel membrane is 300 MPa and the 
effective shear height of the row divider (Hm2 ) is 11 mm. From section 2.5, equation (2.8), 
it can be shown that the necessary damping forces Fx and Fy for a pressure P of 34.5 
MPa are 1.3 kN and 2.6 kN respectively. It is important to observe that the effective shear 
height of the row divider material , Hm2 = 11 mm, is the limiting factor for the maximum 
applicable surface load P , and not the side damping forces Fx and Fy . Theoretically the 
maximum applicable load on the surface with Fx = 10 kN and Fy = 20 kN would be 285 
MPa. It is dear that the height Hm2 is an important factor in this analysis. For future 
research and technological design issues, Hm2 is regarcled as one of the most important 
design parameters. 

Row divider: elastic bending, infiuence of Hm1 

The effect on the maximum applicable load F1 as a function of a change in height Hm1 

and width h is investigated by means of a simplified model which is discussed in chap
ter 2.5. In the SSDD prototype of this study, the ratio h/Hm1 = 1.14 and the effect of 
the increased contact forces at the top of the row dividers is smal! when a preload factor 
of 2 is assumed, see tigure 2.23. However, when the concept is scaled up, this effect may 
have significant non-negligible effects. It can be conduded that the ratio h/ H ml should 
not be larger than 2 if a preload factor of 2 or more is applied. Only then, the integrity of 
the row dividers can be preserved at spots with an different contact pressure due to the 
redistribution of stresses caused by the bending effect. 
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Feasibility study for an upscaled prototype 
A higher density of discrete elements is needed for products that require a higher geomet
rical resolution, which can be achieved by decreasing the diameter of the pins or thickness 
of the row dividers. In figure 2.24, the effect on the maximum pin load F1 is presented as 
a function of b and Hm2 • It must be noted that the pin load F1 in this analysis represents 
the maximum applicable homogeneaus pressure P divided by the number of discrete el
ements ne, and may not be confused with the maximum applicable individual pin load, 
which is much higher. In this analysis, b = 197 mm, h = 286 mm and Hm2 = 113 mm. 
The maximum applicable load F1 on one pin for this contiguration is equal to 40 N which 
is exactly equal to the maximum F1 of the current SSDD prototype. When all dimensions 
b, h and Hm2 are equally scaled, the maximum applicable F1 and thus the maximum ho
mogeneous pressure P, is not changed. Furthermore it is shown that the maximum pin 
load F1 is linearly dependent on Hm2 . 

d = l mm and t = 0.1 mm 

120 

Hrn '2 (mm) 

Figure 2.24: Maximum applicable pin load for a uniform surface pressure P as a Junc
tion of Hm2 and b. 
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In figure 2.25, the side damping force Fy is presented as a function of the surface di
mension b, which linearly scales with h, and the applicable homogeneaus surface load 
P (equation (2.9)). Results for three different combinations of pin diameters and row 
divider thicknesses are presented. It is observed that the damping force Fy is almost a 
factor 2 lower when the diameter d and thickness t are 0.5 mm and 0.05 mm, respectively, 
compared to d = 1 mm and t = 0.1 mm. 

Figure 2.25: Three examples, for different combinations of pin diameters and row 
divider thicknesses, the effect on Fy is presented. 

In figure 2.26, the minimum row divider height with respecttoshearing Hm2 is presented 
as a function of the surface dimension b (linearly scaled with h) and the applicable ho
mogeneous surface load P, again for three different variants. In case t = 0.1 rum and 
d = 0.5 mm, the minimum Hm2 is a factor 2 lower compared to the other two variants. 
The explanation for this is that the surface load P is distributed over twice as much total 
shear surface (Hm2 x t). 

d = 1 mm a.nd t = 0.1 mm d = 0.5 mm and t = 0 .05 mm 
.. ···~ .... 

Figure 2.26: Three examples, for different combinations of pin diameters and row 
divider thicknesses, the effect on Hm2 is presented. 

Four variants of an upscaled SSDD tool 
The second part of this section assesses four upscaled versions of the existing prototype. 
The dimensions b and h of the discrete surface are increased, resulting in a surface with 
dimensions b = 197 mm and h = 286 mm. In this analysis, a maximum homogeneaus 
pressure P of 50 MPa must be applicable and the effects due to elastic bending must be 
smal!. As shown in section 2.5, a prelaad factor of 2 has to be used to calculate the side 
clamping forces Fx and Fy to compensate for diameter differences. A load of 100 N per 
mm effective row divider height (Hm1 - Hm2 ) , will be used. The ratio h/Hm1 is 1.14, 
which is the same as in the current prototype. 

Four conceptual variants are presented. The first version represents the dimensions of the 
current prototype, but now the required clamping forces are determined again to obtain 
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the specified performance. The second is an upscaled version, b = 197 mm and h = 286 
mm with 1 mm diameter pins and 0.1 mm thick row dividers. The third variant has 
0.5 mm diameter pins and 0.1 mm thick row dividers and the last version has 0.5 mm 
diameter pins and 0.05 mm thick row dividers. 
Two different values for F1 are calculated resulting in F1P and Ffn· The first value, for 
which Fyp is used, represents the side damping farces that are required to carry the 50 
MPa pressure load P and the second value, for which Fyn is used, is the result of the 
pretoading for the compensation of the diameter differences. 
In table 2.2, the values are presented for the total number of discrete elements n•, tot al 
number of row dividers cy, the si de damping farces Fyp and Fvn, the effective heights 
Hml and Hm2 and Ffp and FfPL as a function of the pin diameter d and row divider 
thickness t. 

d t b x h n• Cy Fyp FYPL Hm2 Hml Ffp FfPL 
(mm2

) (kN) (kN) (mm) (mm) (N) (N) 
1 0.1 19.7 x 28.6 507 28 3.7 13.9 15.6 25 55.6 204 
1 0.1 197 x 286 54030 300 36.9 1443 156.4 250 52.5 2059 

0.5 0.1 197 x 286 180453 550 20.1 4680 85.3 250 15.7 8236 
0.5 0.05 197 x 286 214858 600 18.5 1443 156.4 250 13.1 2340 

Table 2.2: Four conceptual variants with the most important design variables. 

From table 2.2, it can be conduded that the number of discrete elements ne is especially 
changed with a reduction of the diameter d. A reduction of d also means that the unsup
ported length L ("' Le) for smaller pin diameters wil! decrease and the individualload on 
one pin wil! decrease. For a pin diameter d = 0.5 mm, the maximum unsupported length 
L for a force Fb of 13 N, is between 15.4 mm and 44.2 mm, depending on the buckling 
configurations ( tigure 2.17) . 
An important observation is made with respect to the high level of the predeformation 
forces FYPL' compared to the necessary damping force Fyp · Theseforcescan be reduced 
by decreasing the effective row divider height Hm1 - Hm2. Nevertheless, they remain 
(very) high. 

Conclusions with respect to the SSDD design 
The design of the SSDD prototype works wel! in order to predict the performance of an 
upscaled version but is certainly not yet optima!. Current emphasis was put on the design 
of the side toading system, where the side damping forces are introduced into the matrix 
of pins and row dividers. It appears that the choice for the row divider material and 
heights Hm1 and Hm2 are the most important parameters. ldeally, the row divider ma
terial should have a smal! yield stress foliowed by considerable hardening. In the current 
prototype, the row divider heights Hm1 (elastic bending) and Hm2 (shear) are different 
because of design issues. The minimum values for Hm1 and Hm2 can be assessed according 
to the equations presented in this study and the optima! design must incorporate both 
these features in order to maximize the applicable homogeneaus pressure P. 

The elastic bending effect, which was discussed in section 2.5, causes an increased contact 
force which can be minimized by simply increasing the row divider height Hml · The row 
divider height can be reduced considerably, by using an alternative design in which a 
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non-homogeneaus contact force distribution is applied through Fx and Fy, such that the 
contact pressure at the bottorn of the pin-row divider contact areas is higher. When a 
load P is applied on the surface, the force distribution wil! become more constant over the 
height Hml· This could be verified by means of finite element simulations. For larger sys
tems, this approach might be a solution if the minimum height Hm1 is considered too high. 

2. 7 Conclusions 

The conclusions of this study are next briefl.y summarized. 

• From the introduetion insection 2.1, it is clear that many discrete die concepts have 
been tried, developed and patented. Many small lot and trial forming applications 
may benefit from this technique, where traditional dies remain too expensive. 

• From an industrial perspective, considerable research efforts have focused on the 
optimization of processing parameters such as blank design, restraining forces and 
blankholder pressure to obtain products without defects and in order to deal with 
elastic springback effects. Many research groups recognize the potentials of discrete 
die forming within the context of optimum forming techniques. 

• Only a few (large scale) discrete die concepts have become commercially successful. 
For a smal! scale reconfigurable die, the existing concepts cannot be used. They lack 
the possibility to obtain a uniform fixation force for the discrete elements and an 
automated positioning method, e.g. by means of an electric motor for each individual 
pin, is not an option for a high resolution discrete die. 

• A small scale and high resolution discrete die concept is developed and the per
formance is tested by means of a prototype described in section 2.3 and 2.4. The 
discrete surface consists of 507 cylindrical elements with a diameter of 1 mm, in 
a working volume of 19.7 x 28.6 x 10 mm3 . The maximum surface pressure is 
35 MPa although the maximum applicable load on one individual element is much 
higher. In case aluminum row dividers are used, a load of approximately 450 N can 
be applied on one single pin. 

• From section 2.4 is can be concluded that the calibration of the small scale discrete 
die effectively leads to an increase of average fixation force and a more uniform 
fixation force for the pins, which is one important design requirement. 

• A thorough analysis of the static design, substructuring and ciosure of the SSDD, 
has revealed the possibilities and limitations of the die concept. The analysis has 
also been clone for several upscaled variants of the current prototype (section 2.3, 
2.4, 2.5 and 2.6) to determine the effects of an increased working volume. 

Recommendations and work in progress. 

• Although not tested, it seems feasible to adapt the SSDD concept in Polymer Injec
tion Forming (PIF) or deep drawing. The small sheet thicknesses and low pressures 
render the use of PIF in combination with the SSDD concept particularly interest
ing. 



42 Chapter 2 

• An automatic pin positioning procedure is not incorporated yet. However, the design 
of the SSDD is wel\ suited fora supplementary automated setting mechanism which 
is currently developed. 

• The design of the SSDD prototype works well for simple forming operations and is 
suitable to validate the SSDD concept but is certainly not fully optimized. The side 
damping mechanism and the design of the row dividers deserve extra attention. 

• The row divider material ideally should have a low initia! yield stress and a con
siderable hardening. The material choice must be further investigated. Another 
possibility could be a procedure, in which the row divider material is first annealed 
after which the preload for the compensation of the pin diameter differences is ap
plied. Subsequently, a heat treatment is carried out, to raise the yield stress of the 
row divider materiaL 

• The new concept for the die is expected to be well suited for smalllot and trial pro
duction processes and cost effective with respect to the manufacturing, rnainterrance 
and the time to reconfigure the die. 
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Optimum forming strategies with a 
discrete 3D reconfigurable formin_g 
device, part I 

Abstract 

Sheet metal forming operations are generally analyzed using conventional Forming-Limit
Diagrams (FLD's) which are based on proportionalloading experiments. However, even 
in single-step forming processes like deep drawing, non-proportional strain path changes 
are common. lt is known that this leads to results which are not predicted by FLD's. 
Duringa forming process the material is subjected to large plastic strains. When these are 
too large, e.g. when the forming limit is exceeded, the product cannot be made because of 
material failure. Subjecting the material toa sequence of wel! chosen deformation paths 
during forming could circumvent the problem. 
Optimum forming is here defined as the selection of a (sequence of) deformation path(s) 
such that plastic strains are reduced during the production process or such that residual 
stresses in the final product are optimized. 
Realization of an optimum sheet forming process wil! generally cal! for the subsequent 
use of a number of dies with different shape. A reconfigurable die increases the efficiency 
of the procedure considerably. 
In this chapter, the advantages of a recently proposed reconfigurable forming tooi are 
investigated. The main focus wil! be on the manufacturing and properties of products 
that have equal surface shape geometries but different internal stress and strain distri
butions. The forming experiments are combined with a 3D displacement measurement 
technique and an adequate rigid body motion correction for determining the surface ge
ometry and the magnitude and direction of major and minor strains. A simple numerical 
model, based on standard isotropie plasticity, is used to simulate a one-step, two-step 
and a semi-proportional forming application. Although the strain path dependent effects 
cannot be described with this constitutive model, the advantages of a proportional strain 
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path are clearly observed, both in the simulation and the near-proportional forming ex
periment. Therefore, a strain path dependent constitutive model is proposed that can 
provide the most optimum sequence of die shape configurations for a given optimization 
criterion. Experiments with the discrete reconfigurable die can then be used to validate 
the results of the numerical procedure. 

In the previous chapter, a new concept of a discrete die has been proposed, which now 
will be used for investigating optimum forming strategies. The main focus wil! be on : 

• Rubber pad forming with the prototype of a smal! scale reconfigurable die. The pro
totype wil! be discussed brieftyin section 3.1 and will be used to shape metal blanks 
with a blank diameter of 60 mm into various shapes. (section 3.2 and section 3.3). 

• Surface smoothing using a rubber interpolator. Because the discrete character of the 
die inevitably leads to a dimpled surface at higher forming pressures, the effect on 
the surface quality of the rubber interpolator thickness and properties wil! be inves
tigated in more detail by means of Finite Element Analyses (FEA) in section 3.2. 

• Qualitative study of the surface geometry of products, made with the developed 
discrete die prototype. The surface quality is compared to that of products made 
with asolid die, in order to gain insight in the important parameters during forming 
(section 3.3). An optica! technique is used based on photogrammetry. 

• Validate numerical experiments with the discrete die prototype. Attention is focused 
on optimum forming strategies (section 3.4). 

3.1 lntroduction, the forming setup 

In the previous chapter, a new concept has been proposed for a small scale discrete die 
(SSDD). 

Rubber pad forming 
This die wil! be used in a rubber pad forming setup where, one of the dies in conventional 
die forming is replaced by a rubber pad at the back side of the undeformed sheet metal. 
The rubber volume is positioned in a open ended cylinder. On one side, a hydraulic ram 
is pushing against the rubber pad, and at the opposite side, the rubber touches the metal 
blank. Consequently, one die is needed which reduces costs and time-to-market. This 
methad is therefore better suited for smaller production quantities as wel!, compared to 
rigid die forming. 

The discrete die concept 
The concept should enable a uniform fixation force for the discrete elements and the pos
sibility to independently position each element. A closed packed matrix of circular pinsis 
clamped from the side in order to fix the pin position. The concept also uses the principle 
of row dividers which enable an increase of the maximum load capacity and the possi
bility to position each discrete element independently. An additional advantage is that 
the row dividers are designed to deform plastically during calibration of the die. Small 
differences in pin diameter can be corrected by first applying a sufficiently high clamping 
force resulting in plastic deformation of the row divider materiaL As a result, the row 
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divider thickness wil! adapt to the slightly non-uniform diameter distribution of the pin 
matrix, thereby compensating for the pin diameter tolerances. 

Membrano elastlcally doforrned Morobranc plastlco.lly deformed 

y 

L x 
Figure 3.1: Schematic top view of a closed packed matrix of round pins combined with 

structured row dividers. On the left, the configuration is unloaded, on the 
right the row dividers are plastically deformed to compensate for diameter 
ditJerences of the pins. 

It is possible to derive a relation between the damping force Fx and Fy from the side and 
the fi.xation force F1 for each element. In tigure 3.1, ex and cy equal 6 and 2 respectively. 
The following relation between Fx, Fy and F1 can be derived (see appendix A, Chapter 
2) : 

(3.1) 

The tixation force F1 for each pin : 

(3.2) 

with 11- the friction coefficient. Note that the tixation force F1 is linearly dependent on 
the ratio Fx/Cy or Fy/cx. 

Specifications and performance 
The die matrix has 15 rows of 17 pins and 14 rows of 18 pins (total of 507 pins), where 
the rows are separated by 28 row dividers. The length and width of the matrix is approx
imately 20 mm and 28 mm respectively. Each pin is 35 mm long and can be positioned 
within a 10 mm range. In tigure 2.12 on the left, the assembly of the pins, row dividers 
and clamps in the y-direction is presented. 
The hardened steel clamps for the x-direction are pressed against the sides of the pin 
matrix without touching the row dividers. The cylindrical alignment rods, which conneet 
the pairs of clamps, do not transfer any forces along their axial direction and are only 
used to align the parts and to facilitate the assembly of the die. In tigure 3.2 on the right, 
all clamps are assembled. 

Metal blanks of 60 mm diameter can be deformed and the maximum forming pressure on 
the discrete die surface is 35 MPa, which is determined by the shear strength of the row 
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Figure 3.2: Assembly of pins {1), row divider (4), x- and y-clamps {2 & 3), rubber 
inserts (5) and alignment rods {6) . On the right the complete assembly is 
present ed. 

divider materiaL The maximum applicable load F1 on one single pin of this prototype, 
is approximately 450 N and is determined by the clamping forces from the side. The 
pins are not supported at the tip and therefore the axial load on one individual pin is 
also limited because of buckling. Theoretically, this would happen for the given geometry 
and pin specifications (Young's modulus 411 GPa, diameter 1 mm) at an axial force of 
approximately 500 N (Chapter 2). From experiments it is found that this force is ap
proximately 550 N, at an unsupported pin length of 10 mm. lt must be noted that the 
lateral displacement in this test is not constrained which means that in the prototype 
with rubber interpolator the axial buckling force is expected to be higher. 
Section 3.2 and 3.3 will describe the process in more detail, with respect to the interpo
lator and the surface quality. The discrete die prototype will be used in section 3.4 to 
validate numerical techniques that focus on optimum forming strategies. Finally, an auto
mated setting device for positioning the pins is investigated in parallel research activities 
because it will facilitate the use of the prototype. 

3.2 The interpolator 

In this section, the discrete die concept is further investigated with respect to the rubber 
layer (interpolator) between the metal and the pins. First a unit-cell approach is foliowed 
where fini te element simulations provide more information on the influence of the interpo
lator thickness with respect to the surface quality of the deformed product. Furthermore, 
the pin loads during forming will be investigated in more detail since lateralor axial forces 
on discrete elements of the die are essential for optimizing the design and performance of 
the prototype in the future. 
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3.2.1 lnterpolator performance 

During rubber pad forming, a pressure is applied at the back of the sheet metal. The 
discrete character of the pin matrix inevitably leads to a dimpled surface at higher forming 
pressures. This is illustrated in tigure 3.3. 

a) Conventional die b) Discrete die 

initial setup 
die --~ ...... . 

forming step 

final part ~•heetmetal ~ 

smooth surface dimpled surface 

c) Discrete die with 
interpolator 

smooth surface 

Figure 3.3: Rubber pad forming with conventional die, discrete die and interpolator. 

Smoothing techniques have already been used in the past to overcome this problem and 
proved to be successful [19, 63]. For this small scale discrete die, the pin diameter is much 
smaller and therefore the use of rubber interpolators to reduce dimples is tirst assessed 
through simulations in a unit-cell approach. Schematically this is illustrated in tigure 3.4. 
The effect of different rubber compounds and thicknesses are stuclied as a function of an 
increasing forming pressure. 
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In figure 3.4 at the right, a unit-cell is presented which is used during the finite element 
simulations. The material flow across the boundaries is constrained, which will render 
the stiffness of the row divider material too high compared to the real situation where 
the local material flow is not constrained at the boundaries of the unit-cell. However, it 
is believed that this approach can be used for a periodic pattern, where one or more rows 
of pins are positioned at the same height. 

applied pressure 

sheet met.a1 
top view unit ccll and boundary conditions 

rubber interpolator 

matrix of pins 

y 

Lx 
Figure 3.4: Matrix of pins, rubber interpolator and sheet metal. At the right a unit-cell 

is illustrated. 

In the simulation, 8-node elements are used for the 0.2 mm thick sheet metal and an elasto
plastic material model is used with a Young's modulus of 210 GPa and a yield stress of 
400 MPa. A Von Mises yield criterion is used with isotropie hardening, determined with a 
uniaxial tensile test. The rubber is simulated as an incompressible hyperelastic materiaL 
The pin matrix consists of pins with a 1 mm diameter cross-section and a pin-tip radius 
of 0.5 mm. At the top side of the sheet a pressure is applied. In figure 3.5, some results 
are presented for an applied pressure of 400 MPa. 
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Figure 3.5: Simulation results of 0.2 mm thick metalsheet deformed by an externally 
applied forming pressure of 400 MPa. On the left no interpolator is used. 

On the left in figure 3.5, which shows the deformation of the sheet without interpolator, 
the dimple effect can be observed clearly. On the right, a 0.3 mm thick rubber interpolator 
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is used, eliminating the dimple effect almost completely. By a number of simulations, the 
effect of the rubber sheet thickness is assessed as a function of the applied back pressure. 
Two different situations are considered. In the zero offset contiguration, the pins of the 
unit-cell are tixed at the same height whereas, in the non-zero offset contiguration, the 
pins have a prescribed offset . 
This is illustrated in tigure 3.6, where the four corner points of the unit-cell are numbered. 
According to the relative z-displacement of these corner points, a qualitative analysis 
is dorre as a function of the applied back pressure. In the ideal situation, the rubber 
interpolator would reduce the relative z-displacement between corner points 1 and 2 or 3 
and 4 to zero and for the offset configuration, the relative z-displacement between corner 
points 1 and 4 should equal the fixed offset of the two pins. Because the ideal situation 
can never be reached completely, the relative displacements between each set of corner 
points are evaluated as a function of the pressure. In tigure 3.7, the results are presented 
for two different interpolator thicknesses both for the zero offset and the 0.5 mm offset 
configuration. 

zero offscl coo.figuralioo non-zero oHse1 configura1ioo 

undcfonncd deformed 

Figure 3.6: Unit-eelt of pins, rubber interpolator and sheet metal. At the left, the zero 
offset configuration is presented. On the right the non-zero offset configu
ration is shown. 

The dashed lines indicate the difference in the z-displacement for the 0.5 mm thick in
terpolator and the solid lines for the 0.3 mm thick interpolator. For the zero offset 
contiguration, the z-displacement differences between points 1 and 2 and points 3 and 4 
are equal (z1 - z2 = z3 - z4). The z-displacement difference between point 1 and 4 equals 
zero (z1 = z4 ). Therefore only the results of z-displacement differences between points 1 
and 2 are presented. 
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As an overall result it can be seen that the z-displacement differences for the 0.5 mm thick 
interpolator are less than those obtained with the 0.3 mm thick interpolator which means 
that the formation of dimples is effectively prevented by means of a thicker interpolator. 
However, the resolution of the discrete die wil! be less using a thicker interpolator. This 
is illustrated by the two lines indicated by circles on the right of figure 3. 7. To obtain the 
0.5 mm offset a higher pressure is needed for the 0.5 mm interpolator which inevitably 
leads to an increased relative displacement between point 1 and 2 and point 3 and 4. 
In condusion the interpolator effectively smoothens the discrete surface, but limits the 
surface gradients that can be realized through its thickness. In genera!, a campromise 
must be found which is dependent on all geometrical aspects and material parameters 
involved. During the forming experiments with the 0.2 mm thick steel, satisfying results 
are obtained with a 1 mm thick rubber interpolator. 

Olmploqual1ication0mml*oollsat Oimplo qualificalloo 0.5 mm pi'l otfsel 

Figure 3. 7: Qualitative dimple analysis as a function of the forming pressure. On the 
left the results for the zero offset configuration is presented and on the right 
the offset is 0.5 mm. 

Pin loads during forming 
During the simulations, the reaction farces on the pins are monitored as a function of 
the applied back pressure in the three main directions. When a forming pressure of 400 
MPa is applied in the zero offset configuration, the maximum axial force on a single 
pin is approximately 400 N since the projected surface of the pin on the xy-plane is 
approximately 1 mm2 . For the non-zero offset configuration this is different. One pin 
wil! carry the complete load until the other pin makes contact. During the design of the 
die this must be considered in order to reduce the critica! buckling farces of the discrete 
elements. Also the effective lateral force on a pin during the forming action must be 
considered. Because the rubber interpolator folds around the tip of the discrete elements 
during the offset simulation, the lateral position of the tip hardly changes. The friction 
farces between the blank and discreteelementsin the offset configuration wil! induce small 
lateral farces only. The lateral total farces at the tip wil! therefore be neglected further 
on for simplicity. 
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3.3 Surface quality assessment 

In section 3.1 and 3.2, a forming setup is described resisting a maximum forming load 
of 35 MPa at the surface in combination with a 1 mm thick rubber interpolator. In this 
section, forming experiments with sheet metal blanks having a thickness of 0.2 mm and 
a diameter of 60 mm will be described. First, the surface shape and quality of products, 
made with the reconfigurable tooi, wil! be compared to those made with a conventional 
rigid die. After that, the shape geometries are determined for samples which are fabri
cated in sequentia! steps. 
To this purpose, an optica! measurement technique is used, based on photogrammetry. 
In section 3.4, experimental results will be compared to numerical results and attention 
is focused on the strain and stress distribution in the metal sheet during and after the 
forming operation, highlighting some clear advantages of the discrete die within this con
text. 

Figure 3.8: Two sets of conventional rigid dies, pyramidal and parabolic, bath male and 
female parts. On the right, the sample holder tagether with the blankholder 
and one deformed (parabolic) sample is shown. 



52 Chapter 3 

3.3.1 Test geometries 

Two sets of a male and female die, with parabolic and pyramidal geometry respectively, 
are CNC fabricated as shown in tigure 3.8. The male die is used to position the discrete 
elements of the Smal! Scale Discrete Die (SSDD) and the female die is used for forming 
tests with a tixed die. For both configurations, 1 mm thick rubber interpolators are used. 
On the right in tigure 3.8, the parabolic die is mounted in the sample holder. During 
forming experiments in this contiguration, the same rubber interpolator as in the SSDD 
contiguration is used to be able to compare the geometries after both forming operations. 
Figure 3.9 shows the SSDD after the male parabolic die is used to fix the position of the 
pins. The same sample holder as in tigure 3.8 can be seen. On the right of tigure 3.9, a 
close-up of the parabolic discrete surface is shown. 

Figure 3.9: The elements of the discrete surface are positioned with the parabalie die 
and surrounded by the sampleholder. 

Test results 
In tigure 3.10, some products are presented, which are formed with the SSDD. For all 
products, the material is steel T67CA, 0.2 mm thick produced and provided by Corus 
RD&T. The interpolator thickness is 1 mm for all samples. 

Figure 3.10: Some examples: products made with the SSDD. A sequence of digits, the 
letter 'R' and 'S' is shown. 
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3.3.2 Photogrammetry method 

For the 3D shape/geometry and strain measurements, an optica! method (ARGUS, GOM 
[21]) is used based on photogrammetry. The method determines the three-dimensional 
coordinates of surface points of an object, after which the displacement veetors and local 
strains can be calculated. Results from this measurement can be compared to finite 
element calculations and also used for a geometrical comparison of two different object 
surfaces. Strains can be determined up to 300% with an accuracy of 0.1%. 
The 3D coordinates of points in space are determined by using triangulation of directional 
bundles. The 3D coordinates of an object point can be determined from the intersection 
points of straight lines. A schematic representation of the photogrammetric principle is 
presented in figure 3.11. 

P4 

Figure 3.11: Determination of point coordinates using the intersection of straight lines. 

To carry out a photogrammetric measurement , a functional relation between the high 
resolution camera images K; and the object coordinates Pi is needed. This relation is 
determined using the central projection method [21] . Through the use of bundie adjust
ments, this model permits to calculate the object coordinates, the position of the images 
and the camera parameters. At least three individual images are needed todetermine the 
coordinates of one point on the object. 

Sample preparation 
A regular grid of object points is etched onto the surface of the undeformed sample. The 
diameters of the dots are 0.5 mm and the pitch is 1 mm (center to center) . After the 
forming operation, a set of calibration markers is placed around the object surface. The 
markers provide the information which is needed to calculate the absolute length scale 
and to determine the camera positions of each individual digital image. This is shown 
in figure 3.12, where three digital images of one sample are presented, each made from a 
different angle. 
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Figure 3.12: Digital images taken from different angles of a deformed sample sur
rounded by calibmtion markers. 

Some points are difficult to distinguish because of their position at curved parts at the 
base of the parabolic or pyramidal surface. At these locations, the required contrast 
for the optica! method is obtained upon fine-tuning of the illumination and the camera 
position. This explains why a relative high number of images are used to determine all 
object points of this relatively simple surface geometry. The determination of all object 
points of a sample was clone with approximately 40 individual images, taken from different 
positions and angles. 

3.3.3 Qualitative geometrical comparison 

First, the proposed method was applied to two identical samples with the same material, 
geometry, die, interpolator and grid structure. An estimation of the absolute error due 
to manufacturing tolerances and measurement errors is thus obtained, which wil! be used 
later for the comparison between samples which are made differently, e.g. one sample 
made with the discrete and the other made with the continuous (solid) die. This result is 
further used as a reference, since too little information is available of the respective errors 
introduced during manufacturing (reproducibility) and optica! measuring. 
For the reproducibility of the etching process, the center of the blank is marked and it is 
tried to position one dot of the grid exactly at the center. During forming, the blank is 
positioned in the rubber pad forming setup and several markers at the circumference of 
the blankholder and the circular sample determine the angle of the specimen with respect 
to the setup. 

After determination of the error estimate for two equally fabricated samples, two dif
ferent comparisons are made. First, samples made with the continuous die are compared 
to samples made with the discrete die. Secondly, sample shapes made in the forming 
experiments are compared to those from numerical simulations. The latter is the subject 
of section 3.4. For now, the comparison will only be based on the 3D coordinates of the 
object points on the deformed surfaces. In figure 3.13, two sets of samples are shown. On 
the leftand right the pyramidal and parabolic shaped samples are presented , respectively. 
The samples marked with 'd' are made with the SSDD and the samples marked with 'c' 
are manufactured with the continuous die. At first glance, the differences in surface shape 
appears to be minima!. Yet, an adequate numerical assessment is needed to evaluate this 
difference more objectively. 
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Figure 3.13: Two pyramidal shaped samples (a) and two parabalie shaped samples {b). 
The samples with the 'd' and 'c' marks are fabricated using the discrete 
and continuous dies, respectively. 

Error estimation using Singular Value Decomposition (SVD) 

55 

First, two samples are manufactured using exactly the same conditions, making use of 
the continuous parabalie shaped die. The applied forming pressure is 25 MPa. After the 
deformation process, the specimens are measured with the described photogrammetry 
method. The tirst sample contains 2804 measurement points, the second sample 2820 
points, resulting in 2794 mutual points of which the three-dimensional coordinates must 
be compared. However, the obtained coordinate sets must be corrected tirst to eliminate 
differences due to rigid body rotabons and translations, as illustrated in tigure 3.14: 

Figure 3.14: General rigid body motion described by a rotation tensor R and a trans
lation vector { 

In order to compare the three-dimensional coordinates of sample 1 and sample 2, the 
coordinates are linearly mapped by a second order rotation tensor R and a translation 
vector f. From tigure 3.14 it can be derived that: 

x2 = YÏ + t + R · PÏ (3.3) 

and because YÏ + PÏ = x) 

x2 =x)+ t+ (R-I)· PÏ (3.4) 
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which can be rewritten as: 

M ·v+t=if (3.5) 

with M = ( R - I), if = x2 - xï and v = PÏ. According to equation 3.5, M and t can be 
determined for every set of object points since xï, x2 and PÏ are known. As an example, 
with M;j, v;, t; and q; the componentsof M, v, tand if respectively, equation 3.5 is next 
transformed for one single set of object points: 

Muv1 + M12v2 + M13V3 + t1 = ql 

M21 V! + M22V2 + M23V3 + t2 = q2 

M31 V) + M32V2 + M33V3 + t3 = q3 

In matrix format equation 3.5 is equivalent to: 

[~ 
v2 V3 1 0 0 0 0 0 0 0 n 0 0 0 V! v2 V3 1 0 0 0 
0 0 0 0 0 0 0 V! V2 V3 

For all sets of object points we arrive at 

A;ç = Q, 

(3.6) 

Mu 

j'vfl2 

M13 

tl 

M21 

M22 

M23 

t2 

[:: l (3.7) 

M31 

M32 

M33 

t3 

(3.8) 

In genera!, matrix A has dimension M x N, ;ç is N x 1 and Q is M x 1 with M > N. 
Because the number of object points to be fitted (M/3) is much larger than the number 
of unknowns (N), a Singular Value Decomposition (SVD) method is used to construct a 
'solution' vector ;ç. This vector ;ç will not solve Af = Q exactly, but among all possible 
veetors ;ç, it provides the components of the best ;ç in the least-squares sense. Basically 
the method finds the vector ;ç which minimizes: 

r = [A;ç- Q[, (3.9) 

in which r is called the residual of the solution. According to the SVD method [62], any 
M x N matrix A whose number of rows M is greater or equal to the number of columns N, 
can be written as the product of a M x N column-orthogonal matrix ?1_, a N x N diagonal 
matrix W with positive or zero elements, and the transpose of a N x N orthogonal matrix 
V: 

(3.10) 

For the overdetermined set of linear equations in this analysis, the SVD method per
mits to find the least-squares salution [62]. The least-squares salution vector ;ç for the 
overdetermined system is given by : 
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(3.11) 

Comparison of two identical geometries 
Two identical samples with a parabalie geometry are used to determine the errors which 
are introduced by the displacement measurement and manufacturing process. By using 
the SVD method, the components of the rotation tensor R and the translation vector [ 
are determined. Some differences may arise in the obtained 3D coordinate measurements. 
In figure 3.15, the distance error in the direction perpendicular to the base plane of the 
samples is presented. It is visible that a small shift of one of the samples during the 
etching process in the base plane is the cause of the mismatch. After evaluation of the 
two samples using the SVD method, the three dimensional distauces are calculated for 
every set of object points. For this set of two identically fabricated samples, this results 
in a mean 3D distance error of 0.13 mm. 
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Figure 3.15: Geometrical comparison of two identical samples. 

Comparison of continuous and discrete die forming 
After the comparison of the two 'identical' samples, the mean three-dimensional distance 
errors are evaluated for the continuously and discretely manufactured samples. After 
determination of the rigid body motion with the SVD method, the mean 3D distance errors 
are 0.12 mm and 0.10 mm for the parabalie and pyramidal geometry sets, respectively. 
The absolute distance error in the plane perpendicular to the base plane is presented in 
figure 3.16. See also figure 3.13 for an optica! comparison. 

Holgbt dUferenee of two somples in mm Height differonce of two samples In mm 

Figure 3.16: Distance error in mm, perpendicular to the base plane for samples made 
with the continuous and discrete die for the pyramidal {left) and parabalie 
{right} geometry respectively. 

3.4 Optimum forming paths 

Duringa forming process the material is subjected to large plastic strains. When these are 
too large, e.g. when the forming limit is exceeded, the product cannot be made because of 
material failure. Subjecting the material to a sequence of wel! chosen deformation paths 



Optimum forming strategies, part I 59 

during forming may reduce the problem considerably. 
Optimum forming is here defined as the adequate selection of a (sequence of) deformation 
path(s) such that plastic strains are reduced during the production process or such that 
residual stresses in the final product are optimized, thereby minimizing the risk of failure. 
Realization of an optimum sheet forming process will generally call for the subsequent use 
of a number of dies with different shape. A reconfigurable die may increase the efficiency 
of this procedure considerably. 
In industry, several techniques are already successfully used to employ different paths 
during production. In the food and canning industry, several dies are used subsequently 
in order to produce cans. In some processes the blankholder force is varied during the 
deformation process in case of a single step operation in order to prevent the material 
from tearing or wrinkling. The blank holder force can be varied in time, kept constant or 
variabie in the circumferential direction. 

In this section, the added value of a reconfigurable forming tooi in multi-stage forming 
is further investigated. The main focus wil! be on the manufacturing and properties of 
products that have equal surface shape geometries but different internal stress and strain 
distributions. The forming experiments in this section are assessed with the previously 
described surface geometry measurement system, along with the magnitude and direction 
of major and minor strains. In the following section, a brief summary of related literature 
will be presented. After that, two experiments are described where sheet roetal blanks 
are formed into a parabolic 3D shape, following different loading paths. Next, a nearly 
proportional strain path is imposed by means of the discrete die prototype. 

3.4.1 Optimum forming strategies described in literature 

In sheet metal forming, a lot of research has already been clone to select the blank shape 
such that no subsequent steps are necessary to obtain the finalpart [13, 40, 44, 46, 56, 60]. 
Most of the techniques in these studies are based on a so-called backward tracing scheme 
or inverse method. With respect to the objective of this study, these techniques are inter
esting because the internal stress/strain distribution in the final product can be specified. 
The boundary conditions can be calculated that would yield the final part from an un
deformed blank with initia) homogeneaus (yet anisotropic) material properties. Other 
studies focus on the optimized deformation of anisotropic sheet metal. The process pa
rameters are determined according to a criterion based on the introduetion of a minimal 
amount of plastic work in the deformed material [33] . Another possibility is to aim for 
a homogeneaus thickness reduction of the final product. The term 'multi-point forming' 
is used to refer to the intermediate forming steps. Reconfigurable tooling, like the devel
oped SSDD prototype, may be used to alter the boundary conditions during the step-wise 
deformation of the sheet metal [7, 8, 14, 15, 16, 33, 47, 48]. 
In [17] an attempt was made to alter the boundary conditions duringa forming process 
by cantrolling the frictional constraints at the perimeter of the blankholder. 
Another technique, known as 'lncremental Forming' has received considerable attention 
in the past decade (Hussain, 2006; Attanasio, 2006; Cerro, 2006; Ambrogio, 2006; Kopac, 
2005; Shim, 2005). Incremental Forming is a dieless sheet metal deformation technique 
where a sheet metal part is formed in a stepwise fashion by a CNC controlled rotating 
spherical tooi without the need for a supporting die. This technique allows a relatively 
fast and cheap production of smal! series of sheet roetal parts. 
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In other studies [22, 23, 35, 36, 50, 77], the effect of strain path changes on Forming 
Limit Diagrams are investigated using phenomenological material models. Other work 
[18, 34, 59, 57, 35] is based on the microstructural evolution during forming when non
proportional toading paths are employed. Because knowledge and development of new 
production techniques is of great industrial importance, the incorporation of anisotropic 
material properties and path dependent plasticity is a major research topic. Although, 
non-proportional strain path effects and material anisotropy are not taken into account 
during the simulations in this chapter, the effects of multi-step forming are investigated 
by means of forming experiments with the SSDD setup. 
Optimum forming might present considerable benefits for products which are subjected 
to a cyclic or thermal load; their lifetime can be significantly enhanced when the same 
product is produced in a different way, using different/multiple intermediate deformation 
steps. 

3.4.2 Optimum forming experiments 

Illustrative example 
The reconfigurable character of the discrete die is now used to generate a sequence of 
forming operations which would require a complete set of rigid tools. The choice of sub
sequent forming steps determines the strain distribution in the final product which has 
the same surface shape. The strains are monitored at several intermediate forming steps 
and at the end of the forming process. If possible at all, the strain distribution should 
be tuned to the product requirements. An attempt is here made by means of numerical 
procedures in which product shape and internat strain distribution are predicted as a 
function of the externally applied boundary conditions. 

a) Original contiguration b) ln termedloto 1Hep c) Final step 
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Figure 3.17: optimum forming and multi-point deformation. 

d) Fina! part 

Equal o uter eometry 

The possibilities of a reconfigurable tooi are illustrated in figure 3.17, where the discrete 
die is shown in a rigid and adaptive deformation mode. In the deformation sequence at 
the top of figure 3.17, the relative pin positions are fixed. The stress and strain distribu
tion of produets made with this process are comparable to a process in which a rigid die 
would have been used in a single forming step. In the adaptive deformation process on the 
bottorn of figure 3.17, the relative pin positions are different for the sequentia! forming 
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steps, which results in a different internal stress and strain distribution. The forming 
experiments in this section are combined with the ARGUS photogrammetry technique 
and the SVD routine (rigid body motion correction) for determining the surface geometry 
and the magnitudes and directions of major and minor strains. 

Experiments, one-step and two-step forming 
First, a parabalie shape is made from a specimen of 0.18 mm thick T57CA steel sheet. 
A second sample of the same material is first deformed into an intermediate pyramidal 
geometry and subsequently into the final parabalie shape. By quantitatively camparing 
both final product geometries, it is shown that the resulting differences are rather smal! 
(figure 3.18). 

Comparison geometrie ditlerenoee (mm) 
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Figure 3.18: Geometrical comparison of two parabalie shaped samples. The difference 
in the normal direction is presenled in mm. 

The average three-dimensional distance error is comparable, and even smaller than the 
reference measurement of 0.13 mm obtained for two identically made samples (section 3.3) . 

Strain distribution 
Two sets of 10 specimens were deformed into the parabalie geometry of which the first 
set was deformed with an intermediate pyramidal step. Although the final geometry of 
all specimens of both sets is virtually the same, the internal strain distribution is differ
ent, as can beseen in figure 3.19 where two specimens are observed, representing set 1 
and 2 respectively. The left figure shows a sample which is made with the intermediate 
forming step. The maxima of both the major and minor strain are located in the centers 
of the samples, where the deformation is largest. The final major strain at the end of the 
manufacturing process is higher at the center position for the sample which is made in 
one step (right). The ratio between major and minor strain is about the same for both 
samples. 
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For measuring the thickness of the two sets with an accuracy of 1 J.Lm, a micrometer gauge 
with a spherical tip was used. The average final central residual thicknesses was 0.131 mm 
(27%), and 0.121 mm (33%) for the two-step and one-step processes, respectively. The 
majorstrain at the center is different for both sets of samples, which may be attributed 
to the different non-proportional strain paths during both deformation processes. 

Figure 3.19: Majorstrain percentage of two differently processed parabalie shaped sam
ples. On the left: sample fabricated with the intermediate pyramidal shape, 
on the right: single step fabricated parabalie sample. 

The same one-step and bvo-step experiment, again for two sets of 10 samples, has been 
done with another material: 0.21 mm thick T67CA sheet from Corus RD&T (Appendix 
B). In these tests it was observed that the parabolic geometry cannot be made in one 
single step. As shown in figure 3.20, a crack is formed which originates in the center. 
However, when the specimens are first deformed to the intermediate pyramidal geometry 
and subsequently to the parabolic one, the material does not fail. 

Figure 3.20: Two- and one-step deformation process. On the top left the sample can 
be seen without defects whereas the sample on the right has fractured. 
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3.4.3 Proportional deformation paths 

In this section, another loading experiment wil! be investigated in which a proportional 
load is applied, resulting in three different loading experiments. The effect of this choice 
wiJl be further investigated by means of finite element simulations. Several optimum 
forming strategies [13, 40, 44, 46, 56, 60] are based on the objective to minimize the 
dissipated (plastic) work during the manufacturing process. In genera!, these strategies 
assume a proportional strain path in every material point, which cannot be realized with 
rigid dies. Within this context, the principle of the 3D discrete forming tooi is particularly 
interesting and wil! be further elaborated. 

L 
Figure 3.21: Elastic optimization for the forming of a pyramidal shape. On the left, 

the initial nodal positions of the original surface mesh. On the right, the 
result of the elastic optimization procedure with the nodes projected on the 
z-plane. 
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Elastic projection 
First the case of a pyramidally shaped product is considered. The contour of the initia! 
blank does not change and the sheet has a uniform thickness. For an arbitrary mate
rial point of the blank a nearly linear trajectory is selected during the formation of the 
pyramidal shape, using a simplified FEM analysis such that the evolutions of all strain 
components are linear proportional. First, the final pyramidal geometry is meshed, see 
figure 3.21 on the left. Using a linear elastic finite element analysis, the z-displacement 
of every node of the pyramidal shape is prescribed in order to create a completely fiat 
surface, where the contour of the mesh is constrained in x- and y-direction. As a result, 
the final, energetically most favorable x- and y-positions, within the linear elastic assump
tions made, of the element nodes are calculated. Several calculations with different elastic 
parameters indicate that this is a pure geometrical analysis. 
When all nodes are moved proportionally along a linear path in 3D space from the calcu
lated position on the xy-plane to the initia! position on the pyramidal surface, the material 
is proportionally strained during the deformation process. Next, an experiment wil! be 
described in which the material is deformed in a nearly proportional manner by using the 
discrete die. 
Based on this numerical analysis, it is possible to determine a continuously variabie die 
geometry, for the fabrication of the parabolic shaped geometry. At this stage, it is de
cided to use 6 intermediate die geometries for practical reasons. The applied deformation 
is in fact a discretized optimum forming operation, which is schematically illustrated in 
figure 3.22. 

optimum deformation path 
-........ 

deformation '-...... discretized deformation path 

time 

Figure 3.22: Schematic representation of the near optimum deformation experiment. 

A set of 15 circular blanks, 0.18 mm thick and made of steel quality T57CA, is used to 
perform the experiment. The thicknesses of the samples are measured at the centers after 
every step with an accuracy of 0.001 mm, using a micrometer gauge with a spherical tip. 
For the 15 samples, the average thicknesses at the intermediate steps are presented in 
table 3.1. 

measured thickness (mm) 0.143 
predicted thickness (mm) 0.150 

Table 3.1: Measured and predicted thicknesses, at each intermediale forming step. 

The final thickness at the center is 0.143 mm which is a 20% thickness reduction. The av
erage thickness of the 15 single-step manufactured samples is 0.121 mm which corresponds 
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toa 33% thickness reduction, which is considerably different from the near-proportionally 
deformed samples. In the next section, three different toading path simulations are inves
tigated, which represent the experiments from this section. 

3.4.4 Optimum forming simulations 

The fabrication of the experimentally analyzed parabalie shaped product is next simu
lated with three different toading paths: one-step, two-step and proportional. For all 
simulations, a standard isotropie elasto-plastic material model has been used with a Von 
Mises yield criterion. The material harderring is described by relating the yield stress to 
the effective plastic strain. The material is considered to behave isotropie and the die 
surface is modeled as a rigid surface. It should be noted that the initia! blank shape and 
the final deformed outer surface geometry is the same for all three processes, and the 
only differences are the applied boundary conditions. In the experiments, a rubber pad 
forming configuration is used in which the forming pressure is increased to to 35 MPa. In 
the simulations, this pressure is applied directly to the sheet and no rubber pad has been 
simulated. 
One sample is directly formed using the parabalie die, whereas the second sample is first 
formed with a pyramidal die and subsequently with the parabalie die. During this experi
ment the forming pressure is first increased to 35 MPa with the pyramidal die after which 
the pressure is decreased to zero. Then, the same procedure is repeated with the parabalie 
die. The proportionalloading simulation is dorre by prescrihing the displacements of every 
node from the calculated position on the xy-plane to the final position. The stress and 
strain distribution and the ratio of major and minor strain have been determined for all 
three cases. In figure 3.23 the results are presented. 

Figure 3.23: Numerical results for the three deformation processes. Evolution of the 
major and minor strain at the center of the sample during proportional, 
two-step and one-step loading respectively. 

Numerical results 
Figure 3.23 on the left, shows that the theoretica! thickness reduction at the center, for 
the proportionalloading experiment is 17%, which is slightly less than the experimentally 
obtained 20% thickness reduction. However, consiclering the simple elastic back projection 
used and the fact that the experiment has been dorre with only 6 intermediate steps, this 
is a good result. The experimentally realized 33% thickness reduction for the single-step 
deformation process is in good agreement with the predicted value of 32%. 
In figure 3.23, the evolution of the major and minorstrains are presented for the center 
of the sample where the material is most prone to failure. On the left, the results are 
presented for the deformation process in which proportional loading is applied. In the 
one- and two-step processes (right and middle), the strain evolutions are clearly non-
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proportional. Figure 3.24 shows the results for the thickness evolution of the three pro
cesses as well as the ratio between major and minor strains. 
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Figure 3.24: Numerical results for the three deformation processes. The thickness 
reduction of the center and the mtio of major and minor stmin for the 
three processes. 

It is observed that the final thickness at the center is the largest in the proportionally 
deformed sample and that the thickness of the one-step manufactured sample is smaller 
than that of the two-step manufactured sample. Although the final ratios of major and 
minor strains are about the same, it is observed that the evolution of the ratio is com
pletely different. For the two-step manufactured sample, the ratio increases monotonically 
whereas the ratio for the one-step manufactured sample has a minimum value halfway 
the process. Table 3.1 also shows that thicknesses of the samples in the center during 
the near-proportional experiment differ slightly from the predicted values, which is an 
indication for how proportional the experiment really was. 

The predicted thickness reductions for the three samples are 17%, 32% and 28% for 
the proportional, the one-step and two-step manufactured samples respectively, which 
correspond well to the experimentally obtained values of 20%, 33% and 27%. In spite of 
the assumptions made (elastic back projection, discretized forming path, isotropy), the 
prescribed loading path is really close to proportional. However, at this stage the plastic
ity model does not account for non-proportional strain path effects, which may alter the 
results. 

3.5 Conclusions 

Finally the conclusions of this study are briefly summarized. 

• From an industrial perspective, considerable research efforts have focussed on the 
optimization of processing parameters such as blank design, restraining forces and 
blankholder pressure to obtain products without defects and in order to deal with 
elastic springback effects. This contri bution has emphasized the potential of discrete 
die forming within the context of optimum forming techniques. 

• lt is shown that the small scale discrete die concept can be used successfully in a 
rubber pad forming configuration. 
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• The SSDD prototype and the conventional rigid tooling result in products with 
almost the same surface shape quality. 

• The smal! scale discrete die prototype can be used as a research tooi in order to 
validate numerical experiments that focus on elastic springback effects and optimum 
forming strategies. Already one experiment has been done that shows the potential 
of optimum forming by using the SSDD prototype. 

• The results from a one-step, two-step and semi-proportional forming experiments 
indicate a clear potential of a reconfigurable forming device with respect to optimum 
forming. 
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Experimental characterization of 
directional hardening effects in 
metals for complex strain path 
changes. 

Abstract 

The objective of this work is the experimental characterization and validation of a re
cently proposed phenomenological model for directional harderring effects in sheet roetal 
deformation processes. The model used is a generalization of the original formulation 
by Teodosiu and Hu (1998) and prediets directional harderring effects for arbitrary strain 
path changes (Wang, Levkovitch, Svendsen, 2005). The experimental setup consists of a 
new pure bending device that enables the analysis of orthogonal, large deformations, high 
cycle reversed loading as wel! as elastic springback effects. The key feature of the pure 
bending experiment is the absence of additional boundary effects such as friction, con
tact farces and material slip at the darups which allows fora straightforward comparison 
of the pure bending experiments and parallel simulations. Mechanica! responses during 
the bending experiments and simulations are only determined by the constitutive model 
and its associated material parameters, which eliminates undesired secondary effects as 
present in alternative setups. 

Keywords : Teodosiu model, directional hardening, elastic springback, sheet forming, pure 
bending 

4.1 Introduetion 

Sheet roetal forming operations are generally analyzed using conventional Forming Limit 
Diagrams (FLD's) which arebasedon proportionalloading experiments. However, even 
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in a single-step forming process like deep-drawing, non-proportional strain path changes 
are mostly present. It is known that this leads to results which cannot be predicted by 
classica! FLD's. 
Many studies (Viatkina 2005, Nesterova et al. , 2001a,b; Bouvier et al., 2003; Haddadi et 
al., 2006) show that the complex strain path dependency is the result of interaction of the 
material microstructure evolution and the toading conditions. In other studies (Bouvier 
et al., 2005; Montleau , 2004), the effect of toading path changes on the reorientation of 
dislocation structures is investigated and it is shown that the resulting harderring effects 
cannot be described by standard isotropie and kinematic harderring models. 

Several material models try to capture the additional harderring effects by decomposing 
the stress evolution in two parts: one for the response to proportional loading and the 
other for non-proportional effects, such as the additional harderring (Zhao, 2006). 
Other models, based on that of Teodosiu and Hu (1995, 1998), have been used by a 
number of authors (e.g. Liet al., 2003a, b; Bouvier et al., 2003, 2005; Montleau, 2004; 
Hiwatashi et al., 1997,1998) to model the additional anisotropic harderring effects for non
proportional strain paths. These models all originate from the original Teodosiu model, 
and account for directional harderring effects due to a reorientation of persistent planar 
dislocation structures upon changes in toading direction. The directional harderring be
havior is also influenced by the effective polarity of excess dislocation pile-ups at these 
structures. In addition, the Teodosiu model deals with standard kinematic and isotropie 
hardening effects. The influence of persistent planar dislocations is represented by an in
tema! variable: a stress-like fourth-order symmetrie tensor decomposed into dynamic and 
latent parts, characterizing the interaction between the previously formed persistent dis
Jocation structure and the current inelastic flow direction. Others use a micromechanical 
approach in order to account for non-proportional strain path dependent effects (Viatk
ina, 2005; Peeters, 2001a,b, 2002). 

Recent work of Morrtleau (2004) and Wang and Levkovitch (2005) has shown that the 
original formulation of the Teodosiu model (Teodosiu and Hu, 1995, 1998) only prediets 
the cross hardening effect (increase of yield stress after orthogonal strain path change) 
after unloading and subsequent reloading. As shown by these authors, the numerical 
choices of the deformation rate direction at the beginning and the end of each time step 
are crucial to obtain correct results. The work of Wang and Levkovitch (2005) presents a 
modification of the original model, which is also used in this paper, such that the effect 
of latent directional harderring on the total behavior is also incorporated for continuously 
changing strain paths. 

So far, most of the experiments used to determine the material parameters for the Teo
dosiu model are done with a combination of uniaxial tensile tests and shear tests which 
enable both orthogonal and Bauschinger strain path changes. The effect of directional 
harderring on e.g. the elastic springback behavior has been investigated for several ma
terials, however, additional boundary effects such as stress concentrabon and material 
slip at the clamps can be a classica! souree of inaccuracies. This paper presents a newly 
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developed mechanica! test in which a pure bending moment can be applied to a sample, 
eliminating the inftuence of friction , contact farces and slip. lt is also possible to apply 
large strains in cyclic loading. A rectangular sample is clamped and either the bending 
angle or the bending moment can be controlled. An accurate and straightforward proce
dure can be carried out to campare the numerical results to the experimental results. 

In section 4.2, the key features of the modified Teodosiu model and the effects of arbitrary 
strain path changes on the harderring behavior will be recalled. Sectien 4.3 introduces 
several experimental tools, among which the pure bending experiment, that are used to 
investigate reversed loading tests and orthogonal strain path changes. Sectien 4.4 presents 
the strategy and fitting procedure in order to determine the model parameters for DC06 
steel. Section 4.5 will present an independent set of experiments and numerical results 
for the verification and section 4.6 finally concludes the chapter. 

4.2 The Teodosiu formulation 

This sectien first reviews some experimental evidence to provide the physical background 
of the model. The most important feature of the microstructural events during the defor
mation of metals is the formation and evaJution of persistent dislocation structures which 
will be discussed according to different loading cases. 

4.2.1 Monotonic loading 

Persistent dislocation structures form whenever a sufficient amount of monotonic defor
mation is applied along a deformation path. Subsequently, plastic slip develops mainly on 
parallel slip planes, and dislocation sheets are formed parallel to the slip direction (Steeds, 
1966). The crystallographic misorientation across a dislocation sheet causes an excess of 
dislocations of the same sign (polarity) at each side and results in a continuous increase 
of stresses of a dislocation wall structure. 

4.2.2 Arbitrary strain path change 

In order to characterize an arbitrary strain path change, Schmitt, Aernoudt and Baudelet 
(1985) introduced a scalar parameter (3, defined as 

(4.1) 

where thesecond-order tensors A 1 and A 2 represent the direction of the strain rate tensor 
Dp befare and afterastrain path change, respectively. Parameter (3 varies from 1, which 
represents a monotonic loading situation, to -1, which represents a reversed loading test. 

Reversed strain paths 

In the case of a load reversal ((3 = -1), first elastic unloading takes place. After that, 
dissalution of the previously formed dislocation cel! structures occurs, during which the 
structures wil! be partially disintegrated. Finally, new dislocation cell structures are 
formed, which results in resumed work harderring (Hasegawa et al., 1975). The effect 
of these microscopie events on the macroscopie behavior is illustrated in tigure 4.1. A 
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Figure 4.1: The effect of different toading paths on the macroscopie material response 
for monotonie, reversed and orthogonal strain paths. 

reversed deformation preceded by a sufficiently large amount of shear (case 3) begins with 
a microplastic regime of rapid work hardening foliowed by a stagnation and a resumption 
of work hardening. The extent of strain hardening stagnation increases with the amount 
of preshear. This phenomenon has first been observed by Hasegawa and Yakou in 1974 
and it occurs both in f.c.c. and b.c.c. polycrystals whenever the amount of prestrain 
is sufficiently large. (Hasegawa, Yakou and Karishma, 1975; Christodoulou, Woo and 
MacEwen, 1986). 

Orthogonal strain paths 

An orthogonal strain path change (!3 = 0) involves the activation of latent slip systerns 
that were inactive during predeformation. During the first stage, the flow stress is always 
higher than during the monotonic deformation at the same accumulated strain. It is be
lieved that the preformed dislocation structures act as obstacles for the newly activated 
slip systerns. During the second stage, a softening effect can be observed which is stronger 
when prestrain is larger and is caused by localization of the strain at the intragranular 
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scale. Parallel microbands along the new slip planes are responsible for the plastic defor
mation. In the third stage, the work harderring is resumed due to the formation of new 
dislocation cells. 
For the orthogonal strain path change, the transition from one loading direction to the 
other can be either with or without elastic unloading. Since the activated dislocation 
structures after a continuous strain path change, compared to a strain path change with 
elastic unloading are more or less the same, the macroscopie experimental response after 
the strain path change is also more or less equal for both cases. 

4.2.3 The original Teodosiu model 

The plastic behavior of metals does not only depend on the current state of deformation 
but also on the deformation history which can be represented by an adequate number 
of internal state variables. The work harderring of metals at moderately large strains is 
dominated by the initia! texture and by the contribution of the microstructural evolution. 
The influence of the texture evolution on the work harderring is not considered in this 
work, since the prime focus is on the abilities of the experimental validation. 

In the incremental plastic formulation of Teodosiu and Hu (1998) , the stress state in a 
material point is represented by the Kirchhoff stress tensor K. To eliminate the influ
ence of rigid body rotations, an incrementally rotation neutralized Kirchhoff stress tensor 
QT · K · Q is used, where Q is the rotation tensor descrihing the rotation of the current 
state with respect to the start of the increment, which is used as a reference configuration 
for deformation. 
In a standard plasticity model, the transition from elastic to elastoplastic deformation is 
characterized by a yield function cfi: 

c/i=Ueq-uy(€) < 0 

=0 
--> elastic deformation 

--> elastoplastic deformation 

(4.2) 

(4.3) 

where ueq is the scalar equivalent stress, determined from the three-dimensional stress 
state. The current yield stress Uy depends on the deformation history, which is generally 
characterized by an effective plasticstrain E, calculated as the integral over the deforma
tion history of an effective plastic strain rate: 

€ = lt È dT 
T=O 

(4.4) 

where Dp is the plastic deformation rate tensor. 
During plastic deformation the volume of the material will not change. A hydrastatic 
stress state has no influence on the transition from elastic to elastoplastic deformation 
and therefore the equivalent stress Ueq is a scalar function of the deviatoric stress tensor 
defined as 

(4.5) 

The material considered here reveals kinematic harderring effects, which can be described 
by a traceless backstress tensor X and incorporated in the equivalent stress definition. 
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The backstress represent the preserree of polarized dislocation walls that contribute to the 
local stress state. It describes rapid changes in stress under reversed deformation and is 
used to describe effects that are typical for large amplitude cyclic deformation. As will be 
shown in the next sections, this backstress parameter is important for the pure bending. 
Because the rolled sheet metal's microstructure gives rise to initia! anisatrapie plastic 
behavior, Bill's equivalent stress UH is used in the yield criterion: 

UH= J(M-X): 4 A: (M-X) (4.6) 

where 4 A is the fourth-order symmetrie traceless Hill flow anisotropy tensor. 

The isotropie harderring is described by an extra term r in the yield function, related 
tot:: u 0 = Uyo + r(t:), where uyo is the initia! yield stress. 
Indicating state variables and material constants, the yield criterion can be written as 

(4.7) 

Jnfiuence of dislocation structures 
On the basis of the microstructural observations and in particular those concerning the 
effects of orthogonal strain path changes on the harderring behavior, Teodosiu and Hu 
(1998) incorporated the infiuence of dislocation structures into the plasticity model. The 
dislocation structures, which develop during plastic deformation, result in extra plastic 
dissipation represented by 

(4.8) 

where the microstructural fourth-order symmetrie tensor 4 S has the dirneusion of stress. 
Th is tensor is additively split into a dynamic ( 4 Sd) and a latent ( 4 S1

) part: 

48 = 4sd + 48 1 (4.9) 

where 4Sd represents the effect of dislocation structures associated with the currently 
active slip systems, whereas 48 1 represents the harderring effect of dislocation structures 
associated with latent systems, in particular responsible for cross harderring effects. 
It is assumed that the dissipated work due to the occurrence of latent dislocation structures 
is zero 

D · 48 1
· D - 0 p· . p- (4.10) 

and that the dissipated work due to the dynamic dislocation structures, using Ap = 11 ~: 11 , 
can be written as 

Dp: 4Sd: Dp = IIDPII 2Ap: 4Sd : Ap = sdiiDPII 2 

which implies 4 Sd = sd A pAp because Ap: Ap = 1. 

( 4.11) 

The inftuence of dislocation structures on the harderring also depends on their polarity, 
due to the excess of dislocations with the same sign on each side of a dislocation sheet. 
Teodosiu and Hu incorporated this effect by introducing a second-order dimensionless 
traceless polarity tensor P into their model as an internal variable. Bath the backstress 
X and the scalar sd are a function of P. 
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When a microstructure is not polarized (wel! annealed) the polarity tensor is zero (IIPII = 
0), but when a microstructure is completely polarized, e.g. after monotonic deformation, 
P = Ap, so IIPII = 1, where Apis the direction of the plasticstrain rate tensor Dp during 
predeformation. In general we have 0 :s; IIPII :s; 1. 

In the Teodosiu model, the tensor 4 8 is incorporated in the backstress X inftuencing 
its magnitude and in an extra isotropie harderring term: 

ay = ayo + r + !11 4 811 ( 4.12) 

where f is a material constant. In symbolic form the extended yield function can now be 
written as 

( 4.13) 

with 

( 4.14) 

Evolution equations 
In the above model, the deformation history is characterized by five internal variables: r, 
X, sd, 48 1 and P. The current values of these variables must be determined by solving, 
i.e. integrating the associated evolution equations. In the Teodosiu model the rate of the 
internal variables is related to the effective plastic strain rate by tensor valued functionals. 

Isotropie hardening 
In the Teodosiu model, the Voce harderring rule is used: 

r = Cr(rsat- r)E ( 4.15) 

where rsat represents the saturation value of r; Cr a material constant that contro]s the 
saturation rate. 

Backstress 
In the Teodosiu model, the evolution of the backstress tensor is given by the relation 

. 1 
X= [cx{-Xsat(M- X)- X} jE 

aH 
( 4.16) 

The material constant Cx controls the saturation rate. The saturation value Xsat is con
sidered to be inftuenced by the persistent dislocation structures and is thus a function of 
48 

( 4.17) 

In this relation, x0 represents the (constant) value of Xsat for the case that f = 1, i.e., 
when directional harderring does not occur. Parameter m represents the fraction of latent 
harderring processes. 

Dynamic dislocations 
The evolution of sd is given by 
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( 4.18) 

Parameter cd controls the saturation rate, and Ssat is the saturation value of sd. 
The material function hp describes the contri bution of dislocation polarization processes to 
current directional hardening. The magnitude of these contributions dependsin particular 
on the projection Ap: P. Teodosiu and Hu (1998) proposed: 

{ 

Cp lsd I 1--- --Ap:P 
h _ Cd + Cp Ssat 
P- c sd 

(1 + Ap: P)"" (1- _P __ ) 
Cd+ Cp Ssat 

(4.19) 

When the material is subjected to monotonic loading at constant strain rate direction, P 
tends towards Ap giving Ap : P = 1. In addition, sd tends to become equal to Ssat and 
hp first gradually decreases from 1, passes through alocal minimum, and when the strain 
is sufficiently large, reaches 1 again. If the material is subsequently subjected to a load 
reversal, Ap: P = -1 and hp = 0. 

The influence of kinematic harderring processes on sd is characterized by the material 
function hx, given by 

( 4.20) 

When hp = 0, as a result of load reversal, hx determines the harderring as long as lXI has 
not reached its saturation value Xsat· 

Note that hx attains non-negligible values only duringa microplastic stage. In particular, 
hx accounts for the slight decrease of sd as the backstress approaches its saturation value. 
According to (4.18) and (4.19), this condition corresponds to the temporary stagnation 
of work harden ing. As the strain increases in the reversed direction, Ap: P increases 
gradually towards positive values, leading to an increase of hp and to the recovery of the 
work hardening. 

Latent dislocations 
The evaJution of 48 1 is given by 

(4.21) 

Material constant c1 controls the saturation rates of 11 48 1
11- The exponent n1 determines 

the inftuence of prestraining. 

Dislocation polarity 
The evaJution of the second order dimensionless traceless tensor P is given by 

( 4.22) 

where Cp is a material constant. When the material is subjected to monotonic loading, 
P = Ap and P = 0. 
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Resume 
The rate of internal variables r, X, sd, 48 1 and P, is related to the effective plasticstrain 
rate by tensor functionals, depending on material constants: 

i= Fr(Tsat, Cr)Ë 
. d 4 l . 
X=Fx(M,X,s, S;cx,xo,f,m)E 

sd = Fsd(Ap, P, sd, M, X; Cp, Ssat, Cd, np)Ë 

4 ·I ( 4 ) . s = Fst St; Ct, Ssat, nt E 

p = Fp(Ap, P; Cp)Ë 

The modified Teodosiu model 

( 4.23) 

(4.24) 

( 4.25) 

(4.26) 

( 4.27) 

During metaJ forming operations, non-proportional loading paths commonly occur in a 
continuous changing manner without intermediate (elastic) unloading steps. In the work 
of Wang and Levkovitch (2005), an example is given where an orthogonal loading path 
change (uniaxial tension to simple shear) is considered without unloading. They point 
out that in this case, Dp is always non-zero and varies continuously. The result is that 
48 1 remains zero although there has been an orthogonal strain path change. In order to 
handle orthogonal strain path changes, bath withand without unloading, they proposed a 
modification of the Teodosiu model. An evaJution relation for 4S conceptually equivalent 
to the model of Teodosiu, was proposed by combining (4.18) and (4.21.) to obtain the 
evaJution equation 

( 4.28) 

The macroscopie material response of this generalized model for an orthogonal strain path 
change with and without unloading prediets basically identical material behavior, which 
is physically justified since there is no significant change in the preformed dislocation 
structures during elastic unloading. 

Constitutive equations 
The original Teodosiu model was formulated for rigid-plasticity and later, Montleau 
(2004), Bouvier et al. (2005) extended this model to elasto-plasticity. The effect of 
texture on the elastic behavior is neglected and for simplicity the elastic behavior is as
sumed to be isotropic. Since the Teodosiu model is incrementaJ, a rate formulation is 
used for the Kirchhoff stress tensor 

. . d . h d 
K = K + K = 2J.LDe + x; tr(De)I ( 4.29) 

where J.L is the shear modulus and x; the bulk modulus. With D = Dv+D. and tr(Dv) = 0, 
this results in 

K = 2J.L(Dd- Dp) +x; tr(D)I (4.30) 

The rate of the rotation neutralized Kirchhoff stress tensor QT · K · Q is 
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QT · K · Q = 2tt(Dd- Dp) +"' tr(D)I = M + K tr(D)I (4.31) 

where it is assumed that Q = 0 during an incremental step. The plastic deformation rate 
Dp is given by the associated flow rule 

. ort> . ort> oO"H . 1 4 

Dp = >. o(M- X) = >. OO"H o(M- X) = >. O"H A: (M- X) ( 4.32) 

where .À is the plastic multiplier, which can be identified with the effective plastic strain 
rate (. 
During plastic deformation, the consistency relations states that the yield criterion must 
be satisfied: 

r/> = 0 ( 4.33) 

The integration of the constitutive rate equations ( 4.31) ( 4.32) and ( 4.33) to calculate 
incremental stresses and to determine the incremental material stiffness, involves the in
tegration of the evolution equations ( 4.23) to ( 4.27) to update the internal variables. This 
integration procedure and its numerical implementation is described in detail in the pa
per of Wang and Levkovitch (2005). In this chapter, attention is further focussed on the 
experimental determination of the material parameters. 
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4.2.4 Numerical results 

In this section some numerical results are presented. The parameters that have been used 
were initially determined for aluminum-killed mild steel (AKDQ) with a 0.036% carbon 
content and an average grain size of 50 J.Lm, by Teodosiu and Hu in 1998. The parameters 
are listed in table 4.1. The parameters that describe the initia! anisotropic Hill yield 
surface in fact represent a Von Mises yield locus. In figure 4.2a, the evolution of the Von 
Mises stress can beseen as wellas the other internal stress variables II 4SII, II 4S1II and sd 

for a uniaxial tensile test. During the monotonic loading, the latent part 48 1 does not 
evolve, II 4SII equals sd, both saturating to Ssat = 145 MPa. In figure 4.2b, a uniaxial 
tensile test is foliowed by another uniaxial tensile test with a 90 degrees change in the 
loading direction. The cross harderring effect after an effective plastic strain of 0.56 can 
be clearly observed. 

0.4 0.6 0.8 

Effective plastic straln 

Figure 4.2: Two simulations: (a) represents a uniaxial tensite test and the evolution 
of the internat stress variables, whereas {b) shows the directional hardening 
effect aftera 90 degrees change in toading direction at 0.56 plastic strain. 

Parameter value 
Cp 2.7 
Cx 50.0 
Cd 2.7 
Ct 2.7 
c,. 0.0 

f 0.59 
m 2.4 
nt 3.0 

Stress parameters value 
.À 121.2 MPa 

f.l 80.8 MPa 
avo 51.0 MPa 
xo 64.0 MPa 

rsat 0.0 MPa 
Ssat 145.0 MPa 

Hili parameters value 
F 0.5 
G 0.5 
H 0.5 
L 1.5 
M 1.5 
N 1.5 

nv 0.2 

Table 4.1: Parameters of the Teodosiu model for AKQD steel, according to Teodosiu 
and Hu {1998). 



80 Chapter 4 

In figure 4.3a and b, two orthogonal strain path changes are simulated, one with elastic 
unloading and the second one without. 
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Figure 4.3: The evolution of the intemal stress variables. The left and right figure show 
the results for an orthogonal strain path change with and without unloading, 
respectively. 

As can beseen for both cases, the latent parts 11
48 1

11 evolve exactly the same. For the 
original formulation of the Teodosiu model, the latent part would remain zero after the 
strain path change without elastic unloading. 
In figure 4.4, the evolution of hp and hx are presented for a reversed shear test (a) and 
a test (b), where uniaxial tension is foliowed by simple shear. lt can be seen that the 
evolution of hx is only very limited in the case (b) and even in the reversed loading test, 
the value for hx only takes some significant values immediately after the change in loading 
direction. The decrease of hp immediately after the strain path change during the reversed 
loading test refiects the work hardening stagnation effect, see figure 4.1. 

%~----~~~--~o~.2~~-~--=--~-=--~o.3~-=--=·=-=--=--~-o.4 

Effectlve plastic straln 

Figure 4.4: The evolution of the intemal parameters hv and hx. The figures show 
the results for a reversed simple shear test (a) and a simu/ation where a 
uniaxial tensile test is foliowed by a simple shear test {b). 
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4.3 Experimental characterization 

This sectien presents several experimental tools which are used in sectien 4 for deter
mining a complete set of parameters of the Teodosiu model for DC06 automotive steel, 
manufactured at Corus RD&T in the Netherlands. The 0.7 mm thick cold rolled inter
stitial free (IF) steel complies with the European standard EN 10130:1999 and is known 
for its excellent forming and deep drawing capacities. During all experiments, the rolling 
direction of the material must be wel! defined with respect to the experimental setup. 
The chemica! composition of the DC06 material is given in table 4.2. 

Element Ti 
wt% 0.3 

Table 4.2: Chemical composition of the DC06 steel. 

4.3.1 Uniaxial tension and simple shear 

Teodosiu and co-workers based the main features of their model on the material response 
during uniaxial tension and simple shear. These two experiments are suftleient to inves
tigate monotonic toading and both experiments enable a reversed and orthogonal strain 
path change. All their material parameters were determined by these two experiments. 
Besides classica! tensile devices, enabling uniaxial and plane strain tensile tests, a pure 
bending device is here used to apply a pure bending moment on a test specimen. The 
advantage of this test is that large amplitude cyclic loading can be performed up tostrains 
of 60%, which is not possible in ordinary tensile tests in combination with simple shear 
tests. Furthermore, the strain distribution through the specimens is non-homogeneous, 
in contrast to the simple shear and uniaxial tests . Consiclering these ditierences and ac
tual deformations in forming processes, the complementarity of this test is obvious. For 
clarity, figure 4.5 presents the definition of the axes of the sample with respect to the 
loading directions of the uniaxial tensile test, the simpte shear test and the pure bending 
experiment. In figure 4.5, the sample dimensions in the ë1, ë2 and ë3 directions are 20 x 
40 x 0.7 mm3 duringa uniaxial tensile test. 

4.3.2 Strain measurement 

For determining strains, a photogrammetry method is used. In figure 4.6, the results are 
presented fora rectangular specimen (60 x 100 x 0.7 mm3) subjected to uniaxialloading 
up to 50% in the tensile direction. The rolling direction is parallel to the ë2-direction 
as wel!. Before straining takes place, a regular grid is etched onto the metal surface and 
afterwards the deformation of the grid is used todetermine the in-plane strain components. 
The thickness reduction is calculated by using the in-plane strain components, sirree for 
(large) plastic strains volume invariance can be assumed. In figure 4.6a, b and c, the 
results are presented for the major strain, minor strain and the thickness distribution, 
respectively. Later on in this section, bending specimens will be prepared from larger 
predeformed tensile specimens. This method is then used to determine the area in which 
a homogeneaus strain distribution can be assumed. 
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Uniaxial tensile test Sirnple shear test Pure bending test 

Figure 4.5: The principal directions are presenled for the uniaxial tensile test, the 
simple shear test and the pure bending experiment. 

4.3.3 Pure bending 

Reversed loacling, orthogonal strain path changes and elastic springback effects can be 
well investigated by applying a pure bending moment on a rectangular plate. A reversed 
loacling test can be trivially performed by simply applying an opposite bending moment. 
During the pure bending experiment, the sides of a rectangular sample (5) are firmly 
clamped by a pair of hydraulically actuated clamps (3 & 4), see tigure 4.7. The clamps 
are individually mounted on two air suspended linear gu ides (1 & 2) that can move 
frictionless along and around the axes of two cylinders (8 & 9). Because the linear guides 
are positioned at a relative angle of 90 degrees, no lateral force can be transferred from 
one clamp to the other. This means that whenever a sample is positioned in the device, 
the axial and rotational clamp positions are completely determined by the edges of the 
sample. 
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Figure 4.6: The result for a sample, DC06 steel, that was strained up to 5rffo during a 
uniaxial tensile test, in a, b and c, the distribution of major strain, minor 
strain and thickness, is presenled respectively. 

During bending, the virtual rotation point of the device during the experiment is deter
mined by the sample as wel!. 
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One of the clamps (4) provides the rotation, as indicated in ligure 4.7, with an accuracy 
of 0.01 degrees, whereas the other clamp measures the applied bending moment by using 
an elastic joint (6) in combination with a set of strain gauges. The bending moment can 
be measured with an accuracy of 0.02 Nm. The whole set up is positioned on asolid frame 
(7) and measures approximately 1 x 1 x 0.5 m3 . 

The device can be operated in two different modes. In the first mode, the rotation and 
rotation speed is controlled and in the second mode, the bending moment is controlled. 
The second mode is generally used to investigate elastic springback effects. 

Pure bending device 

1. left linear guide 
2. right linear guide 
3. left hydraulic clamp 
4. right hydraulic clamp 
5. sample 
6. elastic joint 
7. base 
8. left cylinder 
9. right cylinder 

Figure 4. 7: Pure bending device with air-suspended clamps. The left clamp records 
the bending moment whereas the right clamp provides the rotation of the 
sample. 

In ligure 4.8, the procedure is illustrated in which a reversed and an orthogonal strain 
path change is explained, in which the different possible processing steps are marked. As 
a starting point, a rectangular flat sample (1) is clamped in the device (2) and a positive 
angle is applied through steps 3 to 6. The maximum positive angle is 180 degrees. Next, 
the rotation is reversed (7) and e.g. in step 8, the bending moment is zero. The angle 
difference between step 7 and 8 is exactly the elastic springback after the 180 degrees 
positive rotation. At this point the sample can be taken out of the device (20) e.g. to 
investigate the microscopie structure by Orientation Image Microscopy (OIM) but the 
sample can also be bend to its neutral position (12) and even further to a maximum 
negative angle of -90 degrees. When e.g. the negative angle in step 13 is sufficient to 
finish in step 15 with a bending moment equal to zero and an angle of zero degrees, a 
complete cycle has been carried out and the flat sample can be taken out (16), however, 
it has a certain deformation history. Then, either reversed loading (Bauschinger test) can 
be applied by repeating the previous cycle or orthogonal toading can be applied. For the 
latter choice, the sample sides have to be removed from the center part (18) because these 
side parts did not plastically deform during the first cycle. Then the sample is rotated by 
90 degrees and clamped in the device again. These steps can be varied in order to apply 
a wel! defined deformation history to the materiaL lt must be noted that the material 
in between the clamps undergoes a uniform deformation in the plane of the sheet (el
and ë2-direction), whereas the strain distribution through the material thickness (ë3 ) is 
non-uniform. 
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Pure bending 18. ~ 17 
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19. ~ 

orthogonal loading path 
plastically defonned nat sample 

I. 
Bauschinger loading patb 

( 
---------------- 0 degrees, neutral position 

3. 45 degrees 

4. 
90 degrees 

5. 

6. 

curved sample 

positive rotatien negative rotatien posilive rolatioo 

Figure 4.8: Schematic representation of the pure bending experiment, allowing for a 
reversed toading test and an orthogonal strain path test. Possible subsequent 
forming steps are indicated. 
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4.3.4 Orientation Image Microscopy 

Orientation Image Microscopy (OIM) is used to investigate the crystallographic grain 
structure and the relative angles of the grains with respect to the sample orientation. 
The DC06 IF steel has a b.c.c atomie structure and the average grain size, determined by 
means of OlM for the as-received material is in the order of 25 to 30 micrometers, as can 
beseen in tigure 4.9. At the grain boundaries, a higher concentratien of cementite (Fe3 C) 
particles can be found. 
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Figure 4.9: On the left, the OlM results for the as-received material, reftecting an 
orthotropic symmetry. The majority of grains are oriented with their [1 1 
1 j direction perpendicular to the plane of the sample. On the right the pole 
figure is presented for the material. 

The grains are presented for the as-received materiaL From the inverse pole figure, it is 
clear that most of the grains are oriented with the [1 1 1] axis, and the family of all [1 
1 1] directions, along the ë3 normal direction of the sample, which is indicated in by the 
high concentratien in the center of the pole figure, where the [1 1 1] axis of the crystals 
is represented. This is also observed in Cheng et al. (2005) and Kocks et al. (1997) for 
b.c.c. rolled sheet metals. 

In the next section, the procedure for determining the material parameters for DC06 
for the Teodosiu model wiJl be given. The photogrammetry methad is used to determine 
strains during the experiments that are used for prestraining and experiments that are 
used for determining the anisatrapie Hili parameters. 

TO 
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4.4 Parameter estimation 

In this section, the procedure to determine all relevant material parameters for the Teo
dosiu model for the DC06 steel is explained. In total, there are 19 material parameters 
which have to be determined through adequate experimental testing. For each experi
ment, a separate numerical si mulation is done. For the fitting procedure, a fini te difference 
method is used which calculates a sensitivity matrix. Except for theelastic constants and 
the parameters for the initia! yield criterion, all material constants are perturbed, one af
ter the other. The response of the model is calculated for every simulation. The sensitivity 
matrix is calculated from the differences between the response for the initia! (estimated) 
parameter set and the response of the perturbed set. 
First, the 2 elastic constants wil! be determined as wel! as the 5 parameters determining 
the initia! yield criterion. Next, a set of 9 parameters are fitted which primarily determine 
the material response during monotonic and reversed loading. Finally, an orthogonal pure 
bending experiment is done to obtain the final 3 parameters. 

4.4.1 Elastic constants and initial yield stress 

The elastic behavior of the material is assumed to be isotropic, and the elastic constants À 

and J.L are determined by Young's modulus and Poisson's ratio. According to the material 
specifications, Young's modulus equals 190 GPa and Poisson 's ratio equals 0.3. For À and 
p,, this yields a value of 109.6 GPa and 73.1 GPa, respectively. The initia! yield stress o-yo 
is determined to be 120 MPa. 
The anisotropy of initia! yielding, reflecting the initia! texture, wil! be described by the 
Hi11'48 yield criterion: 

where 17H is the equivalent Hili stress 

o-H= V(M- X): 4 A: (M- X) ( 4.35) 

with 4 A is the fourth-order symmetrie traceless orthotropic Hili flow anisotropy tensor 
and S;j are the components of the effective stress tensor M - X in the axes of orthotropy 
(section 4.2.) 
Next, the angle a is defined as the angle between the rolling direction and the ë2-direction 
during a uniaxial tensile test. In this analysis, also the change in shape of the yield locus is 
investigated. The yield locus is determined for different samples which all have a different 
amount of prestrain. By using the photogrammetry technique, the longitudinal (E 22P) and 
lateral (EuP) logarithmic plasticstrains are obtained during the experiment, starting from 
an E22P of 0.05. 
Then, the Hill coefficient of anisotropy R, which is a function of the reduction coefficient 
q, is determined for various a: 

R(a) = -
1 

q 
-q 

(4.36) 
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For 6 values of E22P and o: values of 0, 45 and 90 degrees, the R-values have been determined 
using two tests. The results are given in the following table: 

strain level 1 2 3 4 5 6 
E22P 0.05 0.10 0.15 0.20 0.27 0.34 

ay (MPa) 230 280 310 325 335 345 
R(O) 1.92 1.98 1.89 1.81 1.80 1.98 
R(45) 1.98 2.02 2.13 2.13 1.95 2.27 
R(90) 2.21 2.49 2.29 2.59 2.58 2.99 

Table 4.3: Six strain levels: The average R-values as a function of a and the yield 
stress es a y for different values for ~"22P. 

In figure 4.10, the yield loci for strain levels 1 to 6 are presented, where the measured 
R-values are used to determine the yield locus, indicated by the dotted lines. Table 4.3 
shows that the variation of the R-value fora certain o: is rather smallover the measured 
range of E22P, except for strain level 6. This enables the introduetion of the Lankford 
relation for coupling the Lankford coeffi.cient RL to o: independently from E22P: 

RL( a) = 4H- (F + G + 4H- 2N)sin2 (2o:) 
2((G- F)cos(2o:) + F + G) 

( 4.37) 

Equation ( 4.34) shows that for a uniaxial tensile test, this relation reduces to G + H = 1, 
consequently, thesetof parameters for initia! anisotropy is reduced to 3 independent pa
rameters: F, G and N. Forthestrain level, where E22P is equal to 0.34 it was observed that 
a certain amount of localization was present in the samples, and therefore the average 
RL values at E22P = 0.34 are not used for determining the average RL values, resulting 
in RL(O) = 1.88, RL( 45) = 2.04 and RL(90) = 2.43. These observations are in good 
correspondence with the specified minimal R-value for this DC06 steel of 1.8 determined 
by Corus RD&T. Solving the equations yields F = 0.269, G = 0.347, H = 0.653 and N = 
1.56. 
In figure 4.10, these val u es are used to construct a yield locus ( solid line) for strain levels 
1 to 6. It is observed that the constructed yield loci for strains up to 30% correspond well 
to the experimentally determined set of yield loci. Beyond 30%, i.e. curve 6, differences 
are getting more pronounced. The curve which is indicated by the number 0, is the yield 
locus for the undeformed material, constructed with the average Hili parameters and an 
initia! yield stress of 120 MPa. 

At this point, already 7 material parameters have been determined: À, JL, ayo, and the 
anisotropic Hili parameters F, G, H and N. In the next sections, the focus wil! be on the 
evolution of the plastic material behavior and the corresponding parameters. 
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Figure 4.10: The Hili yield loci for different amounts of prestrain. The numbers cor
respond to the measurements in table 4.3. 

4.4.2 Monotonic and reversed cyclic loading 

In this section, four experiments are carried out where the scalar j3 = A 1 : A2 is equal to 
either 1 or -1, where A 1 and A 2 represent the direction of the strain rate tensor befare 
and after the strain path change, respectively. By means of a parameter fitting procedure, 
9 parameters are determined: 

• rsat, the saturation value for the isotropie hardening r representing the randomly 
oriented dislocation structures, as a function of the effective plastic strain. 

• c,., cantrolling the evaJution rate of isotropie hardening. 

• Ssat, the saturation value for the isotropie hardening term II 4SII representing the 
dislocation structures, as a function of the effective plastic strain. 

• Cd, cantrolling the evolution rate of the dynamic part of 11 4811· 

• np, cantrolling the evaJution rate of the hardening term sd. When np is increased, 
the recovery of the hardening term sd after reversed loading is slowed down. 

• Cp, cantrolling the saturation rate of P. 

• J, the fraction of the hardening caused by oriented dislocation structures. When 
f equals 0, the directional hardening due to oriented dislocation structures is fully 
assigned to the kinematic hardening term X. 

• x0 , being the initia! value of the saturation value for the backstress. 

• c", cantrolling the saturation rate of the backstress as a function of the effective 
plastic strain. 
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Pure bending 
The first experiment, is the pure bending experiment, which can be considered as a series 
of simultaneous plane-strain tensile and compression test through the thickness. The ef
fective thickness reduction is zero. The preserree of both compression and tension stresses 
at any time enable repeated reversed bending tests without necking. The sample dimen
sions are 10 x 100 x 0. 7 mm3 . The sample is bend in 5 cycles, each cycle to 125 degrees 
and back to 0 degrees. 

The pure bending simulations are performed with four-noded quadrilateral shell elements 
with 19 layers through the thickness, where layer 1 represents the surface layer. Each 
node has six degrees of freedom and the bending angle is prescribed on the edge of the 
element mesh. Theoretically, the simulation can be performed with only one element sirree 
the strain distribution in the plane of the sample is uniform, however for clarity a more 
elaborate element mesh is used (figure 4.11) representing a segment of the sample in the 
test specimen. 

Figure 4.11: Simulation of the pure bending experiment in three stages. The element 
mesh represents only a small segment of the sample since the strain dis
tribution in the plane of the sheet is homogeneous. A rotation along the 
e2-direction is prescribed. 

Plane strain tension 
A plane strain tensile test is performed (courtesy of Maarten van Riel, UTwente) without 
strain in the e1-direction. The sample dimensions are 45 x 3 x 0.7 mm3 . During this test, 
the lateral strain €11 can be neglected and the only strain components are the €33 and the 
E22 components. The €22 strain is monitored by means of strain gauges and is used to 
determine the true stress. 

Uniaxial tension 
A uniaxial tensile test is carried out on a sample with dimensions of 60 x 120 x 0.7 mm3 . 

Strains are measured with the photogrammetry methad up to 45% of plastic strain in 
the e2-direction at 10 intermediate stages in order to determine the in-plane strain com
ponents. Combining the reaction force and the strain measurements, provides the true 
stress during the experiment at 10 stages until the onset of necking. 
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Simple shear 
A simpte shear test has been performed (courtesy of Maarten van Riel, UTwente) which 
completes the set of experiments in this section, see figure 4.5. 

The 9 indicated parameters are next fitted for the four experiments. The 7 elastic param
eters from the previous section are used and the remairring three other parameters have 
no significant influence on the numerical response for now, except for the simpte shear 
simulation where a smal! evolution of the latent part 48 1 is observed. As a consequence, 
these 3 parameters have to be determined/fitted with another set of experiments, as wil! 
bedescribed further on. The procedure yields the following set of parameter values: rsat= 

82 MPa, Cr=17, Ssat=128 MPa, cd=ll, np=28, Cp=5.87, f=0.26, Xo=17.95 MPa, Cx=151. 

In figure 4.12, on the left, the experimental results are presented for the plane strain 
tensite test, the uniaxial tensite test and the simple shear test, as wel! as the numerical 
predictions with the Teodosiu model and the set of fitted parameters. On the right, the 
results are presented for the pure bending experiment. 

%~--~~--~0~.2~--~0.3~--~o.~.----~ 
True/shear strain 

~~--~2~,----~,o----~7,~---7,~--~,25 
Clamp rotatien in dagrees 

Figure 4.12: On the left, the plane strain tensite test, the uniaxial tensite test and the 
simpte shear test. On the right, the result from the pure bending exper
iment where a sample is bend over 5 cycles, each from 0 to 125 degrees 
and back. 

It was found that Cr, which controts the saturation speed of the isotropie hardening, has 
a big effect on the material harderring in the beginning of the uniaxial, plane strain and 
simpte shear test up to 0.2 true/shear strain, whereas a considerable effect in the pure 
bending experiment is seen during the first cycle (0-125-0 degrees). The saturation value 
rsat> Ssat and the combination of f and Cx determine the level of the reaction moment after 
cycle 2 as wel! as the harderring behavior during the monotonic tests after 0.2 true/shear 
strain. 
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Figure 4.13: Numerical results for the bending experiment. For layer 1, on the left, the 
evolution of the 4 S variables, on the right, the evolution of the backstress 
variables, all as a tunetion of the effective plastic strain. 

This is in accordance with the results presented in figures 4.13 and 4.14, where it can 
be seen that the evolution of II 4SII stagnates after an effective plastic strain of 0.4, and 
so does lXI and r . In the bending experiment this is represented by a stagnation of the 
reaction bending moment after 2 cycles. It is believed that the difference between the 
monotonic tests and the numerical predictions, after 0.3 of true/shear strain, is due to 
the evolution of texture, which is not incorporated here. 

\ u u u u u u u u 
Effective plastic straln layer 1 

Figure 4.14: The numerical results for the bending experiment. The evatution of the 
isotropie hardening variabie r as a function of the effective plastic strain, 
for layer 1. 

In tigure 4.15, the behavior of the hp and hx parameters are presented for the pure bending 
experiment. It is clear that the value for hp drops to zero immediately after the loading 
direction is reversed. lts evolution is determined by thesetof parameters: cd, ep, Ssat and 
np. The value for hx has only a non-negligible value after the abrupt change in loading 
direction, and plays only a minor role. 
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Figure 4.15: On the lejt, the evolution of the hp parameter and on the right the evolu
tion for the hx parameter, as a function of the effective plastic strain. 

4.4.3 Orthogonal loading experiments 

The parameters that are determined in this section are: 

• c~, forthelatent part of the evaJution equation (4.21). 

0.9 

• n1, the exponent in equation (4.21) governing the evaJution of 48 1 due to prestrain
ing. 

• m, for the extra contribution of the latent part 48 1 for determining Xsat through 
equation (4.17). 

For these parameters, an evaJution of 4 8 1 must be realized and therefore orthogonal ex
periments are carried out. One experiment, which already has been introduced, is the 
simpte shear test. An additional orthogonal experiment is performed in which the mate
rial is first prestrained during the pure bending experiment. A rectangular sample with 
dimensions of 20 x 100 x 0. 7 mm3 is bend three times to an angle of 135 degrees and 
back to zero degrees. Then, a negative angle of 7 degrees is applied in order to obtain a 
perfectly flat sample that can be taken out of the device. From this prestrained specimen, 
two samples are prepared of which one is used for a reversed pure bending test, and the 
other for an orthogonal pure bending test. The effective sample dimensions are 20 x 20 x 
0.7 mm3 . 

With the fitting procedure, the values c1 = 1.95, nt = 0, r = 2.5 are obtained. In figure 4.16 
on the left, the result of the predeformation is presented along with the corresponding 
numerical prediction. On the right, the reaction moments of the reversed and orthogonal 
bending experiments are presented tagether with the numerical predictions. The com
plete set of fitted parameters is used and an adequate agreement between numerical and 
experimental results is revealed. 
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Figure 4.16: The left figure shows the reaction moment as a function of the rotation. 
During the predeformation the specimen is bend three times to 135 degrees. 

As can be seen, the bending moment for the orthogonal bending experiment is consider
ably higher compared to the reversed loading experiment. An explanation can be found 
in the next set of figures. After three cycles, the effective plastic strain in layer 1 is 
approximately 0.26. For the orthogonal bending experiment, tigure 4.17 on the left, an 
abrupt change is observed for the evolution of II 4S1II- After the strain path change, the 
corresponding value for II 4SII however, is not significantly higher compared to the reversed 
bending experiment after 0.26 effective plastic strain. 

Figure 4.17: The evatution of the II 4 SII variables for the orthogonal and the reversed 
bending test, respectively. 
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Figure 4.18: The evolution of the backstress variables for the orthogonal and the re
versed toading test, respectively. 

The higher level of the bending moment during the orthogonal test mainly results from 
the evolution of the backstress components, immediately after the strain path change, 
see figure 4.18. After 0.26 effective plastic strain, Xsat and as a consequence, lXI increase 
considerably. The value for f of 0.26 also effectively contributes to an increase of harderring 
through the backstress components. 
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Figure 4.19: The evolution of the hp and hx variables for the orthogonal and the re
versed loading bending test, respectively. 

The increase of the backstress just after the strain path change is caused by the instanta
neous increase of the hp parameter as can beseen in figure 4.19 on the left. The first case 
in equation (4.19) applies, since Ap: P = 0, leading toastrong increase of the backstress 
after the orthogonal strain path change and an increase in the bending moment compared 
to the reversed loading experiment. 
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4.4.4 Parameters 

To conclude this chapter, all parameters are presented in table 4.4. 

Parameter value 
Cp 5.87 
Cx 151.0 
Cd 11.0 
Ct 1.95 
c,. 17.0 

f 0.26 
m 2.5 
nz 0.0 

Stress parameters value 
À 109.6 GPa 
p, 73.1 GPa 

ayo 120.0 MPa 
Xo 17.95 MPa 

Tsat 82.0 MPa 
Ssat 128.0 MPa 

Hili parameters value 
F 0.269 
G 0.347 
H 0.653 
L 1.5 
M 1.5 
N 1.56 

np 28.0 

Table 4.4: Pammeters of the Teodosiu model for DC06 steel, obtained from samples 
with a thickness of 0. 7 mm producedat Corus. 

lt can be concluded that the values for Ssat and cd are substantially different compared 
to the values as determined by Bouvier et al. In this study the value for Ssat and cd are 
determined to be 128 MPa and 11, compared to 231 MPa and 4 respectively. 
Probably, the material from Bouvier et al., being produced by a different supplier appar
ently presents some inherently different material properties, even though both steels are 
DC06 coldrolled steels according to the European standardEN 10130:1999. However, it 
is believed that the difference of these fitted parameters can also arise from the experi
mental data used, which is more extensive here. 
One of the key features here is that we investigated the DC06 material response by means 
of a pure bending experiment, at large amplitude, repeated loading, enabling reversed and 
orthogonal strain path changes after several cycles of loading and reversed loading. In or
der to illustrate the difference in the set of parameters, and to rule out the non-uniqueness 
of the fitted parameter set, the material parameters for the DC06 material by Bouvier et 
al. has been used to predict the evolution of the directional hardening variables for the 
pure bending experiment where the specimen is bend five times to 125 degrees and back 
to zero. The results are presented in figure 4.20. 
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Figure 4.20: The evolution of II 4SII and backstress parameters on the left and right 
respectively, for different parometer sets. 
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From figure 4.20 on the left, it is clear that the evolution of II 4 SII is very similar up to an 
effective plastic strain of 0.25. This corresponds to the first two cycles during the pure 
bending experiment. The increase of II 4SII beyond that point results in an increase of the 
saturation value for the backstress and would cause the material to harden considerably 
more, resulting in an overestimated value for the reaction bending moments for cycle 3, 4 
and 5. It is believed that the pure bending experiment clearly enhances the accuracy of 
the determination of the model parameters with respect to the saturation value Ssat· 

4.5 Verification and evaluation 

This section presents the results of a set of independent experiments and numerical pre-
dictions by using the set of material parameters determined in the previous section. 

4.5.1 Tensile-bending experiments 

First, two independent pure bending tests are done on the as-received material, where the 
rolling direction is either the ë2 or the ë1 direction. No significant difference in the reaction 
momentscan be noticed. Next, a series of experiments are carried out where the material 
is first deformed during a uniaxial tensile test with the rolling direction parallel to the 
ë2-direction. Four different levels of predeformation are investigated: 4.4%, 12.5%, 22.9% 
and 32.5% of strain in the ë2-direction. These experiments are repeated twice, and from 
each set two samples are prepared from the center part. By using the photogrammetry 
method, an area is extracted in which the strain distribution is nearly homogeneous. 
During the uniaxial tensile tests, the material is strained in the ê2-direction which results 
in a thickness reduction and a lateral reduction in the ê1-direction. Hence, nopure reversed 
loading or orthogonal toading experiment can be done. After the uniaxial tensile tests, 
two pure bending experiments are done for each set. During the first bending experiment, 
the bending axis coincides with the ê2 tensile direction of the specimen during uniaxial 
tension. This test will be referred to further on as the reversed bending test. For the 
other bending test, the bending axis is perpendicular to the tensile direction, which will 
be referred to as the orthogonal bending test. 
Figure 4.21 shows the bending moment for the four levels of predeformation. For all 
four predeformation strains, the bending moments for the orthogonal bending tests are 
higher than for the reversed bending tests. The difference increases with the amount of 
predeformation. 
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Figure 4.21: Bending moments for the reversed and orthogonal bending tests, with a 
predeformation of 4.4% and 12.5% (top left and right) and 22.9% and 
32.5% {bottom left and right). 

During the predeformation, all specimens are subjected to a uniaxial stress, resulting in 
the evolution of both lateral strain and strain in the tensile direction. The resulting evo
lution of the 48 variables and backstress components is therefore well presented in both 
the reversed loading and orthogonal test as can beseen in figure 4.22 and 4.23. 
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Figure 4.22: Evatution of the 4 S variables for the orthogonat and reversed toading test 
on the tejt and right, respectivety, at different vatues for the predeforma
tion. 

0.6 

Figure 4.22 also shows that for the orthogonal bending simulation, 11
48 1

11 almost com
pletely adopts the value of 11 4811 right at the start of the bending experiment. For the 
reversed bending simulation this effect is less pronounced, leading to no significant change 
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in the evolution of 11 4 SII at the start of the bending experiment. According to these re
sults, the contribution of the isotropie harderring term is greater for the reversed bending 
test than for the orthogonal bending test. 
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Figure 4.23: Evolution of the backstress variables for the orthogonal and reversed toad
ing bending test on the left and right, respectively, for different values of 
predeformation. 

0.5 

Figure 4.23 shows a considerable increase of the backstress at the start of the bending 
experiments for both the orthogonal and reversed bending test. Furthermore, the effect is 
more pronounced for larger predeformation values. Contrary to the evolution of II 4SII , the 
harderring caused by the backstress is higher for the orthogonal bending test, compared 
to the reversed bending test. Due to the value for f = 0.26, the backstress wil! effec
tively contribute more to the macroscopie harderring than the isotropie harderring term, 
represented by fii 4SII, consequently leading to slightly higher bending moments for the 
orthogonal test for all four predeformation values. The numerical predictions for the sam
ples with a predeformation of 4.4%, 12.5% and 22.9%, show an adequate agreement with 
the experimental values; however, the prediction for the 32.5% tests is underestimating 
the level of the bending moments. A plausible explanation for this is presented in the 
next section. 
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4.5.2 Predictions at large strains 

In tigure 4.24, three pole figures are presented for the as-received material and after 
straining in a uniaxial tensile test up to 10% and 35% in the e2 direction, respectively. 
It is observed that the texture of the material clearly changes due to the amount of 
deformation. For the as-received material, a high concentration is found in the center of 
the pole figure which indicates that the [1 1 1] axis of the b.c.c. crystal structure and 
its family of orientations is oriented along the normal of the sample surface (e3). This is 
also the case for the second sample, although a smal! change can be observed. For the 
third sample however, the [1 1 1] b.c.c. axes, and its family of orientations, have moved 
to different orientations. This is indicated by an number of spots with increased intensity 
along the circumference of the pole-figure, indicating a significant change in texture. 
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Figure 4.24: Jilrom left to right, the OlM results for the as-received material, after 
1rl1o of strain and after 35% of strain during an uniaxial tensite test. 
Orthotropic symmetry is assumed and the high intensity in the as-received 
material indicates that the (1 1 1} axis of the crystals are perpendicular to 
the plane of the sample. 

In figure 4.25, the crystallographic structure is presented for the three samples. The 
specimens were grinded and electrolytically polisbed and it is observed that within a grain, 
the crystallographic orientation gradients are considerably larger for an increasing amount 
of strain. The evolution of texture during the bending experiments is not considered here. 
It is believed that it will be different from the uniaxial predeformed samples, where there 
is a considerable thickness reduction, in contrast to the bending specimens. 
The present version of the modified Teodosiu model does not predict extra hardening 
as a function of the reorientation of the crystals (Li, 2003a, b; Hiwatashi, 1997, 1998). 
Nevertheless, predictions forstrains up to 30% during the monotonic toading experiments 
do provide satisfactory results. 
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Figure 4.25: Prom left to right, the OlM results for the as-received material, after 1{/fo 
and 35% of strain (uniaxial tensile test) . The majority of the grains are 
initially oriented with their [1 1 1} direction perpendicular to the plane of 
the sample although the orientation mismatch within the crystals increases 
with the amount of deformation. 
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4.6 Conclusions 

• The pure bending experiment proofs to be a valuable experiment enabling large 
amplitude, repeated loading, reversed and orthogonal strain path changes, and a 
proper analysis of elastic springback effects. 

• During the pure bending experiment, the strain distribution through the material 
thickness is non-homogeneaus and provides a realistic complementary set of experi
mental data (representative for real forming processes). This is particularly relevant 
to enhance the description of kinematic harderring effects. 

• The modified Teodosiu model has been used, and the parameters for the DC06 ma
terial (Corus, the Netherlands) have been determined fora combination of different 
experiments: pure bending, uniaxial and plane strain tension and a simple shear 
test. 

• The values for Ssat and cd are remarkably different from the values found in literature 
for the samematerial quality. lt is believed that the values Ssat = 128 MPa and cd= 

11, are wel! descrihing the material harderring at large amplitude repeated loading, 
sirree the present results rely on a wider scope of experimental data. 

• During monotonic loading, where the strain distribution through the sample thick
ness is uniform and for strains larger than 0.3, the numerical prediction with the 
parameter set for the DC06 material underestimates the experimental findings. 

• For strains larger than 30% during a uniaxial tensile test, the material texture has 
changed significantly, which needs to be incorporated as wel!. 

• An extra term, descrihing the texture dependent evolution of the harderring should 
be added to enhance the model. 
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Optimum forming strategies with a 
discrete 3D reconfigurable forming 
device, part 11 

Abstract 

In most metal forming processes, materials are subjected to large plastic strains. When 
these are too large, e.g. when the forming limit is exceeded, the product cannot be made 
because of material failure, e.g. necking or fracturing. Subjecting the material to a se
quence of well chosen (non-proportional) deformation paths during forming may reduce 
the problem substantially. Optimum forming is here defined as the adequate selection of 
a (sequence of) deformation path(s) such that plasticstrains are reduced during the pro
duction process or such that residual stresses in the final product are optimized, thereby 
minimizing the risk of failure. Realization of an optimum sheet forming process will gener
ally cal! for the subsequent use of different die shapes. A reconfigurable die may therefore 
increase the efficiency of this procedure considerably. 
Within this context, a fully automated 3D reconfigurable forming device is presented, 
which is a new and improved version of the manually operated prototype developed in 
Chapter 2. The device is used in a rubber pad forming setup to explore the possibilities 
of the proposed optimum forming strategy. The die matrix consists of 1 mm diameter 
pins, where the assembied 3D surface can be reconfigured in 5 minutes within a working 
volume of 40 x 50 x 25 mm3 . 

The strain path dependent Teodosiu model described in Chapter 4 is used to predict the 
formability of 0.7 mm thick DC06 steel. A numerical procedure is formulated in which 
several subsequent well chosen sets of die shapes are used in order to manufacture a prod
uct by tracing different loading paths, with the objective to obtain a nearly homogeneaus 
residual thickness for the final product. 
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5.1 Introduetion 

5.1.1 Optimum forming strategies 

In industry, several techniques are already successfully used to employ different forming 
paths during production. In the food and canning industry, several dies are used subse
quently, in order to produce cans. In sheet metal forming, a lot of research has also been 
dorre to select the blank shape such that no subsequent steps are necessary to obtain the 
finalpart [13, 40, 44, 46, 56, 60] . Most of the techniques in these studies arebasedon aso
called backward tracing scheme or inverse method. With respect to the objective of this 
study, these techniques are interesting because the internal stress/strain distribution in 
the final product can be specified. The boundary conditions can be calculated that would 
yield the finalpart from an undeformed blank with initia! homogeneaus (yet anisotropic) 
material properties. Another possibility is to aim for a homogeneaus thickness reduction 
of the final product. The term 'multi-point forming' is used to refer to the intermediate 
forming steps. Reconfigurable tooling, like the developed reconfigurable die prototype, 
may be used to alter the boundary conditions during the step-wise deformation of the 
sheet metal [7, 8, 14, 15, 16, 33, 47, 48]. 
Another technique, known as 'lncremental Forming' has received considerable attention 
in the past decade [38, 2, 9, 1, 43, 64] . Incremental Forming is a dieless sheet metal 
deformation technique where a sheet metal part is formed in a stepwise fashion by a CNC 
controlled rotating spherical tooi without the need for a supporting die. This technique 
allows a relatively fast and cheap production of small series of sheet metal parts. 
Optimum forming might present considerable benefits for products which are subjected 
to a cyclic or thermal load; their lifetime can be significantly enhanced when the same 
product is produced in a different way, using different and/or multiple intermediate de
formation steps. 

5.1.2 Discrete die forming in industry 

One of the few commercially reconfigurable forming dies is used at Northrop Grumman 
Corp. in Bethpage. The die has a working volume of approximately 1 x 2 x 0.3 m3 

and the discrete matrix of 2688 square pins (cross section approximately 30 x 30 mm2 

and length 530 mm) that can be adjusted by numerically controlled electric pin module 
setters for each individual discrete element [55, 65, 53, 27, 28, 26]. The completeresetting 
of the device takes less than 15 minutes and a method has been developed to compensate 
for elastic springback effects [39]. This device is used for the forming of large sections of 
airplane fuselages which in general have a complicated double curved geometry. It is clear 
that this reconfigurable device has a significant value for the aerospace industry: a large 
amount of different product shapes can be manufactured with the same tooi and the die 
enables a fast salution for formability problems (elastic springback) . However, the high 
costs, due to the individual positioning method, and the limited possibility to downscale 
this concept, do not allow for further exploitation of discrete tooling in other fields. 
Nevertheless, many applications, with an increasing demand of special , personalized prod
ucts, e.g. medica! applications, might benefit from a small scale discrete die. Furthermore, 
the smal! scale discrete die forming concept would also be an adequate solution for other 
manufacturing processes that focus on small lot productions, personalized products and 
prototyping applications where conventional rigid tooling is too expensive. To date, no 
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competitive technological salution has been found for the individual positioning and fix
ation of the discrete elements of a smal! scale discrete die. 
In this chapter, the smal! scale discrete die concept from Chapter 2 is elaborated and a 
salution is proposed and tested that enables an automated reconfiguration. The design of 
the setting mechanism relies on a fast, accurate and relatively inexpensive reconfiguration 
methad for a large number of elements, without the need for individual actuation units. 
A completely new automated reconfigurable die is built, which has a working volume of 
50 x 40 x 25 mm3

. The matrix consists of 1846 elements which can be independently 
reconfigured within 5 minutes. 

First, a brief summary will be given of the proposed discrete die concept from Chap
ter 2. Then the focus wil! be on: 

• A fully automated version of the proposed discrete die concept (section 5.2). An 
upscaled version of the first prototype is developed and used for sequentia! forming. 
The automated reconfigurable die intends to increase the accuracy and efficiency of 
the experimental multiple-step forming operations (Chapter 3) considerably. F\J.r
thermore, an automated positioning mechanism of the die is developed which enables 
a fast and accurate method without individual pin actuators. The actuation unit is 
designed such that several actuation units can be operated in parallel, in order to 
handle large discrete die surfaces or shorter total setting times. 

• An optimum forming strategy for the manufacturing of a sheet metal part. A state
af-the-artstrain path dependent material model, the Teodosiu elasto-plastic consti
tutive model (Chapter 4), is used to predict the material formability as a function of 
complex strain path changes and initia! material anisotropy. A simplified numerical 
procedure is proposed in section 5.3 in which several subsequent wel! chosen sets of 
die shapes are used in order to manufacture a product, following different loading 
paths. The numerical predictions are then used to extract an optima! deformation 
path. 

• Experimental verification of the numerically predicted sequentia! forming paths with 
the automated reconfigurable die (section 5.4). 

5.2 The discrete die concept 

First, a short review is given of the smal! scale discrete die concept, which was developed 
and discussed in Chapter 2. Then the fully automated discrete die concept is presented 
which is used further on for conducting the forming experiments. 

5.2.1 Manually operated prototype 

The principlesof the smal! scale high resolution discrete die concept have been discussed 
in Chapter 2 on the basis of a manually operated prototype. A closed packed matrix 
of circular pins, separated by row dividers, is clamped sideways in order to fix the pin 
positions. The concept enables a uniform fixation force for the discrete elements and 
the possibility to position each element independently. The row dividers are designed 
to deform plastically during calibration of the die. Small differences in pin diameter are 
thereby corrected by first applying a sufficiently high damping force resulting in plastic 
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deformation of the row divider materiaL As a result, the row divider thickness will adapt 
to the slightly non-uniform diameter distri bution of the pin matrix, thereby compensating 
for the pin diameter tolerances. 

Specifications and performance 
The die matrix has 15 rows of 17 pins and 14 rows of 18 pins (a total of 507 pins), where 
the rows are separated by 28 row dividers which have a thickness of 0.1 mm. The length 
band the width hof the matrix are approximately 20 mm and 28 mm, respectively. Each 
pin is 35 mm long and can be positioned within a 10 mm range. Metal blanks of 60 mm 
diameter can be deformed and the maximum forming pressure on the discrete die surface 
is 35 MPa, which is determined by the shear strength of the row divider materiaL The 
maximum applicable load F1 on one single pin of this prototype, is approximately 450 N 
and results from friction resistance mobilized through the damping forces from the side. 
The pins are not supported at the tip and therefore the axial load on one individual pin 
is also limited through buckling. Theoretically, buckling may be expected for the given 
geometry and pin specifications (Young's modulus 411 GPa, diameter 1 mm) at an axial 
force of approximately 500 N. The manually operated prototype was manufactured to 
investigate the working concept of the small scale discrete die. No automated pin setting 
procedure was used for this analysis, which was an obvious disadvantage of this first pro
totype. 

Multiple step forming with the discrete die 
In Chapter 3, forming experiments with the manually operated prototype showed that 
the reconfigurable character of the die could be used to deform 0.2 mm thick steel blanks 
with a diameter of 60 mm into various shapes. For the fabrication of a parabalie shaped 
sample, sequentia! forming steps were used which were compared with specimens that 
were produced through a single step. Different strain distributions were found for both 
specimens. 
The same one- and two-step forming processes, leading to an identical final shape, were 
simulated with a simple elasto-plastic material model. The numerical results showed good 
correspondence to the experiment, however, at that point, no sophisticated strain path 
dependent anisotropic material model was used, which limited the further exploitation of 
this complex multiple step manufacturing process. 

5.2.2 Automated discrete die prototype 

The small scale discrete die concept from Chapter 2 constitutes the technological basis 
for developing a fully automated prototype. The pin matrix of the new device consists 
of 26 rows of 36 pins and 26 rows of 35 pins (a total of 1846 pins) made of hardened 
steel with a diameter of 1 mm, which are separated by 51 titanium (Ti6 AI4 V, grade 5) 
row dividers. The yield stress of the titanium is approximately 800 MPa and the shear 
strength is approximately 600 MPa. The device has an effective working volume of 40 x 
50 x 25 mm3 and the discrete 3D surface can be reconfigured from a computer generated 
geometry within 5 minutes where the discrete elements are positioned with an accuracy 
of 0.1 mm. Circular blanks with a 100 mm diameter can be positioned in the device and 
a rubber pad forming setup is used where a hydraulic press generates the pressure which 
is needed to deform the sheet metal. 
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Row divider thickness 
In tigure 5.1, a schematic representation of the discrete die concept is presented where two 
different row divider thicknesses t 1 and t 2 can be distinguished. The lateral parts of the 
row divider (with thickness t 2 ) transfer the surface load of the die to the frame. As empha
sized in Chapter 2, the shear surface, determined by the effective height Hm1 - Hm2 times 
this thickness t 2 determines the maximum applicable load on the pin surface. The lateral 
row divider thickness t 2 in the new prototype is 0.3 mm whereas the row divider thickness 
between the pins is 0.1 mm, which is comparable to the first prototype. Furthermore, the 
thickness of the row divider gradually decreases from 0.3 mm to 0.1 mm in the transition 
area, where the lateral part of the row divider enters the pin matrix. Consequently, the 
shear resistance, and therefore the load capacity of the die, is increased considerably. This 
non-uniform thickness could be realized by fabricating the row dividers by Electronk Dis
charge Machining (EDM) from a solid block of titanium, see tigure 5.2. The advantage 
of the EDM procedure is that it enables a wel! defined and accurate custom made row 
divider geometry with a variabie thickness, in spite of a considerable longer fabrication 
time. By using EDM for the fabrication of the row dividers, the obtained resolution of 
the resulting discrete surface is maintained, which depends on the pin diameter and row 
divider thickness between the pins. At the same time an improved surface loading ca
pacity is achieved. The new design of the row dividers, compared to the first prototype, 
also enables a considerable increase of the row divider heights: Hm 1 and Hm2 are 50 mm 
and 25 mm, respectively. The effective height Hm 1 - Hm2 is thereby increased, which is 
beneficia!, because of the bending effects due to the increased width h ( = 50 mm) and 
length b (= 40 mm) of the die. The (theoretica!) maximum unsupported lengthof a pin 
is 25 mm. The maximum buckling force Fb, which can be applied toa pin, is 332 N. 

SSDD Concept: Row divider: 

Figure 5.1: Dimensions of the SSDD and row divider. 
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Figure 5.2: Left: the titanium block from which the 51 shown row dividers have been ex
tracted by EDM. Right: assembly of the discrete die where the row dividers 
can be seen between the pins. 

In figure 5.2 on the left, the titanium block is presented from which the 51 row dividers 
have been extracted by means of EDM. On the right, an image is presented halfway the 
assembly process. 

Contrary to the first prototype, where the side damping forces had to be applied manu
ally, one hydraulic system now provides pressure to one damping block. In figure 5.3, all 
1846 pins are presented. Also the hydraulic damping block is shown, which damps the 
matrix from the side. According to Chapter 2, the required damping forcesin the x- and 
y-direction result from the matrix stacking configuration. In this setup, the number of 
contacts in the x- and y-direction, Cx and cy equal 70 and 51 respectively, which results 
in Fy/ Fx = 2.38. The setup enables a maximum damping force Fx equal to 88 kN, which 
results in a fixation force F1 of 1380 N (f..l = 0.1). The system also enables the control 
of a well defined side damping force during the reconfiguration procedure, which wil! be 
explained next. 

Figure 5.3: On the left, the complete assembly of pins and row dividers seen from the 
back. On the right, front view where some pins have been positioned 25 mm 
out of the forming surface. 
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A utomated setting 
The side damping system enables a free access to the back face of the pin matrix assembly 
as shown in tigure 5.3 on the left. At the back, a four-axes computer controlled device 
is mounted. Two axes, one for the x- and one for the y-positioning carry two actuation 
units for the axial positioning of the pins (z1- and z2-axis). The z-actuation is carried out 
by means of two double actuated gear and rack mechanisms. In tigure 5.4, the positioning 
of one actuation unit is presented for the z-axis, starting from the neutral position (1). 
The numerically controlled motor rotates clockwise, resulting in a linear motion of the 
upper rack which makes contact with one pin and takes it to its position (2) where the 
velocity follows a sine shaped function. Then, the motor rotates counterclockwise, and 
brings a second pin to the desired position (3). Next, the motor rotates back to its neutral 
position in order toprepare the motion of the entire unit in the y-direction (4) . Now the 
actuation unit can access two other pins which are positioned in step (5) and (6) . Note 
that the linear motion of the rnaving pins is programmed such that the velocity, is nearly 
zero upon making and breaking contact between the actuator and pin. This is done to 
prevent inertia effects during positioning of the pins. It is obvious that a smal! amount 
of friction is required to this purpose to prevent overshoot. It has been observed that a 
pressure of 70 kPa is adequate during the positioning of the pins, which corresponds to 
Fx = 88 N and F1 = 1.4 N. 

Figure 5.4: One actuation unit for the z-direction handles the position of two pins 
simultaneously. 

Digital encoders are used for determining the pin positions. For determining the accuracy 
of the positioning method, the obtained pin positions are stored in a database. By cam
paring the obtained values with the objective values, it is found that an absolute accuracy 
of 0.1 mm is obtained. 

In tigure 5.5, the complete actuation system is presented. The moving components are 
mounted on high precision linear guides. A second actuation unit, identical to the unit 
shown in tigure 5.4, is mounted parallel to the tirst unit. A total of four pin setters are 
located a the back of the pin matrix. The maximum travel distances for the x- and y-axis 
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actuators are only half of the length b and width h. Furthermore, the rotation directions 
for both units are programmed to turn in opposite directions, which results in a wel! 
balanced system with respect to the inertia of the accelerating components. 

YO 

Figure 5.5: 

frame 

Yend 

Schematic representation of the actuation device, the x- y- and two z
directional actuators are presented. 

In tigure 5.6 three examples are presented for the reconfiguration of the matrix. The 
coordinates of the pins are calculated and the full matrix is positioned within 5 minutes. 

Figure 5.6: Examples of the reconfigumtion procedure. 

5.3 Optimum forming strategy 

In this section, a strategy is proposed to determine a optima! sequence of forming steps 
by making use of an advanced description of the material deformation in the forming 
process. First, the final product geometry wil! be defined and then the optimum forming 
method wil! be investigated in more detail. 

5.3.1 Simplified forming configuration 

A metal strip, with dimensions 20 x 100 x 0.7 mm3 , made of DC06 steel, is subjected toa 
load in the reconfigurable die set up. The material parameters for the Teodosiu model have 
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been determined in Chapter 4. The geometry of the product is symmetrie with respect 
to the central axis parallel to the x-direction. It can be parameterized by two variables a 
and b, which determine the y-positions of control points 2 and 3, see tigure 5.7. Together 
with two tixed control points, 1 and 4, a parametrie curve is constructed within an area of 
25 x 15 mm2

• The Bezier description is used to describe the parametrie curve as fellows: 

(
x(t)) n 

B(t) = y(t) = ~ Pibi,n(t), tE [0, 1] (5.1) 

where the polynomials 

(5.2) 

are known as Bernstein basis polynomials of degree n. The points Pi are called control 
points for the Bezier curve which begins at P 0 ( control point 1) and ends at P n ( control 
point 4). Parameter a is detined as the y-distance between control points 3 and 2, whereas 
parameter b is detined as the difference in the y-direction between the centers of point 2 
and 3, and point 1 and 4. 

(5.3) 

Parameters a and b have the dimension of mm, but a and b wil! be indicated further on 
without dimensions for simplicity. The end shape is determined by a= 0 and b = 0. 
The final geometry of the product is presented in tigure 5.7, where the y and z positions 
of point 1 to 4 are given by: (0,0), (12.5,0), (12.5,15) and (25,0), respectively. 
Next, different sets of intermediate die shapes are generated which also use the parame
terized Bezier description. 

100 mm 100 nun 

Fl I d t ~i:nm 

~Si,iïl' 115 mm 

' 
\ //../ 

Control points 

Discrete die 

Figure 5. 7: Schematic representation of the forming configuration and the positioning 
of the pins according to the parameterized Bezier shape, which is determined 
by jour control points. 

A domain is specitied in which a and b can be varied. Within this domain every com
bination of a and b detines a unique die shape. The border of the domain is used to 
detine a set of die shapes shapes to start with for the sequentia! forming procedure. The 
sequentia! die shapes are determined by an initia! set (a , b)0 where the values for a and 
b are proportionally changed. This is illustrated in tigure 5.8 where it is shown that the 
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minimum and maximum value for a is -24 and 24, whereas b is varied between -24 and 
12. 
In figure 5.8, the domain for the variables a and bis presentedas wel! as the different die 
shapes for eight points on the border of the domain. 

Figure 5.8: The domain in which a and b are varied, resulting in a unique die geometry 
as a starting shape for each set. 

For two initia! choices of a and b the evolution of the die shape is shown in figure 5.9. 
The die geometry is changed in six sequentia! steps, ending in the proposed die geometry 
with a = 0 and b = 0, which also corresponds to die shape 1 in figure 5.8. 

a=O 
b=-24 

a= 12 
b=6 

[dl 

a=O 
b=-20 

a= 10 
b=5 

Evolution of die shape 2 and 5 

a=O 
b=-16 

a=8 
b=4 

a=O 
b =-12 

a=6 
b=3 

a=O 
b=-8 

a=O 
b=-4 

a=O 
b=O 

a=4 a=2 a=O 
b=2 b= I b=O 

[Li]~[Z] 
Figure 5.9: The initial die shapes 2 and 5 are presenled and the 5 intermediale shapes 

that result in the final a = 0 and b = 0. 
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Figure 5.10: The discrete die surface without blankholder fora = 24 and b = 0 {left) 
and a = 0 and b = 0 {right}. 

113 

In figure 5.10, the discrete die surface is presented for the parameter set a = 24 and b = 
0 (left) and for a = 0 and b = 0 (right). The blankholder supporting the die has been 
removed to better visualize the generated surface. 
In figure 5.11, the blankholder is presentedas wel!. In principle, a circular specimen with 
a diameter of 100 mm can be mounted. The samples needed for this section are mounted 
in a special subframe which is positioned on the blankholder, in order to clamp the sides 
of the specimen and to prevent them from moving in the y-direction. 

Figure 5.11: The discrete die surface with a 
blankholder. 

5.3.2 Simplified numerical approach 

12 and b 0 and the circular 

The numerical implementation of the proposed strategy involves some simplifications of 
the experimental forming process with the reconfigurable die setup. These simplifications 
may be a souree of inaccuracies, possibly requiring attention in future research. 
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• In the simulation, a continuous rigid body shape represents the outer surface of the 
1 mm thick rubber interpolator which is supported by the discrete die surface. 

• A Coulomb friction coefficient of 0.1 is used to simulate the friction between the 
DC06 steel and the rubber interpolator interface. 

• Furthermore, a simplified version of the full Teodosiu model is used for the sequentia! 
forming simulations because of unacceptable long computation times. The simplilled 
model uses the elastic constants, the initia! yield stress and the initia! anisotropic 
parameters for the Hili yield criterion (Chapter 4). For the material hardening, the 
effective stress evolution is coupled to the effective plasticstrain evolution, which is 
obtained from a unia.xial tensile simulation with the full set of Teodosiu parameters 
for DC06 steel. 

• The pressure load in the experiment is removed each time the die shape is reconfig
ured . This is also done during the simulation. For each sequentia! step, the pressure 
load is first removed from the specimen, then the specimen is moved from the die, 
and finally the die shape is changed. Then the pressure load is applied again for the 
next forming step. 

The validity of this procedure is checked with a single-step forming simulation, where a 
= 0 and b = 0, and the results are compared to the results of the simulation with a full 
Teodosiu description. The results for the final residual thickness distribution along the 
y-a.xis and contraction of the specimen width in the x-direction are presented in tigure 5.12 
for one half of the sample. The residual thickness and displacement of the specimen edge 
arepresentedas a function of the distance from the center of the sample in the y-direction. 
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Figure 5.12: Simulated results using the juli Teodosiu model and a model without di
rectional hardening effects, with a = 0 and b = 0. 

As shown, the results are almost identical which can be explained by the absence of 
large amplitude (cyclic) loads and orthogonal strain path changes during this single-step 
forming process. 
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In tigure 5.13 the forming sequence is presented with an initia! value (a, b) 0 = ( -24, 0) 
and a forming pressure of 30 MPa. During the simulations, the die shape is varied in 
10 sequentia! steps, where the values for a and b are proportionally changed after each 
loading step. 
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Figure 5.13: Thickness distribution fora simulation where (a,b)o (-24,0). The 
initia/ configuration where the pressure is 30 MPa, halfway the simu/ation 
and the final die geometry, where (a, b) = (0, 0) . A wrinkle develops in 
this particu/ar case. 

For this forming sequence it is observed that a wrinkle is formed , approximately halfway 
the forming operation at (a, b) = ( -12, 0). The compression during the second half of the 
process causes a wrinkle due to the plastic material elangation in the y-direction during 
the tirst half of the process. A forming pressure of 30 MPa is not adequate to prevent 
wrinkling. This effect has also been observed for (a, b) 0 = (0, 12) and ( -12, 6). In order to 
avoid this problem, the forming pressure has been increased at the moment a wrinkle starts 
to form. During two of the three simulations, the increased forming pressure effectively 
solves the problem of wrinkling. However, it is obvious that some forming sequences are 
prone to wrinkling because the tinal product geometry, where (a, b) = (0, 0) cannot be 
realized without precautions. In tigure 5.14, the element mesh and the result for the 
thickness distri bution is presented for the initia! set (a, b )0 = (24, 0) . 

Figure 5.14: Thickness distribution fora simulation where (a , b)o = (24, 0) . The initial 
configuration where the pressure is 30 MPa, halfway the simu/ation and 
the final die geometry, where a = 0 and b = 0. 

For two forming sequences ((a,b) 0 = (24,0) and (a,b) 0 = (-12,6)), the thickness distri
butions (tigure 5.15) as well as the contractions of the specimen widths (tigure 5.16) are 
presented. It is observed that for (a, b)o = (24, 0), the residual thickness in the center and 
at the transition area of the discrete die surface and blankholder (distance = 25 mm), the 
residual thickness is minima!. For the other simulation, the residual thickness is almost 
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constant. The simulations with the 100 MPa forming pressure, compared to the 30 MPa 
forming pressures, generally result in smaller local residual thicknesses. 

Dlstance from center (mm) Olstonc.e from center (mm) 

Figure 5.15: The results for the simulation where (a, b)o = (24, 0) on the lejt and 
(a,b)o = (-12,6) on the right. Two simulations are performed for each 
set where the maximum pressure during the sequentia! forming steps is 
either 30 MPa and 100 MPa. 

The lateral displacement of one edge of the specimens are presented in tigure 5.16, where it 
is observed that the simulation with (a, b )0 = (24, 0) (left) prediets a monotonic decrease of 
the specimen width towards the center, compared to the simulation with (a, b) 0 = ( -12, 6). 
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Figure 5.16: The results for the simulation where (a,b)o = (24,0) on the lejt and 
(a,b)o = (-24,6) on the right. Two simulations are performed for each 
set where the maximum pressure during the sequentia! forming steps is 
either 30 MPa and 100 MPa. 
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5.3.3 Object function 

In order to compare the different forming sequences, an object function is detined as the 
difference between the maximum and minimum thicknesses presented in the tinal shape. 
By minimizing this object function, the thickness distribution becomes as homogeneaus 
as possible for the tinal sample. In tigure 5.17, the results are presented by discretely 
sampling the object function for the simulations with 30 MPa (left) and 100 MPa (right). 
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Figure 5.17: The object function in the domain where a and b are va ried (30 MP a lejt, 
100 MPa right). 

The simulation with (a, b) 0 = (0, 0) almost gives identical results compared to (a, b) 0 = 
( -12, 6). Note that the simulation with (a, b) = (12, -12) where the maximum pres
sure is 30 MPa, showed severe wrinkling. Furthermore, the thickness distribution for the 
(a, b) 0 = (12, -12) simulation with the 100 MPa pressure yields the most non-uniform 
thickness distribution of all simulations. According to these observations, it is expected 
that the minimum value for the object function lies between the set (a, b )0 = (0, 0) and 
( -12, 6) at approximately (a, b) 0 = ( -6, 3), which will be experimentally veritied in the 
next section. 

5.4 Experimental verification 

The experimental veritication of the sequentia! forming simulations has been done with a 
maximum forming pressure of 30 MP a. From an initia! set (a, b )0 , the tinal geometry is 
obtained in ten sequentia! forming steps with the discrete die prototype. The presented 
experimental results are the average values of two identical experiments, which showed 
good reproducibility. The residual thicknesses and lateral edge displacements are mea
sured with an accuracy of 1 J.lm by using a micrometer gauge. 
For some simulations it has been shown in section 5.3, that wrinkles were formed and 
therefore these sets have not been chosen. The forming operation with (a, b) 0 = (24, 0) 
is experimentally veritied. The experimental results for the residual thickness and lateral 
displacement of the edge are presented in tigure 5.18, as well as the numerical results. 
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Distance from center (mm) Dlstance from center (mm) 

Figure 5.18: Experimental and numerical results for the forming sequence with 
(a, b )0 = (24, 0). On the lejt, the residual thickness, on the right, the 
lateral displacement of the sample edge. 

lt is observed in figure 5.18, that the numerical predicted residual thickness is in good 
correspondence with the experiment. The two local minimum values at the center of 
the sample and at the transition region of the discrete die surface and the blank holder 
(distance = 25 mm) are clearly observed. The lateral displacement of the sample edge is 
predicted well in the central area, although the prediction underestimates the contraction 
slightly. At approximately 40 mm from the center, the prediction overestimates the 
experimental findings. 

5.4.1 Optimum forming strategy 

In the previous section, an optimum forming strategy was proposed which enabled a 
procedure for determining the parameter set (a,b) 0 to obtain a homogeneaus residual 
thickness for a simple benchmark product. A sequentia! forming procedure is foliowed 
where the initia! parameter set is varied proportionally to obtain a product end geometry 
determined by (a,b) = (0,0). lt was found that (a,b)o = (-6,3) would yield a more 
homogeneaus thickness distribution with respect to (a, b) 0 = (0, 0). First, the residual 
thickness for the experiment with (a,b)o = (0,0) has been investigated, which is presented 
in figure 5.19 on the left. An adequate correspondence is observed between the numerical 
prediction and the experimental results. The measured values for the residual thickness 
are between 0.665 and 0.688 mm, resulting in a measured difference of 23 fJ,m. Next, the 
sequentia! forming experiment has been done with (a, b) 0 = ( -6, 3). The experimental 
results are presented in figure 5.19 on the right. 
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Figure 5.19: On the left, the numerical and experimental values for the residual 
thickness for (a ,b)o = (0,0) . On the right, the experimental results for 
(a ,b)o = (0,0) and (a,b)o = (-6,3) are presented. 

It can be concluded that the sequentia! forming process, where the DC06 material is 
subjected to ten intermediate die shapes to obtain the final geometry, indeed yields a 
slightly more uniform thickness distribution. The measured difference is 18 f.Lm, compared 
to 23 f.Lm for (a, b)0 = (0, 0) . Although this difference is smal!, the thickness distribution 
in the central part of the 'optimally formed' sample is clearly more uniform. Therefore it 
is believed that the proposed optimum forming strategy can effectively be used to obtain a 
more uniform thickness for this specific forming operation. However, the proposed strategy 
does nat involve complex strain path changes yet, which has to be kept in mind. In the 
next sections some examples of more complex forming operations will be investigated 
further . 

5.4.2 Optimum forming with complex strain path changes 

So far, the initia! parameter sets for a and b have been changed proportionally to define 
intermediate die shapes which all result in the same final die geometry. The proposed 
strategy to determine an initia! set for a and b, which eventually yields a homogeneaus 
residual thickness, may work in this case, but for more complex strain path changes it is 
not certain whether the proposed strategy provides the desired results. In tigure 5.20 this 
is illustrated, where a control point is presented where (a, b) = ( -6, 3) . When the initia! 
parameter sets for a and b first have to go through this point befare reaching their final 
value (a,b) = (0,0), the proposed strategy might predicta different result. 
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Mould shape determined by parameter a and b 

Figure 5.20: The domain in which a and b are varied and a control point where the 
parameter set a and b have to pass, resulting in a unique die geometry as 
a starting shape for each set. 

In figure 5.21, the object function based on the residual thickness is presented for a 
and b in the same domain as in figure 5.17. Again, the simulations with initial val
ues (a, b)0 = ( -24, 0), ( -12, 6) and (0, 12) showed wrinkling. However, the differences, 
compared to figure 5.17a are relatively small, which can be explained by the simplified 
numerical approach. Although no orthogonal strain path changes are involved in this 
simple forming test, the material harderring is considered to be isotropic, which can be a 
cause for inaccuracies. In the next section the full Teodosiu description will be compared 
to the simplified model presented in this section. 
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Figure 5.21: The object function in the domain where a and b are varied, where a and 
b pass through (a, b) = ( -6, 3). 
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5.5 Simulations with the Teodosiu model 

In this section the full description of the Teodosiu model is used to simulate a slightly 
different forming experiment, compared to the previous sections. The sample width is 
reduced in order to obtain larger strains in this direction. The specimen dimensions are 
now 10 x 100 x 0.7 mm3 . Furthermore, the material is subjected toa constant pressure 
toading of 30 MPa, while the die shape is varied continuously from its initia! shape, 
determined by (a,b) 0 , to its end geometry (a,b) = (0,0). This procedure decreases the 
computational time considerably because initia! contact between the die and specimen is 
made only once. Several simulations show that there are some differences between the 
sequentia! loading simulations and the constant loading simulation, which is yet to be 
investigated in future research. 
In figure 5.22, the numerical results for the final thickness and lateral displacement of the 
sample edge are presented as a function of the distance from the center. The single-step 
forming procedure, with (a, b) 0 = (0, 0) is simulated with the simplified material model 
and the full Teodosiu description and material parameters for DC06. 
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Figure 5.22: On the left, the numerical results for the residual thickness for the single 
step deformation process with (a,b)o = (0,0) of the full Teodosiu model 
and the simplified model. On the right, the lateral displacement of the edge 
is presented. 

Apart from the smal! differences between the thicknesses in the center part of the speci
mens, it is observed that both analyses give comparable results, which was also observed 
in figure 5.12 fora 20 mm wide sample. However, when (a,b) 0 = (24,0), the predictions 
between the simplified model and the full Teodosiu description are more distinct, which 
is shown in figure 5.23. 
The lateral displacementsof the sample edges, at the position 12 mm from the center, are 
considerably different for both simulations. This can be explained by kinematic hardening 
in this area of the sample, which is not accounted for in the simplified numerical approach. 
To illustrate this, the stress component in the y-direction is presented for the two outer 
materiallayers as a function of the numerical increments for the (a, b) 0 = (24, 0) forming 
simulation, see figure 5.24. 



122 

0·64o;--+-----:,o:;-----~,.,---;t"';---:!;",--.';;30,-t;3S--t:40-45~-!so, 
Dlstance from center (mm) 

Ê-0.1 

.s 
1
_,,,....., 1: 
~~ · SWnpifiedmodel ~ 

E -0.2 ........ ! .... ., 
E 
" ~ -0.3~ ... ... ..... ; .. .. .... ... : ... ,., .• .;,.,., ..... . 

~ 
'5 
~-0·4 .. ,, .To """ i ... 

.!l 
j -0.5 

Chapter 5 

-o .so;-~---:,o:c-----~,.,---;t"';---:!;2,,--.';;30,-t;,,-f.;40-45:!;--!so• 
Dlstance from center (mm) 

Figure 5.23: On the lejt, the numerical results for the residual thickness for (a, b)o = 
(24, 0) of the full Teodosiu model and the simplified model. On the right, 
the lateral displacement of the edge is presented. 

Clearly, the observed material points are subjected to a sequence of tensite and com
pression stresses during the simulation caused by bending, which is not the case for the 
(a, b)0 = (0, 0) forming experiment. Although no orthogonal strain path change is present 
in this analysis, the simplified numerical model underestimates the lateral contraction of 
the sample compared to the full Teodosiu description. 
Finally, the equivalent residual stresses (Von Mises) are presented in figure 5.25 for the 
(a, b) 0 = (0, 0) and (a, b)o = (24, 0) forming simulations after the applied load of 30 MPa 
was removed from the specimen. 

Jncrements 

Figure 5.24: The stress components in the y-direction as a function of the numerical 
increments for the outer and inner material layers at 12 mm from the 
center, for the (a, b)o = (0, 0) and (a, b)o = (24, 0) forming simulation, on 
the lejt and right respectively. 
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Figure 5.25: On the left and right, the equivalent residual Van Mises stresses for 
(a,b)o = (0,0) and (a,b)o = (24, 0) , respectively. Also the results are 
presented of the simplified numerical material model without kinematic 
and strain path dependent hardening. 
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In ligure 5.25 on the right, it is observed that the predicted level of equivalent residual 
stress at the position 12 mm from the center, is lower for the simplilied material model, 
compared to the full Teodosiu description. However, the most remarkable difference 
is found in the overall height of the predicted residual stresses for the (a, b) 0 = (0, 0) 
simulation compared to (a, b)0 = (24, 0), predicted by the full Teodosiu model. In case 
an object function was based on the level of residual stresses in the linal product, the 
(a, b)o = (24, 0) forming procedure would be preferrable according to these observations 
compared to (a,b) 0 = (0,0). 

5.6 The modeHing of friction 

In the linal section of this chapter, the influence of friction will be investigated in more 
detail. In the previous analyses, a Coulomb friction model has been used with a friction 
coefficient of 0.1. The amount of friction is determined by the friction coefficient and the 
normal forces acting on two contact bodies. In the Coulomb friction model the relation 
is independent of the relative sliding veloeities of the two bodies, as indicated in ligure 
5.26. This relatively simple friction model can be replaced by a slightly improved friction 
model, where the relative sliding veloeities of two contact boclies are considered as wel!. 
The friction coefficient is determined by the relative sliding veloeities of the two boclies and 
a constant, r. When 1 = 0, the friction model is equivalent to the Coulomb friction model 
and an increasing value for 1 enables a more gradual increase of the friction coefficient as 
a function of the relative sliding velocity. 
Several simulations have been performed, where the sample dimensions are 20 x 100 x 
0.7 mm3 for (a, b)0 = (0, 0) and (a, b)o = (24, 0). In all simulations, three different friction 
relations have been used, indicated by 1 = 0.01, 0.1 and 1, to relate the friction coefficient 
to the relative sliding velocity. 
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friction coefficlent 

"( = 0, Coulomb friction model 
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Figure 5.26: Schematic representation of the Coulomb friction model, where the fric
tion coefficient is constant. The introduetion of 1 enables a smoother 
introduetion of the friction coefficient as a function of the relative sliding 
veloeities. 

The saturation value of the friction coefficient is chosen to be 0.2 and according to tig
ure 5.27, 1 has a considerable infiuence on the results. The distribution of the final residual 
thickness and the lateral contraction become more pronounced when the 1 is decreased 
for the (a, b)o = (0, 0) forming procedure. lt can be concluded that the simple Coulomb 
friction model with a friction coefficient of 0.1 gives approximately the same results as 
the sliding velocity dependent friction model with a value for 1 between 0.1 and 1 and a 
saturation value of 0.2. 
Furthermore, it can also be concluded that the simple Coulomb friction model with slightly 
higher friction coefficient of 0.1 would be more adequate for descrihing the experimental 
findings, see figure 5.19. 
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Figure 5.27: On the left and right, the prediction of the thickness distribution and the 
lateral displacement of the sample edge for (a, b)o = (0, 0). The simplified 
material model has been used. 

In figure 5.28, the forming contiguration (a, b )0 = (24, 0) is investigated with the alterna
tive friction model. It is observed that the sliding velocity dependent friction model has 
no significant effect on the results, contrary to the (a, b) 0 = (0, 0) forming configuration. 
Apparently, the relative sliding veloeities between the specimen and the die during the 
(a,b) 0 = (0,0) simulation are more pronounced than in the (a,b)o = (24,0) simulation. 
When the experimental results are considered, see also figure 5.18 and figure 5.19 on the 
left, and compared to the numerical predictions, it can be concluded that a higher friction 
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coefficient in the simple Coulomb friction model would enable a more accurate prediction 
of the experimental findings. In case a higher friction coefficient will be used, the friction 
description can be fine tuned by choosing a sliding velocity dependent friction model. 
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Figure 5.28: On the left and right, the prediction of the thickness distribution and the 
lateral displacement of the sample edge for (a, b )o = (24, 0) . The simplified 
material model has been used. 

5. 7 Conclusions 

Finally the conclusions of this chapter are briefiy summarized. 

• The automated reconfiguration method, combined with the small scale discrete die 
concept, enables a fast and accurate sequentia! forming process. Porming experi
ments with DC06 steel have been clone and the setting and damping of the individual 
elements in this upscaled version of the first prototype work wel!. 

• The actuation unit proves to be reliable, fast and accurate. More units can be 
mounted in a parallel configuration, in order to deal with much larger discrete die 
surfaces or faster reconfiguration times. 

• The simplified numerical model in this chapter uses a simple Coulomb friction model, 
the applied forming pressure is supposed to be homogeneaus and perpendicular to 
the specimen surface and a condensed set of material parameters for the DC06 
steel is used to predict the formability of the proposed sequentia! forming processes. 
The numerical predictions are in good correspondence with the experiments as long 
as the strains are relatively small, and in case large amplitude cyclic loading and 
complex strain path changes are absent. 

• Some setsfora and b predicted a poor formability because of wrinkling. 

• The proposed optimum forming strategy for fabricating a simple product substan
tiates the existence of an 'optima!' forming sequence where the residual thickness 
distribution is more homogeneaus compared to single-step fabricated parts. 

• lt has been shown that the effect of kinematic harderring effects cannot be neglected 
in genera!, and therefore the full Teodosiu model should be used fora more accurate 
prediction of the sequential forming experiments. 
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• In the preserree of complex strain path changes, the full description of the Teodosiu 
model is needed in order to propose an optima! forming strategy, especially when 
orthogonal strain path changes are applied. 

• The friction model influences the results considerably and further research must be 
dorre to determine the relevant friction parameters. 

• When another optimum forming object function is chosen, e.g. based on residual 
equivalent stress, it has been shown that a forming sequence other than the single
step operation (a, b) 0 = (0, 0), gives a more uniform residual stress distri bution in 
the final part. 

• The proposed forming experiment does not involve a significant orthogonal strain 
path change. It is advisable to exploit the full potential of the Teodosiu model in 
future research with another 3D forming experiment with orthogonal strain path 
changes in combination with the reconfigurable die. 



Chapter 6 

Conclusions 

This thesis describes the design and utilization of a reconfigurable discrete die concept, 
which is an adequate solution for smal! lot productions and/or efficient multi-step sheet 
roetal forming processes. The latter allows the fabrication of products, which cannot be 
made in a single step. It also permits to optimize the homogeneaus distribution of strains 
and to control residual stresses in the product. Although a reconfigurable die technique 
at a large scale is not new, the present focus is substantially different, concentrating on 
small scale products. The challenge consists in making products with a high resolution 
and a high shape accuracy in a reconfigurable manner. The design, fabrication and use 
of the smal! scale reconfigurable die leads tosome conclusions.: 

• The concept for the smal! scale discrete die enables an effective ji.xation methad 
for the discrete elements and the possibility to position each element individually 
without moving neighboring pins. The calibration of the die corrects for smal! pin 
diameter differences, which effectively leads to a uniform ji.xation force. To date, 
the concept is patent pending. 

• The design has been substantiated with analytica! and numerical (FE) roodels to 
assure its structural integrity and functionality. Numerical roodels were also used 
to predict the shape and surface quality of sheet roetal products. A prototype has 
been engineered, which was used to verify that the roodels were adequate. 

• The analytica! and numerical roodels for the die design were used to investigate the 
possibility for upscaling. The results were used to build an upscaled die with an 
automated pin positioning system. This system is proven to be efficient, fast and 
accurate and the method does not require individual actuation systems for each pin. 
The automated unit can also be repeated in a parallel contiguration for handling 
larger discrete die surfaces or to reduce the reconfiguration time. The automated 
prototype used four pin setting motors which are controlled by computer software. 

• The discrete die enables complex strain path changes where large strains, reversed 
loading and orthogonal strain paths are common practice. The reconfigurable die 
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has been used in order explore the existence of an 'optima!' forming path for a 
specific product, as predicted by a numerical model. lt promisses to be a valuable 
tooi in the study of material behavior during complex forming processes. 

• Sheet metal forming is accompanied by non-proportional strain paths. To predict 
the formability of steel accurately, an advanced elastic-plastic material model has 
been used in the FE simulation program. The model parameters for DC06 steel 
sheet of 0.7 mm thickness have been fitted with a hybrid numericaljexperimental 
technique and verified by independent experiments. A pure bending experiment 
proved to be suitable to generate reversed and orthogonal strain paths, which also 
occur during sheet metal forming. 

• The texture evolution measurements for strain levels larger than 0.3, showed a clear 
difference in texture compared to the as-received materiaL For an accurate pre
clietion of the material formability, the model should be enhanced by coupling the 
texture evaJution to the material hardening. 

• The numerical forming simulation tooi is used to find optima[ forming paths for a 
simple sheet metal forming operation. The reconfigurable die is used to verify the 
results. lt was found that it is possible to identify a forming sequence which results 
in a nearly homogeneaus residual thickness of a benchmark product. 

• The full description of the Teodosiu model is needed for the DC06 material in order 
to propose an optima! forming strategy, especially when orthogonal strain path 
changes are applied. 

• The rnadeling of friction must be further detailed to determine the relevant friction 
model and parameters. 

• Depending on the optimum forming object function, e.g. based on minimizing the 
residual equivalent stresses in the final benchmark product, it has been shown that 
a multi-step forming sequence gives a better result compared toa single step man
ufactured part. 

• The presented small scale discrete die concept can be applied in metal forming, 
Polymer Injection Porming (PIF) and casting. The die can also be upscaled to 
produce larger products. lt may save considerable casts and efforts when used for 
producing small spare parts. The reconfigurable die can be used to select a number 
of rigid die shapes for multi-step forming. Many applications, with an increasing 
demand of special, personalized products, e.g. medica[ applications, might benefit 
from a small scale discrete die. Furthermore, the small scale discrete die forming 
concept would also be an adequate salution for other manufacturing processes that 
focus on small lot productions, personalized products and prototyping applications 
where conventional rigid tooling is too expensive. 



Appendix A 

Equilibrium equations 

Equilibrium equation 
In figure A.l, a system consisting of three cylinders and four damping blocks is presented. 
In this analysis it is assumed that the cylinders and damping blocks are rigid and that 
there is no friction. On the left, the configuration is shown where the lower two cylinders 
touch with a contact force F4 . For this configuration with rigid elements, it is not possible 
to determine the individual contact forces F3 and F4 • 

In the SSDD concept, the row dividers are used which justify the absence of contact force 
F4 and the complete set of forces F1 to F7 in this system can be determined. Because 
the row dividers are made of thin sheet metal, the forces perpendicular to the plane of 
the sheet are properly transmitted from one cylindrical element to the other. lt will be 
shown that a mechanism consisting of a number of rigid cylinders and four damping 
blocks determine the contact forces. 

Original configuration Mechanism of three cylinders 

Fe=~ 

Figure A.l: Mechanism of three cylinders. 

Consider a system with only two cylinders, as indicated in figure A.2 on the top. This 
system will be referred to as a system with one contact mechanism in the x-direction, 
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Cx = 1, and one contact mechanism in the y-direction, cy = 1. In this case the relation 
between Fx and Fy is easily derived. For the next systems of tigure A.2, the number of 
contact mechanisms in x- and y-direction determine the tinal relation between Fx and Fy. 
As a result it is shown that : 

(A.l) 

with Cx and cy as the number of contact mechanisms in x- and y-direction respectively. 
With this relation any system of cylinders and four clamps can be characterized. For all 
cylinders that do not touch either of the four side clamps, four contact forces are present. 
This contact force, Fe, can be expressed in Fx, Fy , Cx and cy. The relation is : 

F 
_ 2Fx 

c -
Cy 

(A.2) 

This can easily be veritied using the derivation in tigure A.l , where F3 equals Fe, F2 equals 
Fx, F1 is equal to Fy and Cx = 2 and Cy = 1. 
Because of symmetry conditions, these forces are all equal in magnitude and determine 
the applicable load on one individual cylinder. Also the path is presented, how the side
clamping forces are redistributed from the side walls to the cylinders in the matrix. It 
is clear that all cylinders within the matrix are equally tixed with four contact forces Fe 
that are equal in magnitude. 
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Cx = 1 Cx = 6 Cx = 1 

Cy = 1 Cy = 1 Cy = 2 

Fx = )3Fy Fx = 61Fy Fx = )3Fy 

Cx = 6 

Cy = 4 

General result: Fx = }s~ Fy, and Fe = 2e-

Figure A.2: Clamping mechanism for simple systems (top) and for a more complex 
system {bottom). Also the path is presented, how the side-clamping farces 
redistribute from the side walls of the clamps to the cylinders in the matrix. 
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Applicable loads and dimensions 
In the first section, the equilibrium equations of a system consisting of cylinders and 
damping blocks has been discussed. Here, the individual applicable load on one single 
element of the SSDD is investigated. The effects on the maximum applicable load on the 
complete SSDD surface as a function of different lengths and widths of the discrete surface 
must be investigated. For clarity, the system is schematically presented in figure A.3 : 

SSDD C<>ncept: 
Row--divider: 

Hm2 

~' 
. ' 

AD= 1AB=r+~ 

ta.n 60° = v'3 = ~ 
DG= v's(>·+ iJ 

Figure A.3: Dimensions of the SSDD elements, surface and row divider. 

It must be noted that the denvation in this section is based on a system that consistsof 
an odd number of rows which are separated by the row dividers. The number of element 
layers in the y-direction is indicated by acolumn and the number of row dividers in this 
system is indicated by Cy and is simply acolumn - 1. The rows of the matrix are stacked 
in such a way that an even number of elements, here indicated by arow, is foliowed by 
an odd number of elements in a single row ( arow -1). In figure A.3 the sequence is 4 - 3 - 4. 

First the number of discrete elements in a single row, arow, can be calculated using the 
dimension b, which is the length of the complete surface, in combination with r and t, 
which represent the radius of the discrete elements and the thickness of the row divider 
respectively. The length b is given by : 

b = arow(2r + t) - t (A.3) 

As aresult : 

b+t 
(A.4) 

Urow = 2(r + t/2) 

For the number of element layers in the y-direction, acolumn, the width h is needed : 

h = acolumnJ3(r + t/2) + 2r (A.5) 

And as a result : 

h- 2r 
(A.6) 

acolumn = J3(r + t/2) 

For larger systems it is clear that b » (r+t) and also h » (r+t). This simplifies relations 
(A.4) and (A.6) to : 

b 
a - ---,---,.,....,.. 

row - 2(r + t/2) (A.7) 
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h 
(A.8) 

acolumn = J3(r + t/2) 

During the toading of the whole matrix of pins and row dividers from the side walls of 
the damps by forces Fx and Fy, the relation between these damping forces Fx and Fy is 
determined by the amount of contact zones in the x- and y-direction. After determining 
arow and acolumn, the number of contact zones in x- and y-direction can be calculated 
according to: 

b 
Cx = 2arow- 2 = r + t/2 - 2 (A.9) 

and: 

Cy = acolumn - 1 = h - 1 
J3(r + t/2) 

(A.10) 

For the system depicted in tigure A.3, the number of cantacts in x- and y-direction, Cx and 
ey are 4 and 2 respectively. The damping forces in both x- and y-direction are derived in 
the first section of appendix A and given by the following relation : 

F __ 1_cy F: 
x- J3cx Y 

(A.11) 

For the elements that are not located at the perimeter of the complete matrix, 4 contact 
zones can be distinguished. The contact forces, Fe, at these zones are theoretically equal 
to : 

Fe= 2Fx (A.12) 
Cy 

The applicable load on one internal element can now be calculated by the following relation 
in which J.l is the friction coefficient for the interface between row dividers and pins. The 
resulting damping force F1 for each pin : 

(A.13) 

Now, the relations between the damping forces Fx and Fy and the maximum applicable 
homogeneons pressure Pon the discrete die surface, wil! be derived. Basically, the pressure 
Pis given by the total force Ftotal on a surface A with dimensions b x h. The total force 
Ftotal is given by the number of discrete elements and maximum applicable load on one 
individual element. The number of discrete elements ne is exactly : 

(A.14) 

A good approximation for ne, especially for larger systems and for the case that : 

(A.15) 

is also given by : 

(A.16) 
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The maximum applicable load on one individual element results from (A.lO), (A.l2) and 
(A.l3) : 

(A.17) 

The total applicable force Ftotal on the discrete surface can now be determined by multi
plying ne and Ft : 

(A.l8) 

The maximum applicable homogeneaus pressure P on the complete surface can now be 
calculated assuming that b + t ~ b for larger systems : 

p = Ftotal = a..ow8f.LFx = 8f.LFx 

A A (2r + t)h 
(A.l9) 

Now, it is possible todetermine the damping forces as a function of the applied pressure 
on the surface of the die and vice versa. The dimensions of the surface are needed, b and 
h, and t, r and P, which represent the length and width of the matrix, the thickness of 
the row divider and radius the of the discrete elements, and the pressure on the surface 
respectively. To conclude : 

Fx = Ph(r + t/2) 
4f.L 

and by using equations A.9 and A.lO it follows that: 

which can be simplified to: 

Cx = J3 2b - 4r - 2t 
cy 2h - 2rJ3 - t,J3 

Cx J3b 
Cy ~h 

(A.20) 

(A .21) 

(A.22) 

since b and h both are much larger than r and t. The expression in Fy is given by : 

(A.23) 

F = 3Pb(r + t/2) 
y 4f.L 

(A .24) 

Maximum shear stress and minimal height of the row divider 
When the maximum shear strength T of the membrane is known, the minimum height of 
the row divider Hm2 , can be calculated. The total force Ftotal must be carried by cy row 
dividers. Each row divider has two shear planes with area Ashear of t x Hm2 · The total 
shear surface Asheartotal that has to carry the total force Ftotal is given by : 
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h 
Asheartotal = 2cytHm2 ~ 2tHm2 fëi 

v3(r + t/2) 

The maximum applicable force Ftotat equals: 

or: 

h 
Ftotat = Pbh = 2tHm2T !ëi 

v3(r + t/2) 

H _ J3Pb (!:. ~) 
m 2 - 2T t + 2 
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(A.25) 

(A.26) 

(A.27) 
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Two-step and single-step forming 

Optimum forming 
In section 3.3, the results of a forming experiment with steel quality T67CA from Corus 
RD&T are presented which show the benefits of using a reconfigurable die. In this ap
pendix, the experiment is explained in more detail. lt is known that the angle between 
the rolling direction of the material and symmetry line along the long axis of the die ge
ometry infiuences the forming results. The forming pressure P is 25.5 MPa and a rubber 
interpolator of 1 mm is used. In figure B.l, three configurations are shown: 

contiguration 1 contiguration 2 contiguration 3 

Figure B.l: Three different angles between rolling direction and the long axis of forming 
geometry indicated by the dashed line. 

First , the results of the deep drawing tests are given in table B.l, in which the material is 
deformed to the parabalie shape using the pyramidal shape in the intermediate step and 
for an angle of oo. Two sets of ten samples are tested. 
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Result one-step deformation 
No fracture 0 

Fracture 10 

two-step deformation 
10 
0 

Appendix B 

Table B.l: Test results for one-step and two-step deep drawing experiments where the 
angle between the rolling direction of the material and symmetry line along 
the long axis of the die geometry is 0°. 

Next, the results are presented in table B.2 as a function of the angle between the rolling 
direction and the long axis of the parabol ie geometry. For an angle of 90°, it is observed 
that the one-step fabricated samples do not fracture. 

Test result oo 45° 56° 57° 58° 60° 62° 68° goo 
No fracture 0 0 0 0 2 1 1 2 10 

Fracture 10 1 1 2 0 0 1 0 0 

Table B.2: Test results for one-step deep drawing experiment. 

The range, in which the angle can be varied without failure, is found by mid-point iteration 
and from table B.2 it can beseen that the minimum angle is approximately 60°. The same 
procedure is repeated for the samples which have been deformed in a two-step forming 
operation. For this test it was found that no fracture accured for angles between 0° and 
goo. 
Clearly, the rolling direction, and the initia! material anisotropy, have a considerable effect 
on the experimental results. In a single step forming operation, it was not possible, for a 
45° angle, to produce a specimen without defects. However, with the two-step operation, 
it is possible. 
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