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ABSTRACT 

In this thesis, the properties of pressed double-curved panels such as stiffness, dent resistance 
and springback, are discussed. The present thesis comprises also a study of stretch and shrink 
flanging of sheet aluminium by fluid forming. 

As far as the properties of pressed double-curved panels are concerned, it is shown that: 

• The thicker is the sheet thickness at the panel centre, the greater will be the panel stiffness. 
The greater the panel radii (the more severe the springback), the lower is the stiffness, and 
the larger is Young's modulus, the greater will be the panel stiffness. 

• The thicker the sheet and the higher the yield strength, the greater wi l l be the dent 
resistance at the panel centre. 

• The springback is reduced by increased restraining force; in paper B this was varied by 
changing the binder force. However, increasing the binder force is not a sufficient measure 
as far as the minimisation (practical elimination) of springback is concerned. A higher 
binder force may lead to fracture (at the panel corners), before the springback is minimised. 

• The influence of the material properties on the springback can be traced, even i f the highest 
possible (fracture limit) blank holding force is applied. 

• I f the sheet material and the punch shape are selected in such a fashion that 

Rp0.2 | a y 

2CR'pl 
2C(Rpl+(t/2))y 

the springback can be minimised (practically eliminated) at moderate restraining (binder) 
force levels. This is an important conclusion, particularly for those practical cases in which 
the restraining foTce is created solely by the aid of drawbeads. 
In the expression above, ay = Rp0 2 = the yield strength, E is the modulus of elasticity, t is 
the sheet thickness, and Rpl is the minor punch radius. 
It is commonly held that sheet aluminium exhibits larger springback than steel sheet in 
industrial applications. It is shown that the springback can be minimised (practically 
eliminated) with an appropriate punch (and die) design and sheet material selection, 
regardless of the material category (steel or aluminium). See also the expression above. 

The tool corner and profile radii must be larger, i f soft steel sheet is replaced by thinner 
high strength steel sheet or thicker aluminium sheet. 

Concerning stretch and shrink flanging of sheet aluminium by fluid forming, it is shown 
that: 

• The constructed analytical models can be used to predict the flange height, the flange 
length, the minimum initial blank radius in stretch flanging, and the maximum initial blank 
radius in shrink flanging. 

• As far as the stress state along the flange, the fracture limit, and the flange height/length are 
concerned, there should be no major difference between stretch flanging by fluid forming 
and that conducted conventionally with rigid punch and die (the clearance between the 
punch and the die in conventional forming may, however, cause some minor differences). 
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• The magnitude of the 'winkling' limit (critical strain) is much larger in fluid forming than 
in conventional forming with rigid punch and die. 

• In shrink flanging with rigid punch and die, it is possible to see, by just looking at the 
formed flange, i f wrinkles have been developed sometime during the flanging. 

• In shrink flanging by fluid forming, it is, however, not possible to see whether wrinkles 
have been developed during forming, provided that the applied pressure is sufficiently 
high. 

• In shrink flanging conducted at maximum available pressure, the following three processes 
can be detected: 

I . Hoop compression, which is largest at the flange edge, leading to instability -
wrinkling. 

I I . Post-instability hoop compression, during which wrinkles grow in height and 
number (a bending process). 

I I I . 'Pressurising' after the flange/die surface contact is established and during which 
the wrinkles are flattened out. 

• The critical ('wrinkling') strain in shrink flanging by fluid forming is dependent upon the 
maximum available pressure. The critical strain determined in this thesis is valid for the 
Quintus Fluid Cell Press used in paper C (in which the maximum available pressure is 70 
MPa). I f shrink flanging is conducted in a fluid cell press with a larger capacity, the 
'wrinkling' limit should be higher. 

Keywords: strength, stiffness, dent, resistance, springback, double-curved, panel, autobody, 
car, body, theory, flanging, forming, fluid, shrink, stretch, fracture, wrinkling, 
modelling, simulation, finite, element, FEM, sheet, steel, aluminium. 
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1. INTRODUCTION 

This thesis comprises three papers: 

• Paper A deals with the strength, stiffness and dent resistance of car body panels. 
• In paper B, the springback of double-curved autobody panels is studied. 
• In paper C, the attention is focused on fracture in stretch flanging and wrinkling in shrink 

flanging by fluid forming. 

Paper A is based on a report with the same title, which covers also other issues than those 
presented in paper A, [1 ]. The major part of the contents of paper B has also been delivered as 
two separate confidential reports, [2] and [3]. The difference between paper B and these two 
reports is that some issues are discussed in more detail in paper B. Paper C is almost an exact 
copy of a confidential report transferred to the client, [4], the differences being caused mainly 
by an attempt to improve the readability of paper C. 

In sheet metal forming, deep drawing of an axisymmetric cup, bulging of a circular 
diaphragm/stretching over a rigid punch, hole expansion... are all forming operations which 
also could be classified as elementary cases. 

An actual component might consist of a zone, which is deep-drawn, and another zone, which 
is stretched. Deep drawing of an axisymmetric cup and stretching over a rigid punch, two of 
the elementary cases mentioned above, can be used as an aid in a discussion on the problems 
(fracture, wrinkling, material flow etc.) which are or might be encountered when forming this 
component. 

Papers A and B focus on different properties of pressed double-curved panels. The properties 
discussed in paper A are, however, strongly interrelated with the springback behaviour, which 
is studied in paper B. Papers A and B should, therefore, be considered as extensions of one 
another. 

Since the panels pressed in the investigations resulting in papers A and B can be considered as 
smaller versions of real panels (the panels pressed with the punch shown in Fig. 2.1 are 
actually a small-size version of the roof panel of an existing car body), one could say that 
papers A and B deal with an elementary case. In this elementary case, the properties (stiffness, 
dent resistance and springback) of double-curved panels are studied. Based on the results 
obtained for this elementary case, the influence of different parameters on the stiffness, dent 
resistance and springback of actual double-curved panels can be evaluated. 

In this sense, also paper C could be characterised as an investigation which deals with 
elementary cases. The elementary cases studied in paper C are fluid-formed stretched and 
shrunk flanges. 

There might, in some applications, be flanges in the same size as those fluid-formed in the 
investigation resulting in paper C. In paper C, the intention has, however, been to form flanges 
which are smaller models of actual components. These actual components are much larger 
than the flanges formed in the investigation leading to paper C. 

The results obtained for these smaller models - the influence of different parameters on the 
flange height, fracture (stretch flanging), and wrinkling (shrink flanging) - can be used to 
discuss fluid forming of larger actual components. 
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The mathematical expressions presented in paper C can also be used as an aid in the screening 
process during sheet material selection. 

In all three papers, the purpose has been to 

• explore the influence of different material and process parameters on one or several 
specific properties, and 

• find, i f possible, simple mathematical expressions which can be used to discuss the impact 
of different component designs on the studied criterion. 

Since the studies presented here comprise elementary cases, the discussions, evaluations and 
examinations mentioned above can only be conducted in a qualitative manner. 

2. PROPERTIES OF PRESSED PANELS 

Strength, stiffness, dent resistance and springback are all important panel properties. In this 
chapter, an attempt is made to show and discuss the interdependence of the mentioned panel 
properties, although such an attempt has not been the primary purpose of the investigations 
resulting in papers A and B. 

The present discussion will be focused solely on the panel (punch) shape shown in Fig. 2.1. 
Note, however, in paper B that two different panel (punch) shapes are tested, one of which is 
that shown in Fig. 2.1. 

Weight reduction by using thinner high strength steel sheet or thicker aluminium sheet is 
discussed frequently by car manufacturers. However, weight reduction by sheet material 
substitution cannot be carried out at the expense of deteriorated panel properties. 

Exterior automotive body panels constitute one group of components where significant 
savings can be obtained by sheet material substitution. For exterior panels, which often are 
double-curved, sufficient stiffness and dent resistance are essential quality measures. 

2.1 Stiffness and dent resistance 

In structural analysis, stiffness is the resistance of a body to deformation. In the case of thin 
panels, stiffness is defined as the amount of resistance to elastic deformation which causes a 
sense of quality, [5J. 

Stiffness is, furthermore, the resistance to a point force exerted normally to the surface. 
Stiffness varies, therefore, from point to point on a panel, being least at the centre and 
increasing to the panel edge, [6]. In paper A in this thesis, the attention is focused solely on 
the stiffness at the panel centre. 

The panel is loaded by a flat-headed punch of diameter 100 mm and the attained deflection is 
registered continuously, Fig. 2.2. Panel stiffness is defined as the ratio of the force exerted and 
the deflection, P/8, in paper A the stiffness being determined at 50, 75, 100 and 125 N. 



665 

I 

Fig. 2.1. The discussion in this chapter is focused on the panel (punch) 
shape shown in this figure. 

The panel stiffness should not be lower than X N/mm, X varying for different types of panels 
and being set at the design stage. 

The edges of the panel can be simply supported or clamped. Whilst three edges are simply 
supported, the fourth edge might be clamped. The stiffness is, in other words, dependent upon 
the boundary conditions. In paper A, it is assumed that the edges are clamped. See also [6]. In 
the experiments presented in paper A, the panel was first placed on a table and then fastened 
by a fixture, Fig. 2.2, after which the stiffness was measured at the panel centre. 

The stiffness is also dependent upon the panel size and the curvature. As a panel of constant 
thickness is made smaller or with decreased radii of curvature or both, its stiffness will 
increase, Fig. 2.3. See also [6] and [7]. In paper A, the radii of curvature and the panel size 
are not varied. 

Fig. 2.3 shows a panel without walls. In the investigation leading to paper A, the flange and 
panel walls were, however, not trimmed. 

Although the deformation is elastic in the stiffness test, the relation between the load and the 
deflection is not linear, Fig. 2.2. This non-linearity has also been observed by others, [6]. It is 
shown in paper A that 

P = C2nE~ß=8°* (2.1) 

where P is the exerted force, E is Young's modulus, t is the panel thickness, Rj is the minor 
panel radius, R2 is the major panel radius and 8 is the deflection. C is a constant, which for the 
sheet materials in paper A, varies between 0.2 and 0.22. 

Observe that Eqn (2.1) relates the punch force, P, to the deflection, 8. To calculate the panel 
stiffness, P/8, the value of 8 has to be computed at a given value of P and then P/8. 

Eqn (2.1) indicates that: (i) the thicker is the sheet thickness at the panel centre, the greater 
will be the panel stiffness; (ii) the greater the panel radii (the more severe the springback), the 
lower is the stiffness; and (iii) the larger is the modulus of elasticity, the greater will be the 
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Fig. 2.2. The equipment used in the stiffness and dent resistance tests. 

panel stiffness. 

Reducing the weight by using a thinner (high strength steel) sheet and wishing to maintain the 
stiffness, the radii of curvature must, as shown by Eqn (2.1), be decreased. 

Static dent resistance is a measure of the panels' resistance to plastic deformation caused 
during handling (both during manufacturing and at service stations), at parking lots, and by 
hands and elbows... Dynamic dent resistance, the plastic deformation caused by for instance a 



Rj orR2 

Fig. 2.3. The panel stiffness depends on the radii of curvature and the panel size, this depend
ence being shown schematically in the figure. The figure is from [6] and modified. 

hailstorm, is studied by firing small projectiles towards the panel, [6]. Paper A deals solely 
with the so-called static denting behaviour. 

The dent resistance varies also from point to point on a panel. In paper A in this thesis, the 
attention is focused on the dent resistance at only the panel centre. 

Dent resistance is defined as the force which gives a dent depth - a permanent plastic 
deformation - of 0.1 mm. In paper A, the dent resistance was measured at the panel centre 
using a hemispherical punch of 100 mm in diameter, Fig. 2.2. 

The panel should withstand Y N without exhibiting a dent depth of 0.1 mm, Y varying for 
different types of panels and being set at the design stage. Also the dent resistance is a quality 
measure. 

In paper A, the load was exerted step-by-step, beginning with 30 N. In the subsequent steps, 
the load was increased with 10-20 N. After each step, the panel was unloaded and the depth of 
the dent measured by using a dial gauge. The measurements were stopped when the dent 
depth was equal to or exceeded 0.1 mm, Fig. 2.2. 

Looking at the denting curve, it is not possible to distinguish the elastic region from the 
plastic, Fig. 2.2. Note, furthermore, that the maximum applied force is not a linear function of 
the dent depth, Fig. 2.2. 

Since the dent resistance is defined as the force required to cause a permanent (plastic) dent of 
the depth 0.1 mm ( a small plastic deformation), an attempt was made in paper A to relate the 
dent resistance to the yield strength of the panel. 

This attempt to relate the dent resistance to the yield strength of the panel was one of the 
reasons why tensile specimens were cut by water jet from the panels and tested. For the same 
reason, the curvature at the panel centre was not taken into consideration when deriving the 
analytical expression for the dent resistance. 

It is shown in paper A that the force needed to cause a permanent dent of the depth 0.1 mm is 
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given by 

F = OAnD — r - ^ - • Äpp

02 • / (2.2) 

where r is the normal anisotropy of the original sheet, R^0 2 is the yield strength of the panel 

centre, and / is the sheet thickness at the panel centre, t is, in turn, expressed by 

t = to.e-i
tn^2i) (2.3) 

in which fo is the original sheet thickness and Ei i and £22 are the major and minor principal 
plastic (surface) strains respectively measured at the panel centre. 

D in Eqn (2.2) is an efficiency factor. For the materials in paper A, D has been found to be 
0.65. 

Weight reduction by using a thinner sheet would, as shown by Eqn (2.2), lead to an 
undesirable reduction in the dent resistance at the same site. Also forming of the panel results 
in a thickness reduction, Eqn (2.3), which decreases the dent resistance, Eqn (2.2). 

Eqn (2.2) also shows that the higher the panel yield strength is at its centre, the higher is the 
dent resistance. The panel yield strength can be increased by increasing the plastic strains at its 
centre, en and £22 in Eqn (2.3). en and £22 become larger by increasing the restraining forces 
in the flange area, in paper A the restraining forces being varied by changing the binder force. 
Larger Ei 1 and £22 mean, however, thinner sheet and lower dent resistance. 

Table 2.1 shows the mechanical properties of the materials studied in paper A. In this table, tQ 

is the initial sheet thickness, Rpo.2 is the yield strength, Rm is the ultimate tensile strength, A%o 

is the total elongation, n is the strain-hardening exponent, and r is the normal anisotropy. 

Table 2.1. Mechanical properties of the materials studied in paper A. 

Æp0.2 ^80 _ 

Material (mm) (MPa) (MPa) (%) n r 

140 0.79 142 300 45 0.29 2.85 

170 0.80 172 305 48 0.24 1.41 

250 0.70 255 380 34 0.21 0.98 

Using soft steel sheet, materials 140 and 170 in Table 2.1, the panel yield strength, E n and s22 
can be raised significantly by increasing the binder force. Since the increase in the panel yield 
strength is larger than the thickness reduction, the dent resistance, Eqn (2.2), benefits from 
such an operation. 

High strength steel sheet, material 250 in Table 2.1, exhibits generally a poorer formability 
than soft steel sheet, Table 2.1. Using high strength steel sheet, it is not possible to raise the 
panel yield strength, Ej 1 and E22 substantially by increasing the binder force. Due to the poorer 
formability of material 250 (a high strength steel sheet), fracture occurs at the panel corners at 
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Fig. 2.4. The yield strengths of the pre-strained specimens (panels) and the flow stresses 
of virgin specimens at corresponding strain levels plotted as function of 
effective plastic strain, ee, at the panel centre. 

relatively moderate binder force levels. 

This phenomenon is shown in Fig. 2.4, which displays the yield strengths of the pre-strained 
specimens (panels) and the flow stresses of virgin specimens at corresponding strain levels 
plotted as function of the effective plastic strain, Ee, at the panel centre. 

The maximum strains and yield strengths plotted in Fig. 2.4 are obtained at the highest 
possible binder force. Applying a higher binder force would, in other words, lead to fracture at 
the panel corners. 

Fig. 2.5 displays the dent resistance of three selected panels, the yield strength of these panels 
being 280 MPa. BHF in Fig. 2.5 denotes the applied blank holding force in metric tonnes (»10 
kN). As exhibited in Fig. 2.5, the dent resistance of the panel pressed in material 250 is lower 
than that of the other two materials. 

Material 140, BHF = 90 

Material 170, BHF = 75 

Material 250, BHF = 60 90 

110 

110 

60 80 100 120 

F (N) 

140 160 

Fig. 2.5. Dent resistance of three selected panels, the yield strength of these panels 
being 280 MPa. 
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Assume that the soft steel grade material 140 is to be replaced by the high strength steel grade 
material 250. Assume also the dent resistance of the new high strength steel panel should not 
be lower than that of the soft steel grade steel panel. 

Since weight reduction is, in this case, obtained by using a thinner high strength steel sheet, 
Table 2.1, Figs. 2.4 and 2.5 show that the tool corner and profile radii (and the lubrication) 
should be altered so that material 250 can be stretched as much as possible. The purpose 
would, obviously, be to obtain a substantial increase in the panel yield strength, which in turn 
would raise the dent resistance. 

The dent resistance can also be kept almost unchanged or improved by using a sheet material 
(for instance AA6016-T4) that bake-hardens during the paint-baking process, [5]. 

It has been reported that the dent resistance is affected by the stiffness. In cases where the 
sheet material and the sheet thickness are unchanged, increased stiffness results in a 
decreased dent resistance, [5] and [6J. The concept is that a high stiffness reduces the amount 
of energy required to form a visible dent, [6]. 

140 

.2 100 

80 100 120 

Stiffness (N/mm) 

140 160 

Fig. 2.6. The dent resistance as function of the stiffness. The stiffness values are obtained by 
fitting a line of the type P = sb (s = stiffness) to the experimental force and 
deflection values attained for each panel. See also Fig. 2.2. 

An evaluation of the impact of the stiffness on the dent resistance faces, however, some 
difficulties. In the stiffness test used in paper A, the relation between the force, P, and the 
deflection, 8, is not linear, Fig. 2.2. The question is which stiffness (the stiffness at which 
force level) is to be used in the examination of the relationship between stiffness and dent 
resistance. 

Let us neglect the non-linearity of the force-deflection curve and fit a line of the type P = s8 (s 
= stiffness) to the experimental force and deflection values obtained for each panel, Fig. 2.2. 
Using the stiffness values determined in this fashion and the attained dent resistance values, 
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one can construct Fig. 2.6. The dent resistance decreases, as shown in Fig. 2.6, continuously 
with increasing stiffness only for panels pressed in material 140. 

On the other hand, i f the concept is that a high stiffness reduces the amount of energy required 
to form a visible dent, then the energy in the same process must be meant. In other words, the 
stiffness determined using a flat-headed punch cannot be compared with the dent resistance 
determined by a hemispherical punch in another deformation process, Fig. 2.2. 

Let us, therefore, examine whether it is possible to determine the stiffness and the dent 
resistance by focusing on the same deformation process. 

Looking at the denting curve, Fig. 2.2, it is, as mentioned previously, impossible to distinguish 
the elastic region from the plastic. One could, however, determine the maximum force applied 
before a permanent dent of any depth was registered. 

Examining the denting curves obtained for the panels pressed in the investigation resulting in 
paper A, it is found that 30 N leads to a dent depth of 0.01 mm or larger (at 30 N , the dent depth is 

actually 0.055 mm on the panel pressed in material 250 with the binder force set at 20 metric tonnes) on all 

panels. The elastic region is, in other words, located somewhere below 30 N. However, forces 
lower than 30 N were not applied in paper A, Fig. 2.2. 

In [5], where only one sheet material is 
studied, it is reported that a high stiffness 
reduces the dent resistance. However, the 
stiffness and the dent resistance are, as in 
paper A, determined in two different 
deformation processes. The punch shapes 
used in [5] are also quite like those used in 
paper A. 

In [6], where it also is reported that a high 
stiffness reduces the dent resistance, these two 
properties are determined in the same 
deformation process. The loading curve can, 
furthermore, be used to calculate the elastic, 
plastic and total energies, Fig. 2.7. 

In [6], the stiffness is defined as the ratio of the maximum force, applied before any visible 
dent is formed, and the deflection. The maximum dent depths obtained in [6] are, 
furthermore, of the same magnitude as the sheet thickness. 

In [6], the (stiffness and dent) test is, however, conducted by impressing a steel ball of the 
diameter 1 in (25.4 mm) into the panel surface. 

The stiffness and the dent resistance can, as illustrated by the discussion above, be determined 
in different processes using different punch shapes. Also the test procedure varies. In for 
instance [5], a rubber pad (2 mm thick and 50 shore hard) is placed between the punch and 
the panel surface. 

Since the test method or methods are not standardised, a comparison of the values obtained by 
different methods causes some problems. 

Deflection 

Fig. 2.7. The load-deflection curve obtained 
in [6]. The figure is modified. 
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The author believes that the reasons why the stiffness and the dent tests are conducted should 
not be forgotten. I f the stiffness test is conducted to ensure that the customer senses a high 
quality when he exerts pressure on an exterior panel by the palm of his hand, then impressing 
a steel ball of the diameter 25.4 mm into the panel is not an appropriate way to determine the 
stiffness. 

If the dent test is carried out to determine the normal force required to plastically deform the 
panel by a sharp object, then a hemispherical punch of the diameter 100 mm might be too 
large. 

The author believes also that the stiffness and the dent resistance do not necessarily have to be 
determined in the same deformation process. The question to be answered first is, as 
mentioned above, what these properties represent. 

If the stiffness and the dent resistance are determined in different processes using different 
punches, one has to consider that denting is a process which comprises both elastic and plastic 
deformation. It would, therefore, be appropriate not to denote the elastic deformation 
resistance during denting as stiffness. However, giving this elastic deformation resistance 
another name does not mean that it could not be used in an examination of the denting 
properties of different panels. In sheet metal forming, the parameters which determine the 
onset of yielding are in many cases very significant. 

2.2 Springback 

There are chiefly two factors which initiate springback on double-curved panels, [8]: 

• The non-uniform distribution of the stress during forming. 

• The plastic bending moments released upon unloading. 

In paper B, it is asserted in principle that the non-uniform distribution of the stress, which 
leads to a non-uniform strain distribution, actually follows with the type of forming (pressing 
of a double-curved panel) encountered and that this non-uniform strain distribution probably 
plays a major role, when warping of a pressed double-curved panel is studied. 

The plastic bending moments and their impact on the springback are, however, thoroughly 
accounted for in paper B. 

In the following, the concept used in the theoretical treatment is, for simplicity, described for a 
single-curved panel. Note, though, that paper B comprises an analytical treatment and an 
experimental analysis of the springback obtained on double-curved panels. 

Fig. 2.8 displays the influence of the tension, T, on the stress and strain distribution and on the 
position of the neutral axis within the encircled zone when pressing with a single-curved 
punch. It is assumed that the tension, T, and the moment M, act at the midthickness. The 
tension is 

+1/2 

(2.4) 
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T= T4 > T3 

M = M4<M} 

Mt-+0 

Compressive <_> Tensile 
strain strain 

Centre line 

Neutral axis 

(e) 

Plastic 

Compressive <_> Tensile 
stress stress 

;. 2.8. The influence of the tension on the stress and strain distribution and on the position 
of the neutral axis in pressing with a single-curved punch, [9] & [10]. 
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The applied moment per unit width is 

M 

H/2 

Gzdz (2.5) 

-f/2 

In Eqns (2.4) and (2.5), a is the stress. 

It is also assumed that loading occurs in two steps. In the first step, the sheet is made to adapt 
to the punch shape by the bending moment. In the second step, the tension is applied. 

When the moment M > 0 and the tension 7 = 0 , the positions of the centre line and the neutral 
axis coincide, Fig. 2.8(a). In this case, the strain and the stress above the centre line are tensile 
and equal to the strain and the stress below the centre line which are compressive, Fig. 2.S(a). 

Applying a tension results in a shift, a, in the position of the neutral axis and enlarges the zone 
which is subject to tensile strains and stresses, Fig. 2.8(b). As the tension is increased, a 
grows, M decreases, and the portion of the cross section deformed elastically shifts towards 
the inner surface, Figs. 2.8(b)-(d). 

When the tension is sufficiently high, the neutral axis disappears from the cross section and 
both the inner and outer surfaces are deformed plastically in tension, Fig. 2.8(e). At this stage 
the plastic bending moment M = M4 —> 0. Fig. 2.8(e) exhibits an important case - bending 
under tension with entirely plastic cross section (in tension), [9] & [10]. 

Unloading the tension, T, in Fig. 2.8 results in the sheet sliding around the punch without any 

change of shape, while unloading the moment, M, will change the radius of curvature from Rp 

to Rs, Fig. 2.9, [11]. It can be shown that for a single-curved panel, [11]: 

A | i ) = -
\RJ Rn 

R, 

l2Me _ \2Me 
( l - v > ) 

EY 
(2.6) 

in which E = Young's modulus, t = sheet thickness, v = Poisson's ratio, and Me = M = the 
plastic bending moment applied before unloading. 

It can, furthermore, be shown that, Fig. 
2.9, [11]: 

I" 
-Ah (2.7) 

in which Ah = springback in terms of 
height difference at the punch edge 
and I = half-width of the curved panel, 
Fig. 2.9. 

Eqns (2.6) and (2.7) mean that the 
springback, measured as A(l/R) or Ah, 

varies with the applied bending moment before unloading M = M, 

Fig. 2.9. Unloading the moment, M, results 
in a curvature change, [11]. 
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The applied tension, T, and the 
bending moment, M, are, as 
illustrated in Fig. 2.8, uniquely 
related. I f the sheet material is 
assumed to be elastic perfectly 
plastic, one can plot the non-
dimensional diagram of M/Me 

versus T/Yt shown in Fig. 2.10. 

In Fig. 2.10, Y = yield strength in 
the prevailing deformation mode, 
t = sheet thickness, and Yt = yield 
tension. 

Fig. 2.10. The relationship between the bending 
Fig. 2.10 shows that once the moment M and tension T, [12]. 
sheet starts to become plastic (due 
to the applied tension), the bending moment decreases very rapidly towards zero at which the 
sheet is fully plastic (in tension). 

Considering the Eqns (2.6) and (2.7), one can easily see how this fall in moment affects the 
springback, Fig. 2.10. Thus in pressing curved panels, i f the tension is sufficiently high to 
deform the entire sheet cross section plastically (in tension), then on unloading there is 
theoretically no springback and the sheet conforms exactly to the punch curvature. 

This concept, which for simplicity was described referring to a single-curved panel, is used in 
paper B to examine the springback of double-curved panels. The investigation leading to 
paper B is focused on the moments and tensions acting on the sheet elements along path 1 (the 
7-direction) and path 2 (the 2-direction) in Fig. 2.11. 

On a single-curved panel, it was shown in Fig. 2.8 that the magnitude of the moment 
decreases with increasing tension. 

In each single sheet element along paths 1 and 2 on a double-curved surface, the magnitude of 
the moments along paths 1, Mj, and 2, M2, are also dependent upon the magnitude of the 
tensions acting along the same paths, Tj and T2. The larger Ty and T2, the smaller are My and 
M 2 ,F ig . 2.11. 

Tj and T2 are, however, dependent upon the restraining forces developed in the flange area, 
T!d and T2d. The larger Tid and T2d, the larger are Tj and T2. This means that Mj and M2 

decrease with increasing Tld and T2d, Fig. 2.11. (Note that Fig. 2.11(b) displays the moment 
and tensions acting along path 1. Changing the subscript from 1 to 2 in Fig. 2.11(b) yields, 
however, the moment and tensions acting along path 2). 

Since M ; and M2 decrease with increasing 7} and T2 which, in turn, rise in magnitude as Tjd 

and T2d become larger, and since the springback along paths 1 and 2, Ah; and Ah2, are 
lowered with decreasing Mj and M2, Eqns (2.6)-(2.7), one can conclude that Ah; and Ah2 

decrease with increasing restraining forces developed in the flange area. 

The restraining forces along paths 1 and 2 can be increased by increasing the applied binder 
force level and/or using a more 'severe' drawbead shape. In the theoretical part of paper B, 
expressions are derived which show how the above mentioned moments and tensions are 
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z An element 
A of the sheet 

fi) 

Fig. 2.11. (a) The sheet elements along path 1 (the i-direction) and path 2 (the 2-direction) are 
considered in paper B. (b) The relation between the tensions and moments acting 
on the double-curved surface of the panel and the tensions acting in the panel walls 
and flange area (the figure showing these tensions and moment along path 1 only). 

related to one another. In the experimental part of paper B, the restraining forces are increased 
by applying higher binder force levels. 

In other words, the working hypothesis in paper B is that the springback decreases with 
increasing binder force. This hypothesis is verified by the attained experimental data shown in 
Figs. 2.12 and 2.13. 

Note in Figs. 2.12 and 2.13 that 
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2.12. Normalised mean absolute value of the springback along path 1, \Ah;\/h], obtained 
at the panel walls after the first trimming versus the applied blank holding force. 
The figure concerns the panels pressed with punch No. 1. Drawbeads were used. 
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2.13. Normalised mean absolute value of the springback along path 2, [A/j2|/Ä2, obtained 
at the panel walls after the first trimming versus the applied blank holding force. 
The figure concerns the panels pressed with punch No. 1. Drawbeads were used. 
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• first trimming in the legend means that the double-curved surface of the panel and 5 mm of 
the panel walls are left after the trimming. 

• the drawbead shape was unchanged in all cases. 

• the punch shape used is that shown in Fig. 2.1. 

• the maximum blank holding forces plotted are the highest possible (fracture limit). 

Applying a higher blank holding force leads, in other words, to fracture at the panel corner. 

Applying a higher binder force leads, as exhibited in Figs. 2.12-2.13, to a springback 
reduction. The question is if the punch shape and the material properties can be neglected, as 
long as the magnitude of the applied binder force is sufficiently high. 

It is shown theoretically and experimentally in paper B that increasing the binder force is not a 
sufficient measure, as far as the minimisation (practical elimination) of springback is 
concerned. A higher binder force might lead to fracture (at the panel corners), before the 
springback is minimised, Figs. 2.12-2.13. 

The results presented in paper B show that the impact of the material properties, the sheet 
thickness and the punch shape on the springback can be detected, even if the highest possible 
(fracture limit) blank holding force is applied. This effect can be expressed as the magnitude 
of the shift in the position of the neutral axis at the yield point (elastic limit), a; (= af). 

For a single-curved panel, it was shown in Fig. 2.8 that the applied tension determines the 
shift in the position of the neutral axis. 

On a double-curved surface, the acting tensions determine the shift in the position of the 
neutral axis along paths 1 and 2, a; and a2 respectively. It is assumed in paper B that a; = a2 in 
each single sheet element along paths 1 and 2, Fig. 2.11. The higher the tensions, the larger 
are aj and a2. The larger are a; and a2, the smaller will be the moments acting on the double-
curved surface and, finally, the smaller these moments, the smaller will be the springback. 

It is shown in paper B that the shift in the position of the neutral axis at the yield point, 
theoretically determined by 

a,=a2 = | r - ^ - r . (2-8) 
E 2 

where t is the sheet thickness, R*pl = Rpl + t/2, Rpj is the minor punch radius, oy = yield 

strength of the sheet material (= Rpo,2), C is a constant (which depends on Poisson's ratio, v, 

and the assumed strain ratio; Eqn (3.27) in the first part of paper B) and E = Young's 

modulus, should play a significant role in minimisation (practical elimination) of the 

springback. The experimental results presented in paper B verify this prediction. 

Table 2.2 displays the shift in the position of the neutral axis, a\ (= a2), the normalised shift in 
the position of the neutral axis, ajf(tf2) (= a2l(t/2y), the tension along path 1, T h and the 
tension along path 2, T2, at the yield point for the materials studied in paper B, when pressed 
with punch No. 1 (Fig. 2.1). In Table 2.2, 

• the values of a; (= a2), are calculated in accordance to the expression above, Eqn (2.8). 
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• the values of 7y and T2 are calculated using Eqns (3.52)-(3.53) in the first part of paper B. 

A comparison of Table 2.2 and Figs. 2.12-2.13 shows that the smaller ay/(t/2), a2l(tll), Ty, and 
T2 are, the smaller is the springback. It is shown in paper B that all of the sheet materials, for 
which aj = a2 = 0 at the yield point, exhibit a very small springback already at relatively low 
binder force levels (in comparison to the sheets with the same thickness). Compare Table 2.2 
with Figs. 2.12-2.13. 

Table 2.2. The shift in the position of the neutral axis, ay (= a2), the normalised shift in 
the position of the neutral axis, a//(f/2) (= a2/(t/2)), the tension along path 
1, Ty, and the tension along path 2, T2, at the yield point for the materials 
studied in paper B, when pressed with punch No. 1 (Fig. 2.1). 

Material 
t 

(mm) 
E 

(MPa) 
Oy ® 

(MPa) 
aj=a2 

(mm) 
aj/(i/2) = 

a2/(t/2) 

Ti 
(N/mm) 

T2 

(N/mm) 

Steel (FeP04) 0.8 205000 172 0.1314 0.3285 39.2 22.5 

AA5182-0 1.2 71000 149 0.6870 1.1450 109.4 65.3 
2 71000 144 0.2445 0.2445 64.9 38.7 

AA6016-T4 1.2 70000 95 0.2323 0.3872 36.5 21.8 
2 70000 113 0 0 0 0 

AA6111-T4 1.2 70000 167 0.8631 1.4385 135.5 80.9 
2 70000 175 0.5340 0.5340 139.7 83.4 

®<3y = Rp0.2-

If ay = a 2 = 0 at the yield point, so are the tensions acting on the double curved surface Ty = T2  

= 0 (at the yield point). See also Table 2.2. This means that the springback is reduced as soon 
as tensions of any size are applied, Fig. 2.10. 

If the sheet material and the punch shape are selected in such a fashion that a; = a2 = Tj = T2  

= 0 at the yield point, the springback can, in practice, be considered as eliminated at moderate 
restraining force levels. This is an important conclusion, particularly for those practical cases, 
in which the restraining force is created solely by the aid of drawbeads. 

ai = a2 = Ty = T2 = 0, when (see also Eqn (2.8)) 

V i = ^ y = _ L _ . ( 2 . 9 ) 

E E 2C»Rp] 

It is commonly held that sheet aluminium exhibits larger springback than steel sheet in 
industrial applications. Eqn (2.9) and Figs. 2.12-2.13 show that the springback can practically 
be considered as eliminated with an appropriate punch (and die) design and sheet material 
selection, particularly yield strength and sheet thickness, regardless of the material category. 

The discussion has so far been focused on the influence of the applied tensions, punch shape, 
sheet thickness and material properties on the springback. At car manufacturers, it is more 
common to discuss the impact of the strain level on the springback. It is usually believed that 
the larger the plastic strains on the double-curved surface, the smaller is the springback. As 
shown in paper B, this assertion is both true and false. 
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— • — FeP04,0.8 mm 
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Springback values 
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after the first trimming 

• 
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Fig. 2.14. Normalised mean absolute value of the springback along path 1, \Mij\lhj, obtained 
at the panel walls after the first trimming versus effective plastic strain at the panel 
centre. Punch No. 1 and drawbeads (drawbead shape unchanged) were used. 

It is true, as long as the same sheet material, thickness and punch are considered. It is, 
however, false, i f different sheet materials are compared. 

It is shown theoretically in paper B that even if the entire cross section is plastic in tension (a 
condition which results in a very small springback), the emerging plastic strains on the 
double-curved surface are very small. 

The practical significance of this theoretical observation might be expressed in the following 
fashion (see also Fig. 2.14 which displays the normalised mean absolute value of the springback along path 1 

obtained at the panel walls after the first trimming (punch No. 1, Fig. 2.1), \&.h,\lh,, versus the effective plastic 

strain at the panel centre): 

• The springback may drop drastically, even i f the increase in strain is very small. See the 
values obtained for 1.2 and 2.0 mm thick 6111, Fig. 2.14. 

• Once minimised, the springback is not affected appreciably by a strain increase. See the 
values obtained for steel (FeP04) and 2.0 mm thick 5182 and 6016, Fig. 2.14. 

• I f panels formed in different sheet materials but stretched to the same strain level at the 
centre are considered, it is not possible to logically rank the springback behaviour of 
different sheet materials. Compare the values obtained at = 0.01 in effective plastic strain 
for steel (FeP04) and 1.2 and 2.0 mm thick 5182, Fig. 2.14. 

The springback is determined by the applied binder (restraining) force, the punch shape, the 
sheet thickness and the material properties. Depending on the values of these parameters, the 
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springback is reduced drastically or minimised (practically eliminated) at different strain 
levels. 

I f the same sheet material, thickness, and punch shape are used, applying a higher binder force 
reduces the springback and results in larger surface strains (the sheet is stretched more). 
Therefore, the larger the surface strains are, the smaller is the springback. However, once the 
springback is minimised (practically eliminated), application of a higher binder force 
increases the magnitude of the strains without having any impact on the springback. 

The panel centre being the origin, it is finally shown theoretically and experimentally in paper 
B that the strain gradients along paths 1 and 2, Fig. 2.11, are positive and small or very small. 

2.3 Material substitution 

As mentioned before, weight reduction can be achieved by using a thinner high strength steel 
sheet or a thicker aluminium sheet. In this section, the consequences of material substitution 
are discussed (qualitatively) for three different cases. 

Case I - soft steel sheet —> thinner high strength steel sheet 

Assume that material 140 is to be replaced by material 250 and that the panel stiffness is to be 
unchanged. Utilising Eqn (2.1) and Table 2.1 and assuming that the modulus of elasticity is 
the same for both materials, one can write 

0.702-2
 ( n / W ) , 

l = f r ^ T - 7 ^ 7 = ^ (2.10) 
0.792'2 

/250 

or 

( ^ ) 2 5 0 = ° - 7 7 - ( V ^ ) ] 4 0 (2-11) 

The radii of curvature must, in other words, be decreased if the stiffness is to be maintained. 

Neglecting the influence of normal anisotropy and utilising Eqns (2.2)-(2.3) and Table 2.1, the 
following expression which concerns the change in the dent resistance, should material 140 be 
replaced by material 250, is obtained 

tRv j 0.70.fe-( E , l + £ 2 2 ) 

F ] 4 ° feL 0 . 7 9 . p £ " + e ^ 
250 

I f the magnitude of the strain at the panel centre is not larger than 2-3%, Eqn (2.12) and Fig. 
2.4 show that the dent resistance of a panel pressed in material 250 should be approximately 
the same or higher than that of the same panel pressed in material 140. If, however, the strain 
level at the panel centre must be higher than 2-3% since the panel yield strength is a 
dimensioning criterion and set at, for instance, 280 MPa, Figs. 2.4 and 2.5 show that the sheet 
of material 250 must be stretched more. 
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As mentioned previously, high strength steel sheet exhibits normally poorer formability than 
soft steel sheet. The amount of stretching during forming of a panel depends on the magnitude 
of the applied binder force and/or the 'severity' of the drawbead shape. The higher the blank 
holding force, the higher are the strains on the double-curved surface of the panel. 

When forming a high strength steel sheet, the magnitude of the binder force cannot, however, 
be increased substantially, since fracture occurs at the panel corners. Stretching the sheet of 
material 250 beyond 2-3% at the panel centre requires, therefore, more gentle corner and 
profile tool radii. 

The possibility of accomplishing a substantial stretching, i. e. 5-6% at the panel centre or, in 
other words, of applying a very high blank holding force, i. e. 90-100 metric tonnes for the 
panels in this study, is also of great importance when the springback is considered. 

Assuming that E = 2*105 MPa for both material 140 and material 250 and utilising Table 2.1 
(and Eqn (3.27) in the first part of paper B) and Eqn (2.8), it is found that 

as=a2 = -0.238 for material 140 (2.13) 

ai=a2 = -0.068 for material 250 (2.14) 

at the yield point. The shift is the position of the neutral axis is, in other words, negative in 
both cases, Eqns (2.13)-(2.14). It is shown in paper B that a negative aj- (= a2-) value at the 
yield point implies that plastic deformation is initiated during the first loading step -
application of the bending moments. 

0 20 40 60 80 100 

Blank holding force (metric tonnes («10 kN)) 

Fig. 2.15. The Gauss curvature at the panel centre versus the applied binder force. The max
imum binder forces plotted in the figure are the highest possible (fracture limit). 
Applying a higher binder leads to fracture at the panel corners. The plotted 
values are extracted from [1]. 

In paper B, the significance of a negative a j (= ai) at the yield point is discussed. Judging 
from the experimental data presented in paper B, it is concluded, however, that a sheet 
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material which exhibits a negative a; (= a2) at the yield point, behaves - as far as the 
springback is concerned - quite like a sheet material for which a; = a2 = 0 at the elastic limit. 

I f the Gauss curvature at the panel centre, [l/(RjR2)], is considered, Fig. 2.15 shows that the 
high strength steel sheet, material 250, exhibits the largest springback at low binder force 
levels. Increasing the binder force leads to a substantial springback reduction on the panel 
pressed in material 250, Fig. 2.15. It would, however, be desirable to increase the binder force 
more, Fig. 2.15, since both the springback and the dent resistance would benefit from 
application of higher binder forces. 

Note that the maximum binder forces plotted in Fig. 2.15 are the highest possible. Applying a 
higher binder force leads, in other words, to fracture at the panel corners. 

Case II - Sofi steel sheet -» thicker aluminium sheet 

Assume that the soft steel grade material 140, Table 2.1, is to be replaced by 1.2 mm thick 
sheet of the aluminium grade AA6016-T4, Table 2.2. Utilising Eqn (2.1) and Tables 2.1 and 
2.2 and assuming that Young's modulus of the steel sheet is 2*10 MPa, one can write 

70000 1.22-2 (V^P7)140 

1 = » — ~ T T * 7 7= • -\ (2.15) 200000 0.79 2' 2 (jRiRp) 
6016 

or 

The radii of curvature must be decreased also in this case, i f the stiffness is to be maintained. 
The stiffness can, however, be kept constant without any curvature change if the thickness of 
the aluminium sheet is increased from 1.2 to 1.27 mm, Eqn (2.15). 

Neglecting the influence of normal anisotropy and utilising Eqns (2.2)-(2.3) and Tables 2.1-
2.2, the change in the dent resistance, should material 140 be replaced by material AA6016-
T4, can be characterised by 

1 . 2 . ( > > + £ ^ 
r6016 _ V V ^ / m 6 \ /HQ («54 
F i 4 0 K P o . 2 ) ] 4 0 0.79. 

(2.17) 

6016 

Since the yield strength of the panel pressed in the 1.2 mm thick sheet of material AA6016 is 
unknown, the initial yield strengths, Tables 2.1-2.2, are used, for which reason Eqn (2.17) can 
be rewritten as 

^ = i 5 _ . i ^ = L 0 2 (2.18) 
Fm 142 0.79 

which implies that the dent resistance can be considered as unchanged at low strain levels, i, e. 
1-2%. 
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AA6016-T4 is an aluminium alloy that bake-hardens during paint baking, [5], which is 
beneficial as far as the dent resistance is concerned. 

Note in the examples above how the lower Young's modulus and yield strength of the 
aluminium grade is balanced by selecting a thicker sheet. 

As far as the springback is concerned, the magnitude of the shift in the position of the neutral 
axis at the yield point, aj (= a2), is small for both sheets, Eqn (2.13) and Table 2.2. 
Consequently, the springback is also small in both cases at relatively low binder force levels, 
Figs. 2.12, 2.13, & 2.15. 

However, if a there is a strength criterion which must be fulfilled (the yield strength must, for 
instance, be 140 MPa at the panel centre), 1.2 mm thick AA6016-T4 has to be stretched more 
than 1-2% at the panel centre. 

Figs. 2.12, 2.13, & 2.15 show that the highest possible binder force (fracture limit) is 25 
metric tonnes which yields an effective strain of 1.1-1.2% at the panel centre, should 1.2 mm 
thick AA6016 be used. This signifies, in turn , that more gentle tool corner and profile radii 
must be used, when forming the aluminium grade. 

Note, finally, that AA6016 is an aluminium alloy which has been used extensively during the 
past years as an alternative to soft steel grade. 

Case III - soft steel sheet —> thicker aluminium sheet 

Suppose that the soft steel grade FeP04 is to be replaced by 1.2 mm thick AA6111-T4, Table 
2.2. Utilising Eqn (2.1) and Table 2.2, one obtains 

70000 1.22'2 (V^7) F e P 0 4 

1 = • « - 7 — (I. IV) 

205000 0.82-2 ( V ^ ) 6 1 n 

or 

( M ) 6 1 1 1 = 0 - 8 3 . ( « F e P 0 4 (2.20) 

The radii of curvature must be decreased also in this case, i f the stiffness is to be kept 
unchanged. I f the thickness of the aluminium sheet is increased from 1.2 mm to 1.3 mm, the 
stiffness can, however, be kept constant without any curvature change, Eqn (2.19). 

Neglecting the influence of normal anisotropy and utilising Eqns (2.2)-(2.3) and Table 2.2, the 
change in the dent resistance, if FeP04 is replaced by AA6111, can be characterised by 

(2.21) 

As in the previous case, the yield strengths of the panels pressed in FeP04 and 1.2 mm thick 
AA6111-T4 are not known. Using the initial yield strengths, Table 2.2, Eqn (2.21) can be re-
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written as 

167 L2 

172 * 0.8 
= 1.46 (2.22) 

There should, in other words, be no problem to maintain or improve the dent resistance even 
at relatively large strain levels (3-4%) at the panel centre. 

There is a large difference in the magnitude of aj (= a2) at the yield point between FeP04 and 
1.2 mm thick AA6111-T4, Table 2.2, resulting in a larger springback on panels pressed in the 
aluminium grade, Figs. 2.12 and 2.13. 

This means, in turn, that 1.2 mm thick AA6111-T4 needs to be stretched more (by being 
subject to higher binder forces), Figs. 2.12, 2.13 & 2.15. This case also shows, therefore, that 
the tool radii must be more gentle when forming sheet aluminium, Fig. 2.15. 

The cases discussed in this chapter indicate that the tool corner and profile radii must be 
larger, i f a soft steel grade is to be replaced by either thinner high strength steel sheet or 
thicker aluminium sheet. 

These cases also show that i f the binder force (the restraining force) is sufficiently high, the 
springback can be reduced drastically and a substantial rise in the panel yield strength 
obtained, the latter being beneficial with regard to dent resistance. 

The above discussion also indicates that in order to keep the stiffness unchanged when a soft 
steel grade is substituted by thinner high strength steel sheet or thicker aluminium sheet, the 
panel (punch) radii must be decreased. Note in paper B that decreased (punch) panel radii 
result in a smaller springback. 

3. S T R E T C H AND SHRINK FLANGING BY FLUID FORMING 

In paper C, stretch and shrink flanging of sheet aluminium by fluid forming are studied, Figs. 
3.1-3.2. The purpose of this study was to find design criteria for fluid forming of stretched and 
shrunk flanges used as C- and U-beams. These beams are arranged in the interior of an aircraft 
body in such a fashion that they constitute the 'ribs' of the aircraft. 

In shrink flanging, the flange shrinks during the forming, Fig. 3.1(a). Each radial zone, shaded 
region in Fig. 3.1(a), is folded 90° along a radial line to form the flange or the wall. Since the 
arc length of the final flange is smaller than the arc length of the original element, 
compression must take place in the circumferential direction. The greater the flange height, 
the greater is the amount of compression. 

In shrink flanging, the compression is largest at the top of the flange and (=) zero at the 
transition between the flange and die profile radius, Fig. 3.1(a). In shrink flanging, failure is 
caused by wrinkling at the flange top. 

Stretch flanging is the opposite to shrink flanging. Here, tension is required to generate the 
increase in the arc length, Fig. 3.1(b). The failure in stretch flanging is, therefore, caused by 
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Fig. 3.1. Flanging: (a) shrink flanging, and (b) stretch flanging, [13]. 

necking and fracture at the flange top. 

The dominant deformation in flanging is hoop tension (stretch flanging) or hoop compression 
(shrink flanging). The flange radius is usually much greater than the sheet thickness and so the 
bending moment along the hoop direction is negligible. 

Local bending at the die profile radius does not have any significant impact on the overall 
flanging deformation. However, if the die profile radius is very small in relation to the sheet 
thickness, fracture might occur in the bending zone at the die shoulder. Since this failure type 
was not of interest in the investigation resulting in paper C, the die profile radius was selected 
in such a manner that fracture did not occur at the die shoulder. 

Paper C deals, furthermore, with fluid forming of solely vertical stretched and shrunk flanges. 

(a) Prior to nuid forming. (b) At the end of fluid forming. 

Fig. 3.2. Fluid forming: (a) prior to and (b) at the end of forming. 
The figure is from [14] and strongly modified. 

Concerning both stretch and shrink flanging, it is assumed in paper C that 

• an axisymmetric model can be used even if forming of only a segment, Fig. 3.1, of the 
circular flange is considered. 

• the state of stress is uniaxial everywhere along the straight portion of the flange. 
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Fig. 3.3. The state of stress in stretch flanging consists of 
tension in the hoop direction, whilst hoop com
pression is prevailing in shrink flanging. 

The state of stress in stretch flanging consists of tension in the hoop direction, whilst hoop 
compression prevails in the case of shrink flanging. For both cases one can, therefore, write, 
Fig. 3.3, 

R 

in which e r is the radial strain, e e is the circumferential strain, and R is the plastic strain ratio 

determined in tensile testing. 

Finally, it is assumed that the Ludwik-Hollomon hardening relationship (a = Ken) can be 

applied and that the sheet material behaves similarly in tension and in compression. 

Table 3.1. Mechanical properties of the materials studied in paper C. 

Material 
to 

(nun) 

Direction 

(°) 

Rp0.2 

(MPa) (MPa) 

^•uniform 

{%) 
^50 

(%) 

E® 

(MPa) 
2024-O 1.02 0 70.5 195.0 17.0 20.1 73000 

1.01 45 65.6 181.6 19.5 20.3 73000 
1.02 90 69.1 182.8 18.7 19.5 73000 

1.0© x ® 68 185 18.7 20.0 73000 

1.58 0 63.9 183.8 16.7 23.4 73000 
1.58 45 58.1 170.4 22.8 27.3 73000 
1.58 90 59.1 169.3 19.1 19.6 73000 

1.6© X 60 173 20.3 24.4 73000 

6061-0 1.56 0 65.9 123.9 19.4 24.8 70000 
1.57 45 66.1 124.7 20.1 27.8 70000 
1.56 90 65.9 122.1 19.0 26.6 70000 

1.6© X 66 124 19.7 26.8 70000 

© Nominal sheet thickness. © X = mean value. ® The values of E are extracted from [15]. 
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Fig. 3.4. Geometry and notation of axisymmetric stretch flanging. 

1.0 and 1.6 mm thick AA2024 and 1.6 mm thick AA6061 were studied in paper C. Both 
materials were in the annealed temper (-0). Table 3.1 displays the mechanical properties of 
these materials at 0°, 45°, and 90° to the rolling direction. 

In this table, t0 = initial sheet thickness, Rp0.2 = yield strength, Rm = ultimate tensile strength, 
^uniform = uniform elongation, A 5 0 = total elongation, and E = Young's modulus. 

It was, furthermore, assumed that the Poisson's ratio v = 0.33 for both materials, [15]. 
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3.1 Stretch flanging 

Fig. 3.4 exhibits the geometry and notation of axisymmetric stretch flanging. Utilising this 
figure, it is shown in paper C that the following expressions can be derived for a vertical 
flange (a = 90° in Fig. 3.4): 

H = L + rd (3.1) 

in which L is given by 

L = 
l + R 

1 + 2R 

( 

R t o 
R, ]i+R 

\ R D 
RJ 

Rn~^ 
tn R 

2 R 

l+R 

DJ 

l+R 

J 

(3.2) 

and rd is the die profile radius, Fig. 3.4. For a vertical flange, one can, furthermore, write 

Re=R2+^ + rd=RD + rd 

in which RD = die (tool) radius, Fig. 3.2. 

(3.3) 
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Fig. 3.5. Flange height, H, versus initial blank radius, Rj, after 90° stretch flanging. 
Material = 2024-O. Initial sheet thickness =1.0 mm. Orientation with 
respect to the rolling direction (Fig. 3.4) = 90°. Die radius = 200 mm. The 
analytical values are computed in accordance to Eqn (3.1). 
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Fig. 3.5 displays the flange height, H, versus the initial blank radius, R;, after 90 stretch 
flanging. The analytical values plotted in Fig. 3.5 are calculated according to Eqn (3.1). 

It is shown in paper C that the larger the plastic strain ratio R is, the higher flanges can be 
formed. Note, therefore, that Fig. 3.5 exhibits only the values obtained at 90° to the rolling 
direction. 

A comparison of the analytical and experimental results presented in paper C (see also Fig. 
3.5) shows that the analytically obtained values are approximately 2 mm larger than those 
found experimentally. Accordingly, it is suggested in paper C that Eqn (3.1) should be 
rewritten as 

H = L + rd-2 (3.4) 

This difference, which becomes smaller with decreasing initial blank radius (see also Fig. 
3.5), is caused by the assumptions, particularly the assumed strain ratio, made in the analytical 
modelling. 

Fig. 3.5 shows that Eqns (3.1)-(3.4) can be used to predict the flange height, H, and the flange 
length, L, provided that the die radius, RD, the die profile radius, rd, the initial blank radius, 
Ri, and the plastic strain ratio, Rx (x = orientation with respect to the rolling direction), Fig. 

3.4, are known. 

A failure criterion is now required to predict the maximum flange height or minimum initial 
blank radius. It is shown in paper C that the maximum circumferential strain is obtained at the 
flange top edge and is equal to 

'-Qmax = l n ^ = ln 
Rr 

Ri 
In 

RD ~L0 
R, 

R D J 

RJ 
(3.5) 

Since it is assumed that the state of stress in stretch flanging is uniaxial and consists of hoop 
tension, Fig. 3.3, an attempt is made in paper C to relate Eqn (3.5) to the following different 
failure criteria all valid in tensile testing: 

^ uniform = ln 1 + 
^uniform 

"kxT 
, onset of necking, (3.6) 

e i o r = ln | 1 + 
N50 

100 
, tearing, (3.7) 

e , d = n , (3.8) 

in which z[d = the theoretical strain at maximum load/onset of diffuse necking, 

and 
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E U = ( 1 + Ä ) . I I (3.9) 

which can be rewritten as 

8*=(1 + R).£ (3.10) 
11 v ' uniform v ' 

where ej/ = the theoretical strain at maximum tension/local necking. R in Eqns (3.9)-(3.10) is 

the plastic strain ratio. 

It is, furthermore, shown in paper C that the strain hardening exponent, n, and the plastic 
strain ratio, R, vary with the deformation. This variation is large particularly for material 2024. 

The maximum deformation in stretch flanging is expected to be large, e. > 20-25%. The 
formability indices, Eqns (3.8)-(3.10), neither depend upon the yield strength, Rpo.2, nor 
exhibit any relationship with the strength coefficient, K, (recall that it is assumed that the 
Ludwik-Hollomon hardening relationship can be used). 

These indices require, though, a good description of the studied material's strain hardening 
behaviour, n, and plastic strain ratio, R, at large strains. The values of these parameters, which 
therefore were determined at 10-14% plastic extension in tensile testing, are shown in Table 
3.2. See also Table 3.1. 

Table 3.2. n, K and R at 10-14% plastic extension (tensile testing) 
Material to (mm) Direction (°) R n K (MPa) 

2024-O 1.02 0 0.839 0.182 319.3 
1.01 45 1.024 0.185 299.0 
1.02 90 0.710 0.182 302.3 

1.0© x ® 0.90 0.18 305 

1.58 0 0.680 0.184 301.8 
1.58 45 0.874 0.191 282.2 
1.58 90 0.575 0.191 276.9 

1.6© X 0.75 0.19 286 

606l-O 1.56 0 0.746 0.185 203.6 
1.57 45 0.556 0.199 209.9 
1.56 90 0.938 0.183 199.8 

1.6© X 0.70 0.19 206 

© Nominal sheet thickness. © x = mean value. 

It is found in paper C that the best correlation is obtained when the experimental values are 
compared with the failure criteria expressed by Eqns (3.9) and (3.10) (see also Eqn (3.6)), Fig. 
3.6. The values of n and R used in the analytical calculations are those presented in Table 3.2. 

Fig. 3.6 means that the minimum initial blank radius, Rimin, can be calculated by 



30 

0.5 

0.2 

0.1 

— i — i — r - 1 i • 1 1 1 1 1 1 1 1 1 1 
Stretch flanging J 2024-0,(0 =1.0 

R,o,RD = lODi 

mm, 2024-O,(» =1.6 mm, 
R X , R 0 = 200 mm 1 

2024-0,(0 =1.0 
R,o,RD = lODi nm 

2024-O,(» =1.6 mm, 
R X , R 0 = 200 mm 1 

2024-O,/5 =1.0 mm, 
RO,RD =200 mm 

\ t 1 2024-O,/5 =1.0 mm, 
RO,RD =200 mm 

1 r • 
i 1 601 S-O, t0 = 1.6 mm, 

, , R D =200 mm 
S-O, t0 = 1.6 mm, 
, , R D =200 mm 6 D I 1 

i \ • i ' 024-O,f» =1.0 mm, 
R,O,RD =200 mm C ) < > 

024-O,f» =1.0 mm, 
R,O,RD =200 mm 

n E e , expenmental 

1 1 

0.64 0.66 0.68 0.7 0.72 0.74 

RI/RD 

Fig. 3.6. Strain versus initial blank radius/die radius, Rj/Rp - a comparison of circumferential 
failure strains, ee, obtained experimentally at the flange edge (vertical stretch 
flanging) and Eqns (3.9) and (3.10) (see also Eqn (3.6)). 

KD~L0 

R Imin h+R 

R 
<e (!+/?)•« (3.11) 

Imin 

or 

R D~L0 

R Imin \\+R 

D J 

R 
= e 

(!+/?)•£ iform (3.12) 
Imin 

v J 

If Eqn (3.11) is to be used, the value of the strain hardening exponent, n, must, as discussed 
previously, be determined at large strains (10-14% plastic extension in tensile testing, Table 
3.2) particularly i f the sheet material exhibits substantially different n-values in different strain 
intervals. 

It is, furthermore, shown in paper C that the circumferential strains, ee, obtained analytically at 
the flange edge are somewhat larger than those found experimentally. It is, therefore, 
suggested that the maximum circumferential strain is calculated by the following expression 
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Rn -1, 
\ R D ) 

l+R 

-0.02 (3-13) 

Compare Eqn (3.13) with Eqn (3.5). 

As far as the stress state along the flange, the fracture limit, and the flange height/length are 
concerned, it is concluded in paper C that there should be no major difference between stretch 
flanging by fluid forming and that conducted conventionally with rigid punch and die (the 
clearance between the punch and the die in conventional forming may, however, introduce some minor 
differences). 

3.2 Shrink flanging 

The geometry and notation of axisymmetric shrink flanging are displayed in Fig. 3.7. Utilising 
this figure, it is shown in paper C that the following expressions can be derived for a vertical 
flange (a = 90° in Fig. 3.7): 

H = L + rd (3.14) 

in which 

L = 
l + R 

1 + 2R 
R 

RD + 

2 [ R 

l+R 

D J 

l+R 

D 2 

1 A 

f — 

)l+R 

\RD , ) J 

(3.15) 

and rd is the die profile radius, Fig. 3.7. For a vertical flange, one can, furthermore, write 

Re=R2-\rd+-2\=RD-rd 
(3.16) 

in which RQ = die radius, Fig. 3.2. 

Fig. 3.8 displays the analytically and experimentally obtained flange heights as function of the 
initial blank radius. Based on the difference between all analytical and experimental values, it 
is suggested in paper C that the flange height is calculated by the following expression (see 
also Eqn (3.14)) 

H = L + rd-2.5 (3.17) 

This difference is held to be caused by the assumptions, particularly the assumed strain ratio, 
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Fig. 3.7. Geometry and notation of axisymmetric shrink flanging. 

made in the analytical modelling. 

If the initial blank radius is too large, wrinkles are, as shown in Fig. 3.8, formed. At Saab 
Military Aircraft, hwc > 0.5 mm is used as the critical wrinkle height. I f the height of the 
largest wrinkle hw > 0.5 mm, the pressed part is discarded, and i f hw < 0.5 mm, the wrinkles 
are straightened out in a special device. hwc > 0.5 mm was, therefore, selected as the wrinkle 
criterion. 

To predict the maximum flange height or maximum initial blank radius, a theoretical wrinkle 
criterion is needed. The maximum circumferential strain, which is obtained at the flange top 
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Fig. 3.8. Flange height, H, versus initial blank radius, Rj, after 90 shrink flanging of 1.0 mm 
thick 2024-O. Orientation with respect to the rolling direction (Fig. 3.7) = 90°. Die 
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edge, can be characterised as 

R-
~-%max = l n ^ = ln R ] 

R? RD+t 
= ln-

R, 

R D + T 0 
?R ^ 

KRDJ 

1 / (l + R) 
(3.18) 

It is assumed that stress state is uniaxial and consists of compression in the hoop direction, 
Fig. 3.3. Utilising this assumption, the general wrinkling criterion proposed in [16] is adopted 
to find the following expression for the critical (wrinkling) strain 

'der I 
^ R D j 

n+l 
n + l 

K 

i_ 
n+l 

(3.19) 

in which 

f D \ l+R 
(3.20) 

Equating Eqns (3.18) and (3.19), the maximum flange height or maximum initial blank radius 
should be obtained. 

The maximum deformation level in shrink flanging is predicted to be less than 4-6%. Looking 



34 

Table 3 3. n, K and R at 1-5% plastic extension (tensile testing). 
Material to (mm) Direction (°) R n K (MPa) 
2024-O 1.02 0 0.879 0.333 496.6 

1.01 45 1.243 0.297 395.6 
1.02 90 0.725 0.287 395.2 

1.0© x ® 1.02 0.30 421 

1.58 0 0.787 0.329 469.8 
1.58 45 0.853 0.331 432.3 
1.58 90 0.581 0.333 444.8 

1.6© X 0.77 0.33 445 

6061-0 1.56 0 0.749 0.170 179.8 
1.57 45 0.567 0.204 213.6 
1.56 90 1.083 0.169 181.4 

1.6© X 0.74 0.19 197 

© Nominal sheet thickness. © x = mean value. 

at Eqn (3.19), one can see that a good description of the actual flow curve at small strains is 
required. 

To obtain such a good description and since the n- and Æ-values exhibit a large variation, 
especially for material 2024-O, the magnitude of n, R, and K were determined at 1-5% plastic 
extension in tensile testing, Table 3.3. Compare Table 3.3 with Tables 3.1 and 3.2. 

In paper C, the values shown in Table 3.3 are used in those calculations which concern shrink 
flanging. 

Fig. 3.9 displays the critical (wrinkling) strain, | e e c r l , versus the current sheet thickness at the 
flange edge/die radius, tlRD, for the sheet materials studied in paper C. The values (curves) in 
this figure are calculated in accordance to Eqn (3.19). | e 9 C r l computed by utilising the mean 
values of E, R, K, and n, given in Tables 3.1 & 3.3, is sufficient for a theoretical comparative 
study and for this reason these mean values were used in the calculations. 

In Fig. 3.10, the experimentally obtained critical ('wrinkling') strain, l e e £ r l , is plotted as 
function of the current sheet thickness at the flange edge/die radius, tlRD, for the sheet 
materials studied in paper C. These experimental values concern the flanges on which the 
attained wrinkle height hw < 0.5 mm (see Fig. 3.8). 

A line was fitted to the experimental values. The mathematical expression for this line is 
l e e c r l = 35.353»X (see also the legend in Fig. 3.10), X in this expression being equal to the 
right hand side of Eqn (3.19). 

A line, in which X is calculated in accordance to the analytically derived wrinkling criterion, 
was, in other words, fitted to the experimental values. As shown in the legend in Fig. 3.10, the 
obtained correlation factor (CF) was 0.87. (The closer CF is to 1, the better is the agreement 
between the line and the experimental values). 
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Comparing Figs. 3.9 and 3.10, one can see that the analytical values, Eqn (3.19), are much 
smaller that those found in the experiments. 

As shown in Fig. 3.9 and at tIRn > 0.001, wrinkling is expected to occur sooner (at smaller 
strains) on 1.6 mm thick 6061-0 than on the two other sheet materials used in paper C. 
However, such a tendency could not be observed experimentally, Fig. 3.10, the reason for 
which is discussed below. 

Fig. 3.9 displays the total (elastic + plastic) strains, whilst the experimental values plotted in 
Fig. 3.10 are plastic strains measured at the flange edge after unloading. In the latter case, the 
experimental values are relatively so high that elastic strains can be neglected. 

Eqn (3.19) consists of an elastic and a plastic portion. The second expression on the right hand 
side of Eqn (3.19) gives the plastic portion of the critical strain. 

Utilising this second expression to calculate t/Ro at which the 0.2%-limit (conventionally 
accepted as the onset of plastic deformation) is exceeded, one can find that t/RD = 0.0042, 
0.0038, and 0.0052 for 1.0 mm thick 2024-O, 1.6 mm thick 2024-O, and 1.6 mm thick 6061-
O respectively. A large part of Fig. 3.9 exhibits, therefore, only elastic strains. 

Eqn (3.19) has been tested and verified for conventional shrink flanging (shrink flanging with 
rigid die and punch) of steel sheet at t/Rp > 0.005, [16]. In spite of incremental loading and 
unloading, no elastic wrinkles could be observed in [16]. This implies, in turn, that in 
conventional (rigid tool parts) shrink flanging of the sheet materials in this study at tlRD below 
the 0.2%-limit, the level of the critical strain should be raised to = 0.0028. Note that this level 
is practically the same for all of these materials, Fig. 3.9. 

In spite of the fact that the value of tIRo at which yielding theoretically occurs, is larger for 1.6 
mm thick 606 l-O (due to its mechanical properties - E, n, and K), this material should 
therefore behave in the same manner as the sheets of material 2024-O, as far as the critical 
('wrinkling') strain is concerned. That is i f the sheets of 2024-O and 6061-O are all flanged at 
t/Ro below the 0.2%-limits, (t/RD)o2p> and formed conventionally, Fig. 3.9. 

This phenomenon was utilised in fitting a line to the experimental values in Fig. 3.10. At t/Ro 
< 0.0035, the value of X (the right hand side of Eqn (3.19)) used in the fitting procedure was 
calculated with the f/7?0-value set at that yielding the 0.2%-limit, (f/rvo)o.2p, Fig. 3.10. 

The agreement between the fitted line and the experimental values is, as shown in Fig. 3.10, 
astonishingly good. If the analytically derived wrinkling criterion - Eqn (3.19), Fig. 3.9 and 
the discussion above - is multiplied by = 35, a critical working condition is obtained for shrink 
flanging by fluid forming. 

In shrink flanging with rigid punch and die, the emerged wrinkles grow in height and number 
during the forming. When the wrinkle height becomes equal to the magnitude of the clearance 
between the punch and the die, the wall wrinkles stop growing in height and, instead, only 
expand in width. Scratches are also obtained on the sheet and, in very severe cases, also on the 
tool surfaces. At the end of forming, it is therefore possible to see, by just looking at the 
formed flange, i f wrinkles have been developed sometime during the flanging. However, in 
shrink flanging by fluid forming, it is not possible to see whether wrinkles have been 
developed during forming, should the applied pressure be sufficiently high. 
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It is shown both theoretically and experimentally in paper C that the pressure required to form 
a vertical flange or a flange with an angle which is very close to 90°, is very low. It is shown 
in this paper that a vertical flange is obtained as the maximum applied pressure is equal to or 
lower than 5 MPa. 

If a critical strain is exceeded during the fluid forming, wrinkles are formed, the wrinkle 
height being largest at the flange edge. These wrinkles grow in height until the flange angle is 
90° and the flange contacts the die surface. Al l this occurs, once again, at a very low 
maximum applied pressure. 

As soon as the flange contacts the die surface, increasing the pressure does not result in larger 
wrinkles. As the flange/die surface contact is established, increasing the pressure will , on the 
contrary, lead to a process in which the formed wrinkles are straightened out. 

Although it would be scientifically interesting to find out the maximum pressure and strain at 
which wrinkles start to form, in practice only the components formed at the maximum 
available pressure (= 70 MPa in the study leading to paper Q which exhibit wrinkles are 
discarded. 

In practical shrink flanging operations by fluid forming, we are accordingly dealing with three 
deformation processes: 

I . Hoop compression, which is largest at the flange edge, leading to instability - wrinkling. 
I I . Post-instability hoop compression, during which the wrinkles grow in height and number 

(could be classified as a bending process). 
n i . 'Pressurising' after the flange/die surface contact is established, during which the wrinkles 

are straightened out. 

Neglecting the influence of the mechanical properties, the magnitude of the growth in wrinkle 
height in I I depends, naturally, on when (at which strain) wrinkles were formed during the 
shrink flanging by fluid forming. 

The wrinkle height at which the flange/die surface contact is established and the 'pressurising' 
process in HI starts is, in other words, dependent upon the strain at which wrinkles started to 
form. The smaller this instability strain, the larger are the wrinkles as process I I I starts. 

If these wrinkles are very large, applying the maximum available pressure (70 MPa in paper 
C) might not be sufficient to flatten them out. The failure in Fig. 3.8 indicates, in other words, 
the case in which 70 MPa as maximum applied pressure has not been sufficient to straighten 
out the wrinkles which had formed earlier. 

This discussion yields two conclusions: 

• Since the wrinkle height, as process HI starts, is dependent upon the strain at which 
wrinkles started to form during fluid forming, it is justified to use the analytical wrinkling 
criterion and multiply it by = 35, Fig. 3.10. 

• The critical ('wrinkling') criterion in shrink flanging by fluid forming is dependent upon 
the maximum available pressure. | e e c r l = 35.353»X is only valid for the Quintus Fluid 
Cell Press used in paper C (in which the maximum available pressure is 70 MPa). I f shrink 
flanging is conducted in a fluid cell press with a larger capacity, the critical ('wrinkling') 
strains should be higher than those shown in Fig. 3.10. 
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The theoretical wrinkling criterion, Eqn (3.19), describes the influence of different material 
and process parameters on the instability strain. That is process I mentioned above. In paper 
C, the mechanisms governing the growth of wrinkles, process JJ, and the deformation mode 
change (Bauschinger effect), processes I I and HI, have not been treated theoretically. These 
processes are, however, discussed in paper C. 

The fact that the fitted line, 35.353X in Fig. 3.10, exhibits such a good correspondence to the 
experimental values in addition to the mathematical expression for this line (Y-axis 
intersection at zero) indicate, anyhow, that the rationale above is sufficient to obtain a working 
condition in shrink flanging by fluid forming. 

3.2.1 Critical ('wrinkling') strain 

Summarising the discussion above, the critical ('wrinkling') strain is calculated in the 
following fashion. In the calculations below, the initial sheet thickness, to, the die radius, RD, 
Young's modulus, E, the strain hardening exponent determined at small strains, n, and the 
strength coefficient determined at small strains, K (see Table 3.3) are to be used. I f 
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(3.21) 
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Equating Eqns (3.18) and (3.22) or Eqns (3.18) and (3.25), we obtain 
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Utilising Eqn (3.26) or Eqn (3.27), the magnitude of the critical initial blank radius, Rjc, can 
be calculated. Knowing Rlc, the magnitude of the initial blank radius, Rj, can be selected. 

Having selected R;, calculate the final sheet thickness, t, by 

t = tn • 
l+R 

(3.20) 
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Equating Eqns (3.18) and (3.29) or Eqns (3.18) and (3.32), we obtain 
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I f Eqn (3.33) (or Eqn (3.34)) is valid, the selected Rh RD, and t0 can be used to calculate the 
flange height, H, by Eqn (3.14). 

4. CONCLUSIONS 

As far as the properties of pressed double-curved panels are concerned, the following 
conclusions apply: 

0 The thicker is the sheet thickness at the panel centre, the greater will be the panel 
stiffness. The greater the panel radii (the more severe the springback), the lower is the 
stiffness, and the larger is Young's modulus, the greater will be the panel stiffness. 

0 The thicker the sheet and the higher the yield strength, the greater will be the dent 
resistance at the panel centre. 

0 The methods of testing the panel stiffness and dent resistance should be standardised. A 
minimum requirement would be a company standard, in which the purposes and the 
means of stiffness and dent resistance measurements are described. 

I f the stiffness test is conducted to ensure that the customer senses a high quality when he 
exerts pressure on an exterior panel by the palm of his hand, then impressing a steel ball 
of the diameter 25.4 mm into the panel is not an appropriate way to determine the 
stiffness. 

I f the dent test is carried out to determine the normal force required to plastically deform 
the panel by a sharp object, then a hemispherical punch of the diameter 100 mm might be 
too large. 

0 The stiffness and the dent resistance do not necessarily have to be determined in the same 
deformation process. The question to be answered first is, as mentioned above, what these 
properties represent. 

0 I f the stiffness and the dent resistance are determined in different processes using different 
punches, one has to consider that denting is a process which comprises both elastic and 
plastic deformation. It would, therefore, be appropriate not to denote the elastic 
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deformation resistance during denting as stiffness. However, giving this elastic 
deformation resistance another name does not mean that it could not be used in an 
examination of the denting properties of different panels. In sheet metal forming, the 
parameters which determine the onset of yielding are in many cases very significant. 

0 The springback is reduced by increased restraining force; in paper B this was achieved by 
changing the binder force. However, increasing the binder force is not a sufficient 
measure, as far as the minimisation (practical elimination) of springback is concerned. A 
higher binder force might lead to fracture (at the panel corners), before the springback is 
minimised. 

0 The influence of the material properties- expressed as the magnitude of the shift in the 
position of the neutral axis at the yield point - on the springback can be traced, even i f the 
highest possible (fracture limit) blank holding force is applied. 

0 I f the sheet material and the punch shape are selected in such a fashion that 

R p0.2 

IT 

f<s A 

2C.R;, 2C(RpI+(t/2)) 

the springback can be minimised (practically eliminated) at moderate restraining (binder) 
force levels. This is an important conclusion, particularly for those practical cases in 
which the restraining force is created only by the aid of drawbeads. 

In the expression above, c y = Rp02 ~ the yield strength, E is Young's modulus, / is the 
sheet thickness and Rp] is the minor punch radius. 

0 It is commonly held that sheet aluminium exhibits larger springback than steel sheet in 
industrial applications. It is shown that the springback can be minimised (practically 
eliminated) with an appropriate punch (and die) design and sheet material selection, 
regardless of the material category. See also the expression above. 

0 Even i f the entire cross section is plastic in tension (a condition which results in a very 
small springback), the emerging plastic strains on the double-curved surface may be very 
small. The strain level obtained on a panel which exhibits a small springback may, 
therefore, differ only slightly from the strain level attained on a panel (pressed in the same 
material and thickness) which shows a large springback. 

0 The tool corner and profile radii must be larger, i f soft steel sheet is replaced by thinner 
high strength steel sheet or thicker aluminium sheet. 

0 I f the binder force (the restraining force) is sufficiently high, the springback can be 
reduced drastically and a substantial rise in the panel yield strength obtained, the latter 
being beneficial with respect to the dent resistance. 

0 To keep the stiffness unchanged when soft steel sheet is replaced by thinner high strength 
steel sheet or thicker aluminium sheet, the panel (punch) radii must be decreased, this 
decrease being beneficial considering minimisation (practical elimination) of the 
springback. 
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Concerning stretch and shrink flanging of sheet aluminium by fluid forming, the following 
conclusions apply: 

0 For analytical modelling of stretch and shrink flanging, it is appropriate to assume that 
the state of stress is uniaxial along the formed flange. It is also appropriate to use an 
axisymmetric model, even i f only a segment of the circular flange is considered. 

0 In stretch flanging, the flange height, H, can be predicted by using the following 
expressions: 

H = L + rd-2 

in which rd is the die profile radius and L given by 

L = 
l + R 

1 + 2R 

D 2\R 

Rj) l+R 

l+R 

where R is the plastic strain ratio determined by tensile testing, t0 is the initial sheet 
thickness, RD is the die radius, and R; is the initial blank radius. 

0 The minimum initial blank radius, Rlmin, (the fracture limit) can be calculated by 

( l "\ 
( R , . M 

Rn-
lmin 

R 

l+R 

R lmin 
< e 

(l+R).n 

or 

(Rm 
i \ 

l+R 

^D J 

xlmin 

(1+Ä).E uniform 

where n is the strain hardening exponent determined at large strains (10-14% plastic 
extension) in tensile testing and z u n i f o r m is the uniform strain also determined by tensile 
testing. 

0 As far as the stress state along the flange, the fracture limit, and the flange height/length 
are concerned, there should be no major difference between stretch flanging by fluid 
forming and that conducted conventionally with rigid punch and die (the clearance 
between the punch and the die in conventional forming may, however, cause some minor 
differences). 
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0 In shrink flanging, the flange height, H, can be predicted by using the following 
expressions: 

H=L + rd-2.5 

in which rd is the die profile radius and L given by 

L = 
l + R 

1 + 2 1 

Rn + 
2 U 
f 0 f Rj 11+Ä 

1+Ä 

_ 0 
t 0 ( Rj ) l + R 

2 \R 

where R is the plastic strain ratio determined by tensile testing, t0 is the initial sheet 
thickness, RD is the die radius, and Rj is the initial blank radius. 

0 The critical ('wrinkling') strain 

| s 9 c r = 35.353. 
M+l r 

n + l 
n+l 

in which 

Rj ) l + R 

can be used to predict the maximum initial blank radius, RImax, ('wrinkling' limit). 

0 In shrink flanging with rigid punch and die, it is possible to see, by just looking at the 
formed flange, i f wrinkles have been developed sometime during the flanging. 

0 In shrink flanging by fluid forming it is, however, not possible to see whether wrinkles 
have been developed during forming, should the applied pressure be sufficiently high. 

0 The critical ('wrinkling') strain in shrink flanging by fluid forming is much larger in 
magnitude than that in shrink flanging by conventional tools. 

0 In shrink flanging conducted at maximum available pressure, the following three 
processes can be detected: 

Hoop compression, which is largest at the flange edge, leading to instability -
wrinkling. 

Post-instability hoop compression, during which the wrinkles grow in height and 
number (a bending process). 

* 'Pressurising' after the flange/die surface contact is established, during which the 
wrinkles are straightened out. 



44 

El The critical ('wrinkling') strain in shrink flanging by fluid forming is dependent upon the 
maximum available pressure. The expression above is, therefore, valid only for the 
Quintus Fluid Cell Press used in paper C (in which the maximum available pressure is 70 
MPa). I f shrink flanging is conducted in a fluid cell press with a larger capacity, the 
'wrinkling' limit should be higher. 
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Industrial Summary 

There are cases, in which practitioners wish to be able to predict the properties of a panel, 
should they replace one material by another. In this study, the yield strength, stiffness and 
dent resistance of double-curvature car body panels are treated both theoretically and 
experimentally. The results of the investigation shows that the above-mentioned properties of 
a pressed panel can be predicted provided that the magnitude of the principal surface strains 
and the magnitude of the panel radii at the panel centre are known. 

1. Introduction 

Many parts in a car body consist of pressed panels, which latter normally are not stretched 
more than up to 5-6%. This gives rise to the following interesting questions: 

(i) Can the tensile behaviour of the virgin material be used for prediction of the yield 
strength of a panel pressed in the same material? 

(ii) What does replacement of a mild steel sheet by a high strength steel sheet mean in 
terms of strain level in the panel? 

(iii) How can the stiffness of the panel be characterized? 
(iv) On what does the dent resistance of the panel depend? 

The present investigation has been carried out in order to answer the above questions. 

2. Theoretical background 

The panels pressed in this study are a small-size version of the roof panel of an existing car 
body and are double-curved, Fig. 1. 

The yield strength of the panel is to be determined at its centre by the drawing of tensile 
specimen cut 0°, 45° and 90° to the original rolling direction, whilst the stiffness of the panel 
at its centre is to be measured using a flat-headed punch with a diameter 100 mm. The dent 
depth is to be measured at the centre of the panel also, in this test a hemispherical punch with 
a diameter of 100 mm will being used. 

25 

15 

Fig. 1. The shape of the panels in the present study (dimensions: mm). 
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2.1. Panel stiffness 

There are several reports on the stiffness of curved panels, the following experimental 
expression having been found for single-curvature panels, [1], 

P/8 = 254.07-r2-304 (1) 

in which P is the force exerted on the panel, S is the deflection, and t is the panel thickness. 
In the present case, the panel is doubly-curved: an analysis regarding the stiffness of this 

type of pane] is therefore undertaken. 
A double-curvature panel consists of a portion of a cylindrical shell of minor radius, Ri, 

and a portion of another cylindrical shell of major radius R2. The Gauss' curvature for such a 
doubly-curved panel is 

G=(RlR2r
l. (2) 

This doubly-curved shell can be approximated by a spherical shell of radius R, for which the 
Gauss' curvature is 

G = R-2 = (RiR2)
A. (3) 

Fig. 2. Deflection behaviour of spherical shell segments (clamped edge) under concentrated 
loads at the apex, [2]. 

Fig. 2 shows the deflection behaviour of spherical shell segments under concentrated loads 
at the apex, where in this figure, [2], 

P = 
RP 

2%Er 
and 

X 2 = [ l 2 ( l - v 2 ) ] 1 / 2 f f f ) , 

(4) 

(5) 

where R is the radius of the sphere, P is the concentrated load at the apex, E is Young's 
modulus, t is the shell thickness, v is Poisson's ratio and 2; is the angle between the centre and 
the edge of the sphere. Furthermore in this figure, 5 is the deflection at the apex. 
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Note that X2 in Eq. (5) and Fig. 2 is a measure of how large the shell segment is! The 
greater the value of \ , the larger is the sphere segment. 

A rectangular doubly-curved panel, Fig. 1, is to be approximated by a portion of a spherical 
shell. Depending on which side of the rectangle is used in the approximation, different values 
of X2 are obtained: see Fig. 3 and compare it with Fig. 1! 

Combining Eqs. (2), (3) and (4) 

P =^ 1 \ • (6) 

The maximum load that wil l be used in the stiffness tests is 125 N. Substituting into Eq. (6) 
this value, the nominal values of R\ and R2 (Fig. 1), E = 20-104 N/mm2 and t = 0.7 mm, 

P* = 0.334, 

which gives the encircled zone in Fig. 2, applicable in the present approximated case. 

^ U - 230 
V 

k j T \ \ > \ x* = 5 4 4 

7 2 V = 19.92 ° \ N . 
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\ 25=19.97° l\ / R / 

R \ IP 
\ V 

\ 1 \ 

\ V 

• L- 2Vf= 11.480 

\ 

Fig. 3. Depending on which side of the rectangular doubly-curved panel in Fig. 1 is 
used in the approximation, different values of X2 are obtained. 
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Knowing the different values of X2 (Fig. 3), the applicable load-deflection zone in the 
present approximated case, (Fig. 2), and the shape of the load-deflection curve in this zone, it 
is assumed that over this interval and for the present panel 

P * = C ( 6 / f ) m (7) 

in which C and m are different constants. Combining Eqs. (4) and (7), 

P = ClnE-ßLlL-. (8) 

In this study, Eqs. (1) and (8) will be examined. 

2.2. Dent resistance^ 

In the dent test, the sheet is stretched over the punch by meridional tension, T§: this is 
shown in Fig. 4. Ttif arises from the resistance of the outer region to plastic deformation, i f the 
outer region deforms, material being drawn inwards. At some neutral circle, radius R remains 
unchanged which divides the sheet into a drawing region, radius > R, and a stretching region, 
radius < R. 

In the stretching region, the sheet conforms, as shown in Fig. 4, to the punch in the region 

0 < radius < n, 

and has a point of tangency at B. At this point, the spherical angle subtended is <S> and the axial 
force exerted by the punch on the sheet is, [3], 

F = r27trbSinO, (9) 

where T is the effective, equivalent or representative tension. Since 

r\j = rpsinO 

(see Fig. 4), Eq. (9) can be rewritten as 

F = r2jt.rp(l-cos2<I>). (10) 

Using the angles and triangles in Fig. 4, it is found that 

cos 20 = [(r p - h)/rp]
2. (11) 

An expression is now found for representative tension, T. It is known that, [3], 

T = at (12) 

in which a is the representative, equivalent or effective stress and t is the current sheet 
thickness. It is known also that, [4], 

: 1 + a 2 - 2 a . ^ - (13) 

and, [3], 

1 Note that only the so-called static denting behaviour is treated here. 



A5 

Fig. 4. In the dent test, the sheet will be divided into a drawing and a stretching region, the 
figure displaying the stretching region of the sheet. 

0C = (2ß+l)/(2+ß), (14) 

where a<j> is the meridional stress, r is the strain ratio, a is the stress ratio (the hoop stress 
divided by the meridional stress, øø /o"<|>), and ß = £ 9 /&)> is the strain ratio at position B in Fig. 
4. 

The current sheet thickness, t, at position B in Fig. 4 can be expressed by 

t = tn 
- ( e „ + £ 2 2 + ( ß + !)£„,) 

(15) 

in which to is the original sheet thickness, E J J and £ 2 2 are the principal surface strains 

measured at the panel centre, and (ß+l)&(> = £ t is the thickness strain at position B in Fig. 4 
caused by the denting force. 

Substituting Eqs. (11)-(15) into Eq. (10), 

F = J l + 

27tr„ 

2J3 + 1 

2 + ß 
- 2 

2ß + l 

2 + ß (rir) *Vo 
-(e,, + e 2 2 + ( ß + l ) e 4 ) 

(16) 

In dent testing, the force giving a permanent (plastic) dent of the depth 0.1 mm is 
measured. Since the dent depth is very small, the value of £<j) in Eqn (16) wil l be very low, 
thus &)> in Eqn (16) can be neglected. 

This study deals with strain-hardening materials only. To calculate the value of GQ>, one 
could assume that the materials in this study follow the Ludwik-Hollomon hardening "law". 
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However, since CTØ should be only slightly greater than the yield strength of the pressed panel, 

r?pO 2 , it is assumed that = R^Q 2 • 

A question to answer now is what the strain ratio, ß =£e/£<j>, is at position B in Fig. 4. 
Assume that ß = Vi at position B, which is a reasonable assumption at relatively low strain 
levels (£$ < 10%), [5]. Assume also that there is a process efficiency factor, £>, which 
regulates the relationship between the punch force, F, and the parameters on the right-hand 
side of Eqn (16). 

Under these assumptions (s^ = 0, Cty = R^Q 2 . ß = 1/2» and that there is a process efficiency 

factor D) and after simplification, Eqn (16) can be rewritten as 

F = D C£±n RP t^^M 2 - — . (17) 
Aj25.(l + r) P ° - 2 0 [ rpJ 

Eqn (17) should give an approximative value for the force exerted by the punch in Fig. 4. 
In this investigation, we wil l examine Eq. (17) by comparing theoretical values with those 

obtained experimentally. Note, finally, that we have not considered the curvature of the panel 
in the analysis above. 

3. Material 

The materials used in this investigation consist of the following sheet steels: 
(i) Fe P06 (according to the new European designation system) with ultra-low carbon 

content and Ti-stabilized, hencefoth called "material 140". 
(ii) St 06 z (German standard), which probably is identical to Fe P06 G (European 

designation system), hot-dip galvanized and most likely not Ti-stabilized, henceforth 
called "material 170". 

(iii) FHZ 220 (German standard), which is hot-dip galvanized and probably identical to 
Dogal 260 YP (Swedish steel's designation), henceforth called "material 250". 

The mechanical properties of these materials are presented in Table 1, where tQ is the sheet 

thickness, RpQ.2 is the yield strength, Rm is the ultimate tensile strength, Aso is the total 

elongation, n is the strain-hardening exponent, and r is normal anisotropy. 

Table 1. 
Mechanical properties of the studied materials. 

Material i?p0.2 A80 
(mm) (MPa) (MPa) (%) n r 

140 0.79 142 300 45 0.29 2.85 

170 0.80 172 305 48 0.24 1.41 

250 0.70 255 380 34 0.21 0.98 

4. Experimental procedure 

The strain level at the panel centre was varied by changing the blank-holding force, 5 
panels per material and blank-holding force being pressed. The principal surface strains at the 
panel centre were measured and the effective plastic strain at the panel centre then being 
calculated in accordance to Hill's theory of plasticity assuming normal anisotropy, [6], 
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frQ + 2ß + frß2) 

in which 

b = (1 + 7)/7 and ß = e 2 2 / e n . 

4.1. Tensile testing 

One single tensile specimen per panel was cut by water jet, the specimens were cut 0°, 45° 
and 90° to the original rolling direction. These specimens, together with the specimens cut 
from the original undeformed sheets, were then drawn in a mechanical testing machine, the 
yield strengths obtained then being averaged using the following expression: 

x = (Xr) + 2X45 + X 9 0 ) / 4 . 

4.2. Stiffness and dent measurements 

In the stiffness and dent measurements, the panels were first placed on a table and then 
fastened by a fixture. The radii of the doubly-curved panels were determined by a dial gauge. 
The stiffness was determined at the panel centre. The panel was loaded by a flat-headed punch 
of the diameter 100 mm and the deflection registered continuously. 

Panel stiffness is defined as the ratio of the force exerted and the deflection, in these tests 
the stiffness being determined at 50, 75, 100 and 125 N. After the stiffness measurements and 
before the dent test, the curvature of the panel was measured once again to ensure that the 
panel radii remained unchanged. 

The dent resistance was determined at the centre of the panel using a hemispherical punch 
of 100 mm in diameter. The load was exerted step-by-step, beginning with 30 N. In the 
subsequent steps the load was increased with 10-20 N. After each step, the panel was 
unloaded and the depth of the dent was measured by using a dial gauge. The measurements 
were stopped when the dent depth was equal to or exceeded 0.1 mm. 

Dent resistance is defined as the force, which gives a dent depth - a permanent plastic 
deformation - of 0.1 mm. 

5. Results 

5.7. Panel strength 

Figs. 5-7 show the yield strength of the pressed panels compared to the stress levels in the 
virgin materials at corresponding strain levels, the strains in these figures being effective 
plastic strains, E e , whilst the stresses presented in these figures are average values of stresses 
obtained along, at 45° to and perpendicular to the rolling direction or the original rolling 
direction (concerning panels). 

Yield strengths of the pre-strained specimens of material 140 are, as shown in Fig. 5, lower 
than the stress levels in the virgin material at corresponding strain levels: the differences are, 
however, not so significant. 

Concerning material 170, yield strengths of the pre-strained specimens are equal to or 
higher than the stress levels in the virgin material at corresponding strain levels, the difference 
increasing with increasing strain level being greatest at ^ = 0.043, see Fig. 6. 

In material 250, Fig. 7, the differences between yield strength of pre-strained specimens 
and corresponding stress levels in the virgin material are not large. It is, though, worth noting 
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Fig. 5. Yield strength of the panels pressed in material 140 compared to the stress levels 
in the virgin material at corresponding strain levels, ee. 

that the virgin material strain-hardens between 0.02 < e e < 0.03, whilst the yield strengths of 
the pre-strained specimens do not change within the same strain interval. 

5.2. Panel stiffness 

The panel stiffness obtained at P = 50 N is plotted against the effective plastic strain in Fig. 
8, the digits within the frames in this figure indicating the applied blank-holding force, BHF. 
(Note that all blank-holding forces given in this article are in metric tons). 

As shown in Fig. 8, the panels pressed in material 170 have the greatest stiffness amongst 
the panels in this study, and it can be seen also in this figure that the stiffness decreases with 
increasing strain level in panels pressed in materials 140 and 170, whilst the stiffness of 
panels pressed in material 250 increases with increasing effective plastic strain. 

Figures such as Fig. 8 have a disadvantage. I f it is assumed that effective plastic strain or 
thickness strain is a measure of sheet thickness, then Fig. 8 relates the stiffness to only one of 
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Fig. 6. Yield strength of the panels pressed in material 170 compared to the stress levels 
in the virgin material at corresponding strain levels, 8e. 
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Fig. 7. Yield strength of the panels pressed in material 250 compared to the stress levels 
in the virgin material at corresponding strain levels, £e-

parameters that affect panel stiffness, panel curvature being one of the parameters that are not 
considered in this figure. 

In Fig. 9, panel stiffness at 50 N is plotted as function of sheet thickness, theoretical values 
being compared to those obtained experimentally. Eq. (1) in Fig. 9 is, as mentioned i Section 
2.1, valid for single-curvature panels. 

Although Eq. (1) is in acceptable compliance with experimental results and could be used 
to calculate an approximative value for panel stiffness at 50 N , it cannot be utilized to show 
which parameters, besides sheet thickness, affect panel stiffness, how these parameters 
interact and what happens when forces greater than 50 N are applied; see Fig. 9! 

Fig. 10-12 show the force exerted by the punch as function of resulting deflection for 
materials 140, 170 and 250 respectively, in these figures experimental values being compared 
to theoretical values obtained utilizing Eq. (8). 

In Figs. 10-12, the values of C and m in Eq. (8) have been found by fitting theoretical 
values to those obtained experimentally. As the reader can see in these figures, the value of m 
is constant, whilst the value of C varies between 0.2 and 0.22. Knowing the values of C 
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and m, Eq. (8) can now be rewritten as 
2.2 

P = 0 . 4 7 c £ - 7 _ r 5 0 - 8 . (18) 

Although Eq. (18) is quite alike Eq. (1), the influence of different parameters on stiffness 
can now be seen and there is not the limitation to a particular punch force (50 N). It can also 
be seen that the panels pressed in material 250 do not behave so peculiarly as Fig. 8 implies, 
when the panel curvature has been taken into account. 

Observe that Eq. (18) relates the punch force, P, to the deflection, 5. To calculate the panel 
stiffness, P/8, the value of 8 has to be computed at a given value of P and then P/8. 
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Fig. 10. The force exerted by the punch in the stiffness test and the resulting deflection: 
material = 140. 
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Eq. (18) indicates that: (i) the thicker is the sheet thickness at the panel centre, the greatest 
will be the panel stiffness; (ii) the greater the panel radii (the more severe the springback), the 
lower is the stiffness; and (iii) the larger is the ^-modulus, the greater will be the panel 
stiffness. 

Finally, a comparison of Figs. 10-12 shows that the panels pressed in material 170 exhibit 
the greatest stiffness amongst the panels in this study, not only at 50 N but over the whole 
force range in this investigation, this being due to the relatively smaller measured radii 
(especially compared with material 250) combined with relatively thicker sheet (compared to 
both material 140 and material 240) in panels pressed in material 170. 
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Fig. 12. The force exerted by the punch in the stiffness test and the resulting deflection: 
material = 250. 
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5.3. Dent resistance 

Fig. 13 shows the force, F, needed to cause a permanent dent of the depth 0.1 mm in the 
panels in this investigation, the values in this figure being obtained experimentally. 

Neglecting the panel in material 170, which is pressed with the blank-holding force (BHF) 
set at 40 tons, Fig. 13 indicates that F increases with increasing BHF, i.e., F increases with 
increasing value of £e at the panel centre. 
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Fig. 13. Dent resistance of the panels in this study, the values given being obtained 
experimentally. BHF is the blank holding force, in tonnes. 

It is known that the greater the value of ee, the greater is the yield strength of the panel, 

RVQ 2, i f the same material is considered. However, in Eq. (17) in Section 2.2, it was seen that 

F is a function of both R^Q 2 . panel thickness, t, and normal anisotropy, r. 
Fig. 14 shows the force needed to cause a permanent dent of 0.1 mm depth as function of 

the yield strength of the panel multiplied by the panel thickness, both experimental and 
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Fig. 15. The yield strengths of the pre-strained specimens (panels) and the flow stresses 
of virgin specimens at corresponding strain levels plotted as function of 
effective plastic strain, Ee. 

theoretical values being presented. 
As is known, the normal anisotropy of the original (undeformed) sheet differs from the 

normal anisotropy of the same sheet in pre-strained condition (panel). In order to see how 
much this anisotropy difference affects the dent force, F in Eq. (17) has been calculated using 
both values of normal anisotropy, see Fig. 14. 

The theory is, as displayed in Fig. 14, in relatively good agreement with the experimental 
results, the main sources of discrepancy between the theoretical and the experimental values 
being the panel curvature and sheet thickness: in the derivation of Eq. (17), the panel 
curvature was not considered (see Section 2.2), a theoretical model, which takes the panel 
curvature into account probably exhibiting better compliance with the experimental results. 
The influence of the other source of discrepancy, the original thickness to, is displayed in Fig. 
14. to = 0.7 mm for material 250, whilst the original thickness of both materials 140 and 170 
is 0.8 mm, this difference in to naturally transferred to the panel thickness, t. It may be that the 
derived theoretical model does not estimate the role of thickness quite properly. However, 
since there are not sufficient experimental values, it is difficult to perform a reliable analysis. 

Since the normal anisotropy of the original (undeformed) sheet is always known (or can be 
determined easily), it is chosen to utilize this value in the theoretical model, which means that 
D = 0.65, Fig. 14. Knowing this and that h = 0.1 mm and rp = 50 mm (in this investigation), 
Eq. (17) can be rewritten as 

F - 0 8 - * ! ± 1 - . J ^ . f o . e * " ^ . (19) 

125.(1+r) 

Note, once again, that r in Eq. (19) denotes the normal anisotropy of the original 
(undeformed) sheet, Eq. (19) giving an approximative value for the dent force. 

6. Discussion 

In this section, attention is focused on what happens to effective plastic strain, the panel 
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Fig. 16. The stiffness of three selected panels as function of the punch force, the yield 
strength of all three panels being 280 MPa. 

stiffness and the dent resistance, i f one material is replaced by another. The starting point of 
this discussion is Fig. 15, in which the yield strengths of the pre-strained specimens (panels) 
and the flow stresses of the virgin specimens at corresponding strain levels are plotted as 
function of effective plastic strain, ee. 

Assume that the intention is to form a panel of yield strength 280 MPa and to study the 
variation of strain level, stiffness and dent resistance, when different materials are used. Then, 
Fig. 15 shows that the strain level, ee, at the panel centre will be almost triplicated, i f material 
250 is replaced by material 140. The strain level is, as displayed in Fig. 15, almost doubled, 
when material 170 is replaced by material 140. 

Three panels, of yield strength 280 MPa, are identified in Fig. 16 as panels pressed in 
material 140 at a BHF of 90 tons, material 170 at a BHF of 75 tons, and material 250 at a BHF 
of 60 tons. 

Fig. 16 shows the stiffness of these panels over the whole force range, 50-125 N, the values 
in this figure being those obtained experimentally. 

If it is wished to replace the panel pressed in material 250 with the panel pressed in 
material 140, Fig 16 shows that the panel pressed in material 250 displays a greater stiffness at 
the beginning, P = 50 N, while the panel pressed in material 140 has a greater stiffness at the 
end of the force range, P = 125. Fig. 16 indicates also that the stiffness of the panel pressed in 
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Fig. 17. Dent resistance of three selected panels, the yield strength of these panels 
being 280 MPa. 
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material 140 is quite constant over the whole force range, whilst the stiffness of the panel 
pressed in material 250 decreases with increasing force, P. 

I f material 170 is replaced by material 140, the stiffness decreases drastically, Fig. 16, this 
reduction being more significant at the beginning than at the end of the force range. 

What happens to the dent resistance, in case the wish is to maintain the panel strength at 
280 MPa and replace one material by another? Fig. 17 shows that dent resistance of the panel 
increases from 90 to 110 N, i f material 250 is replaced by material 140. It also indicates that 
the dent resistance does not change, i f material 170 is replaced by material 140. 

7. Conclusions 

I f the magnitude of the principal surface strains at the centre of a pressed panel and the 
magnitude of the panel radii are known, then: 

(i) the yield strength of the panel can be predicted using the tensile behaviour of the 
material, in which the panel is pressed, in the virgin condition, Figs. 5-7; 

(ii) the panel stiffness in the force range 50 to 125 N can be predicted utilizing Eq. (17), 
Figs. 10-12; 

(iii) an approximative value for dent resistance of the panel can be computed using Eq. 
(18), Figs. 13 and 14. 

I f the intention is to replace a material by another and maintain the yield strength of the 
panel at, for instance, 280 MPa, then: 

(iv) the strain level at the panel centre will be triplicated, the panel stiffness will not 
change considerably, and the dent resistance will increase, in the case where material 
250 is replaced by material 140; 

(v) the strain level at the panel centre will be doubled, the panel stiffness wil l decrease, 
and the dent resistance will remain unchanged, in the case where material 170 is 
replaced by material 140. 
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ABSTRACT 

A theoretical model has been constructed, which enables us to evaluate the influence of all 
major material and process parameters on the springback of double-curved autobody panels. 

To reduce the springback, the constructed theoretical model shows that the tensions acting on 
the double-curved surface of the panel have to be increased. This increase in tensions must be 
high enough to result in a considerable shift in the position of the neutral axes. 

If this shift is large enough, the bending moments acting on the double-curved surface will be 
lowered. A fall in the magnitude of the bending moments leads to a smaller springback. 
Theoretically, the springback vanishes i f this shift is so large that the entire cross section 
becomes plastic in tension. 

The tensions acting on the double-curved surface are dependent on the restraining force 
exerted in the flange area. The higher the restraining force, the higher are the tensions acting 
on the double-curved surface. 

The restraining force is, in turn, dependent on the applied binder force and/or the shape of the 
drawbead. The higher the blank holding force and/or the more 'severe' the shape of the 
drawbead (smaller bead radii and/or higher bead), the higher is the restraining force. 

It is, therefore, possible to decrease the springback of the double-curved surface by increasing 
the restraining force. A high restraining force is, however, not a sufficient measure concerning 
the springback minimisation/elimination. The punch shape and the properties of the sheet 
material must also be considered. 

It is shown in this report that the shift in the position of the neutral surface at the yield point 
(elastic limit) is of great importance, as far as the springback minimisation/elimination is 
concerned, 

a, =a2 = - . 
1 2 E 2 

In this expression, a; and a2 are the shift in the position of the neutral surface along paths 1 
(minor punch/panel radius) and 2 (major punch/panel radius) respectively at the yield point, 
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t = sheet thickness, R*pl = Rpl + t/2, Rpl is the minor punch/panel radius, a y = yield strength 

of the sheet material, and E = Young's modulus. 

It is also shown that the position of the neutral surface at the yield point is not a sufficient 
criterion for comparison of the springback tendencies of different sheet materials (when 
pressed with the same punch). The rate at which the springback is reduced after initiation of 
plastic deformation must also be taken into consideration. 

The springback reduction rate is given by 

— ^ — J T and A ^ s . — L . - E ^ J ! 

in which Ah'j and Ah'2 are the springback reduction rates along paths 1 (minor punch/panel 
radius) and 2 (major punch/panel radius) respectively, /; and l2 = minor and major half-widths 
of the double-curved panel respectively, ß p = strain ratio (= £2/61), and C is a parameter 

depending on ß p and Poisson's ratio, v. 

The smaller the shift in the position of the neutral surface, aj (= a2), at the elastic limit, the 
better as far as the springback minimisation/elimination is concerned. At the same time, the 
selected sheet material and punch shape must result in a springback reduction rate which is as 
large in magnitude as possible. An optimum must, in other words, be found in the design 
stage. 

It is, furthermore, shown that even i f the entire cross section is plastic in tension, the emerging 
plastic strains at this condition are very small. This means that the difference in strain level 
can be very small between two panels pressed in the same sheet material and with the same 
punch, although the difference in springback between the same two panels is very large. The 
panel centre being the origin, the derived expressions predict, furthermore, a small positive 
strain gradient over the punch face. 

It is also shown that the magnitude of the tension acting along each path on the double-curved 
surface of the panel is largest at the panel walls and smallest at the panel centre. Since the 
magnitude of the tension along each path varies over the punch surface, the size of the shift in 
the position of the neutral axis and the magnitude of the acting moment also vary along each 
path. 

The derived analytical model enables us to calculate the shift in position of the neutral axis 
along each path, the tensions and moments acting on the double-curved surface of the panel, 
and the springback caused by these moments upon unloading. 

This report consists of two parts. In this first part, the springback of double-curved autobody 
panels is treated theoretically. The second part comprises an account of the conducted 
experiments and a comparison of the theory and the experiments. 

Pages: 66 
Tables: 2 
Figures: 40 
Equations: 176 
References: 22 
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PREFACE 

This report, in which the springback of double-curved autobody panels is subject to an 
investigation, consists of two parts. In this part, the springback of this kind of panels is treated 
theoretically. Part I I comprises an account of the conducted experiments and a comparison of 
the theory and the obtained experimental results. 

The readers, who wish to catch a quick glimpse of the springback of double-curved panels 
before entering deeply into the constructed analytical model, are recommended to start with  
the abstract and chapters 1. 4 & 5 in this part and then go on with the abstract, chapters 1. 2. &  
3. and sections 4.2 & 4.3 and chapters 5 & 6 in the next part. 
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NOTATION 

Double-curved surface of the panel 

a} Shift in the position of the neutral axis along the i-direction (path 1). aj = a2 in < 
single sheet element. 

a2 Shift in the position of the neutral axis along the 2-direction (path 2). aj = a2 in < 
single sheet element. 

bj Extent of the elastic region along the 7-direction (path 1). 

b2 
Extent of the elastic region along the 2-direction (path 2). 

C A constant; see Eqn (3.27). 

D M An efficiency factor. 
E Young's modulus; modulus of elasticity. 

Kj Strength coefficient (the Ludwik-Hollomon hardening relationship) along the 1-
direction (path 1). 

K2 Strength coefficient (the Ludwik-Hollomon hardening relationship) along the 2-
direction (path 2). 

Ke 
Strength coefficient in the Ludwik-Hollomon hardening relationship. 

h Half-width of the punch (panel) along the 1 -direction (path 1). 

h Half-width of the punch (panel) along the 2-direction (path 2). 
M Tension. 

Moment per unit width along the 7-direction (path 1). 

MJ The derivative of Mj. 

M\ Elastic portion of the moment per unit width along the '-direction (path 1). 

Mpj Plastic portion of the moment per unit width along the 7-direction (path 1). 

M2 Moment per unit width along the 2-direction (path 2). 

M2 The derivative of M2. 

Me

2 Elastic portion of the moment per unit width along the 2-direction (path 2). 

Mv

2 Plastic portion of the moment per unit width along the 2-direction (path 2). 

n Strain hardening exponent in the Ludwik-Hollomon hardening relationship. 

<? Punch pressure. 
R

Pl Minor punch (panel) radius. 

Rp2 Major punch (panel) radius. 

K> Radius of the central fibre along the i-direction (path 1); = Rp] + tl2. 

R p 2 Radius of the central fibre along the 2-direction (path 2); R 2 +112. 

t Sheet thickness. 
T Tension. 

T, Tension along the 7-direction (path 1). 

Tf Elastic portion of the tension along the i-direction (path 1). 

Tf Plastic portion of the tension along the i-direction (path 1). 

T 2 

Tension along the 2-direction (path 2). 

T ! Elastic portion of the tension along the 2-direction (path 2). 



BIv 

T2 Plastic portion of the tension along the 2-direction (path 2). 

Greek and mixed letters 

Stress ratio along paths 1 (Rpl) and 2 (ifø) on the double-curved surface of the panel. 

ßp Strain ratio along paths 1 (Rpl) and 2 (Rp2) on the double-curved surface of the panel. 

Yi Half of the sectorial angle along path 1 (Rpi), Fig. 3.4. 

Y2 Half of the sectorial angle along path 2 (Rp2), Fig. 3.4. 

Ahj Springback along the i-direction (path 1). 
Ah2 Springback along the 2-direction (path 2). 
Ah', Springback reduction rate along the i-direction (path 1). 

Ah'2 Springback reduction rate along the 2-direction (path 2). 

dty Half of the sectorial angle of an arbitrary sheet element, Fig. 3.3. 

d§2 Half of the sectorial angle of an arbitrary sheet element, Fig. 3.3. 

El Strain along the i-direction (path 1). 

ef Elastic strain along the i-direction (path 1). 

e? Strain to yield along the i-direction (path 1). 

Strain along the 2-direction (path 2). 

el Elastic strain along the 2-direction (path 2). 

Strain to yield along the 2-direction (path 2). 

Strain associated with extension of the middle fibre along the i-direction (path 1). 

£a2 Strain associated with extension of the middle fibre along the 2-direction (path 2). 

Ebl Bending strain along the i-direction (path 1). 

£b2 Bending strain along the 2-direction (path 2). 

e p Effective plastic strain. 

e y Strain to yield. 
Tension ratio. 
Coefficient of friction between the punch and the double-curved surface of the panel. 

V Poisson's ratio 
o Stress. 

°? Elastic stress along the i-direction (path 1). 

Elastic stress along the 2-direction (path 2). 

Stress in the plastic region along the i-direction (path 1). 

Stress in the plastic region along the 2-direction (path 2). 

°y Yield strength (= Rp0.2)-

Effective stress 

Flange and panel walls 

ani Shift in the position of the neutral axis in the flange zone/die profile radius. 
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Flange area. 
BF Blank holding (binder) force. 

Dbh An efficiency factor which determines the impact of the drawbead on the total 
restraining force. 

D d b 
An efficiency factor which determines the impact of the applied binder force on 
total restraining force. 

Kb 
Strength coefficient in plane strain bending (the Ludwik-Hollomon hardening 
relationship). 

Keb Strength coefficient in the Ludwik-Hollomon hardening relationship. 
n Strain hardening exponent in the Ludwik-Hollomon hardening relationship. 

Pbh Blank holding (binder) pressure. 
t Current sheet thickness. 

to Initial sheet thickness. 

I J A = t2A- Sheet thickness at A in Fig. 3.8. 

tlB = t2B- Sheet thickness at B in Fig. 3.8. 

tie = t2c- Sheet thickness at C in Fig. 3.6. 

tlD = t2D- Sheet thickness at D in Fig. 3.6. 

tlE = t2E- Sheet thickness at E in Fig. 3.6. 

tlF = t2F- Sheet thickness at F in Fig. 3.6. 

tld = t2d- Sheet thickness at the inlet of the die profile radius, Fig. 3.6. 

tlwl = t 2 w I . Sheet thickness at the outlet of the die profile radius, Fig. 3.6. 

tlw2 = t2w2- Sheet thickness at the punch profile radius, Fig. 2.2. 

T I A = T2A- Tension at A in Fig. 3.8. 

Tib Tension along the '-direction (path 1) in bending. 

T,B = T2B- Tension at B in Fig. 3.8. 

Tic = T20 Tension at C in Fig. 3.6. 

Tw = T2D- Tension at D in Fig. 3.6. 

T I E = T2E- Tension at E in Fig. 3.6. 

T I F = T2F• Tension at F in Fig. 3.6. 

TM 
= T2d- Tension at the inlet of the die profile radius, Fig. 3.6. 

Tjwi = T2wi- Tension at the outlet of the die profile radius, Fig. 3.6. 

T}w2 = T2w2- Tension at the punch profile radius, Fig. 2.2. 

V ] A Velocity at A in Fig. 3.8. 

V / B Velocity at B in Fig. 3.8. 
Actual rate of plastic work done in zone A-B, Fig. 3.8. 

Average rate of plastic work done per unit volume in zone A-B, Fig. 3.8. 

WJBC Actual rate of plastic work done in zone B-C, Fig. 3.6. 

W1BC Average rate of plastic work done per unit volume in zone B-C, Fig. 3.6. 

W1PAB Rate of plastic work done in zone A-B, Fig. 3.8. 

Greek and mixed letters 

aD Stress ratio along paths 1 and 2 in the flange zone and the panel walls, 

ßb Strain ratio along paths 1 and 2 in the flange zone and the panel walls. 
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Af Thickness change. 

AT,AB The necessary rise in tension as the sheet passes through the bending region A-B, Fig. 
3.8. 

ATJBC The necessary rise in tension as the sheet passes through the bending region B-C, Fig. 
3.8. 

AT ICD The necessary rise in tension as the sheet passes through the bending region C-D, Fig. 
3.6. 

AT IDE The necessary rise in tension as the sheet passes through the bending region D-E, Fig. 
3.6. 

ATIEF The necessary rise in tension as the sheet passes through the bending region D-E, Fig. 
3.6. 

AT idw The necessary rise in tension as the sheet passes over the die profile radius, Fig. 3.6 

AT]W2 The difference in tension between Tjwi and T,W2, Figs. 2.2 and 3.6. 
e l b Strain along the 7-direction (path 1) in the flange zone and the panel walls. 

e[ b Plastic portion of the strain along the /-direction (path 1) in the flange zone and the 

panel walls. 
e 2 b Strain along the 2-direction (path 2) in the flange zone and the panel walls. 

e£ b Effective plastic strain in the flange zone and the panel walls. 

r) An efficiency factor. 

p b Coefficient of friction in the flange zone. 

p Radius of the central fibre. 

pi Radius of the central fibre in zone A-B, Fig. 3.6. 

p 2 Radius of the central fibre in zone C-D, Fig. 3.6. 

p3 Radius of the central fibre in zone E-F, Fig. 3.6. 

Radius of the central fibre in bending over the die profile radius (Fig. 3.6). 
0"iA Stress along the 7-direction at A, Figs. 3.6 and 3.9. 

0~,d Stress along the 7-direction at the inlet of the die profile radius, Figs. 3.6 and 3.10. 

a f b Stress in the plastic region along the 7-direction (path 1) in the flange zone and the 

panel walls. 

<s\\ Stress in the plastic region along the 2-direction (path 2) in the flange zone and the 

panel walls. 

0~L Effective stress in the flange zone and the panel walls. 
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1. INTRODUCTION 

Better shape accuracy on automobile outer panels has been required and discussed in many 
years. It is, therefore, essential to clarify the factors governing geometrical surface defects on 
pressed panels and to find methods for improvement. These geometrical surface defects are 
initiated by buckling or springback due to elastic recovery, [1]. In this study, only the 
springback of double-curved panels is at the focus. 

There are chiefly two factors which initiate springback on curved panels, [1]: 

• The non-uniform distribution of the stress during forming. 
• The plastic bending moment released upon unloading. 

These two factors are discussed schematically in this section. 

Fig. 1.1. Elastic recovery due to non-uniform stress distribution, [1]. 

Consider a flat sheet which is being stretched, Fig. 1.1. Assume that this sheet is divided into 

two zones, A and B. Assume, furthermore, that the stress acting on zone A, a A , is larger than 

the stress acting on zone B, O~B-

Since the zones A and B are adjacent to each other and should reach balance after unloading, 

one can assume that (the residual stress in zone A) aA- = - aB- (the residual stress in zone B). 

Assuming that eA- = £ B % o n e c a n easily obtain aA- = - ov = Acs/2, in which Aa = a A - O~B, 
Fig. 1.1, [11. 

On a curved panel, Aa during forming leads to a curvature difference between zone A and 
zone B upon unloading, [1]. This is illustrated in Fig. 1.2. 
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Stress under loading 

O A > C T B A . C B 

A B 

Sectional profile of the panel 

under loading upon unloading 

7 

/ 
P A = P B 

\ 
PB-

PA' 

Fig. 1.2. Surface deflection and curvature difference due to elastic recovery, [1]. 

How does this stress difference, Aa, arise during pressing of curved panels? Neglecting all 
other process and geometry parameters, it should be noted that the punch curvature itself is 
one of the major sources of stress discrepancy during forming. 

k V

D \ \ \ * s ) « \ W W 

b> ' i \ w 

Punch ^ w ^ 

- Strip -

Blank 
holder 

Strip 
Punch 

Fig. 1.3. The punch shape determines the distribution of the stress acting on the sheet. 

Consider two strips - one being formed by a flat-headed punch and another being pressed by a 
curved punch, Fig. 1.3. The magnitude of the material flow from the flange area to the die 
cavity is, when the flat-headed punch is used, almost constant along the short end of the strip. 
This constant material flow leads to a constant stress distribution, as shown in Fig. 1.3. 
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The material flow is, however, not constant, when the curved punch is used, Fig. 1.3. The 
punch-strip contact is initiated at the centre of and along the strip length, and this contact area 
increases during forming. This leads to a large material flow at the centre and a small material 
flow at the corners of the strip, which in turn results in the stress distribution exhibited in Fig. 

Experimental studies show that in pressing with a curved punch the zones of the strip, which 
have been subject to a higher stress during forming, exhibit smaller springback than the other 
zones, [1 ]. 

The other source of springback is the plastic bending moment released upon unloading. 
Consider a blank, which is being formed by a single-curved punch in two steps. Fig. 1.4. In 
the first step, the blank is made to adopt the punch shape by application of a moment, M. In 
the second step, a tension, T, is applied. Assume that M and T act at the midthickness. The 
strain and stress distribution in the encircled zone in Fig. 1.4 vary with the magnitude of T. 

When the moment M > 0 and T = 0, the positions of the centre line and the neutral axis 
coincide, Fig. 1.4(a). In this case, the strain and the stress above the centre line are tensile and 
equal to the strain and the stress below the centre line which are compressive, Fig. 1.4(a). 

Applying a tension results in a shift, a, in the position of the neutral axis and enlarges the zone 
which is subject to tensile strains and stresses, Fig. 1.4(b). As the tension is increased, a 
grows, M decreases, and the portion of the cross section deformed elastically shifts towards 
the inner surface, Figs. 1.4(b)-(d). 

When the tension is sufficiently high, the neutral axis disappears from the cross section and 
both the inner and outer surfaces are deformed plastically in tension, Fig. 1.4(e). At this stage 
the plastic bending moment M = M4 —> 0. Fig. 1.4(e) exhibits an important case, that is 
bending under tension with entirely plastic (in tension) cross section, [2] & [3]. 

Unloading the tension, T, in Fig. 1.4 results in the sheet sliding around the punch without any 

change of shape, while unloading the moment, M, will change the radius of curvature from Rp 

to Rs, Fig. 1.5, [4]. It can be shown that for plane strain bending (single-curved punch), [4]: 

in which E - Young's modulus, t = sheet thickness, v = Poisson's ratio, and Me = M = the 
plastic bending moment applied before unloading. 

It can, furthermore, be shown that, Fig. 1.5, [4]: 

in which Ah = springback in terms of height difference at the punch edge and I = half-width of 
the curved panel, Fig. 1.5. 

1.3. 

(1.1) 

(1.2) 

Eqns (1.1) and (1.2) mean that the springback, measured as A(l/R) or Ah, varies with the 

applied bending moment before unloading M = Me. 
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Punch 

Tensions & 
moments 

M>0 

Strain distribution 

A A 

7 Centre line 
Neutral axis 

(a) 

Stress distribution 

Plastic 

Elastic 

Plastic 

T=T,>0 
M = M,>0 

T=T2>Tj 
M = M2<M, 

1 
Centre line 

Neutral axis 

(b) 

Centre line 

Neutral axis 

A 

— * 

Plastic 

Elastic 

(c) 

T=T3>T2 

M~M3<M2 

T— T4 > T3 

M — Mt < M3 

Centre line 

Neutral axis 

Centre line 

Neutral axis 

Plastic 

Elastic 

Plastic 

(e) 

Compressive <_> Tensile 
strain strain 

Compressive <—> Tensile 
stress stress 

Fig. 1.4. The influence of tension on the stress and strain distribution and on the position of 
the neutral axis in pressing with a single-curved punch. Adapted from [2] and [3]. 
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The applied tension, T, and the 
bending moment, M, are, as illustrated 
in Fig. 1.4, uniquely related. If the 
sheet material obeys an elastic  
perfectly plastic hardening law, one 
can plot the non-dimensional diagram 
of M/Me versus T/Yt shown in Fig. 1.6. 

In Fig. 1.6, Y = yield strength, t = sheet 
thickness, and Yt = yield tension. 

Fig. 1.6 shows that once the sheet 
starts to become plastic (in tension), 
the bending moment decreases very 
rapidly towards zero at which the sheet 
is fully plastic (in tension). 

Considering the Eqns (1.1) and (1.2), 
one can easily see how this fall in 
moment affects the springback, Fig. 
1.6. Thus in pressing curved panels, i f 
the tension is sufficiently high to 
deform the entire sheet cross section 
plastically, then on unloading there is 
theoretically no springback and the 
sheet conforms exactly to the punch 
curvature. 

/ 

1 
p, . 

/ Å \ 

Ah T 
j / / / / / / /C^^jjZ'. — * * 

i 

Fig. 1.5. Unloading the moment, M, results in a 
curvature change, [4]. 

M/Mt 

/ 

1.0 

0.5 

{ F.I astic v 

Fully 
plastic 

i ^ Trvt 
0 0.5 

1.0 

Fig. 1.6. The relationship between the bending 
moment M and tension T, [5]. 

In this study, the attention is focused 
on this latter source of springback - the plastic bending moments released upon unloading • 
and the concept described above is used to study the springback of double-curved panels. 

2. A N A L Y T I C A L MODELLING - STATE OF THE ART REVIEW 

This study is focused on the springback of double-curved panels pressed with or without 
drawbeads, Fig. 2.1. (Note that Fig. 2.1 shows such a panel pressed with drawbeads). The 
influence of the applied tension on the bending moment and, thereby, the springback was 
shown in Figs. 1.4 and 1.6. The magnitude of this tension is determined by the applied blank 
holder force (binder force), the shape of the drawbeads, friction (both binder-sheet friction and 
punch-sheet friction), and profile radii (both punch and binder). 

We wish, in other words, to construct an analytical model which establishes relationships 
between 

• the moments and the tensions acting on the double-curved surface of the panel, 

• the tensions acting on the double-curved surface of the panel and the tensions produced by 
the drawbeads and the applied blank holder force, and, finally, 

• the moments acting on the double-curved surface of the panel and the springback. 
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2.1 Double-curved surface of the panel 

There are several reports on analytical modelling of springback on curved panels. The work of 
Duncan et. al, [5], Nagpal and others, [2], and Woo et. al, [6], concern the springback of 
single-curved panels. Although [5] is more clear and simpler than [2], it is by no means less 
accurate. Neither [2] and [5], nor [6] include the relationship between the tension acting on 
the curved surface and the restraining force emerging due to the use of blank holding and 
drawbeads. 

The work of Adams and others, [7], deals with springback of double-curved panels biaxially 
stretched without allowing any material from the flange area to be drawn into the die cavity. In 
the present case, such a material flow is, however, allowed. 

Fukui et. al, [8], have studied the springback of a double-curved panel, on which the radii of 

curvature are equal in both directions. That is the case, in which Rp; = Rp2. In the present case, 

Rpi < Rp2, Fig. 2.1. In [8], the restraining force emerging due to the use of blank holding and 
drawbeads is not modelled. 

Stretch-bending with non-uniform deformation has been modelled by Yuen, [9]. In this 
model, which deals with single-curved parts, the radius of curvature is much less than the 
usual automotive panel radii. [9] comprises a discussion on regions on the sheet where less 
deformed elements are connected to highly deformed elements. [9] does not contain any 
account of the restraining force. 

Huang et. al, [10], have conducted a literature survey on springback in small and large 
curvature bending. It is worth noting that many papers on springback of double-curved panels 
concern forming of hemispherical components. 

2.2 The restraining force 

Drawbead 

binder 
Upper 

Lower 
binder 

Fig. 2.1. This study is focused on springback on double-curved panels. 

The drawbead forces have been subject to an interesting discussion, since the pioneer work of 
Nine, who designed and tested a drawbead simulator, [11]. In [11], the attention is, however, 
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focused on measurements of the bending deformation and the coefficient of friction. 

Weidemann has examined the restraining force exerted on the sheet by the binder (blank 
holder force) and drawbeads both experimentally and by analytical modelling, [12] & [13]. 
Due to an elementary analytical treatment, the theoretically obtained values for different bead 
heights did not correspond well to the values obtained experimentally, [12]. 

Yellup, [14], Wang, [15], Levy, [16], Stoughton, [17], and Duncan et al, [5], have modelled 
the drawbead forces by different approaches. The common denominator of these works is that 
the clamping pressure (binder or bland holding force) has not been included in the model, or 
solely the pressure needed to prevent the upper binder to separate from the lower binder is 
deduced. 

In this study, the two components of the restraining force - the binder and drawbead forces -
will be modelled and the relationship between the restraining force and the springback will be 
shown. 

2.3 Complete analytical models 

By complete analytical models, it is meant models, in which the influence of the restraining 
force on the springback is included. Such models have been constructed by Wenner and Chu. 

Wenner, [18], has studied the springback of single-curved panels. He has, though assumed 
that the restraining force from the binder area is generated solely by the drawbeads, and not 
also by the friction arising from the pressure exerted on the sheet by the binder. 

Chu, [19], has investigated the influence of the restraining force on the springback of single-
curved channels. He has, though, modelled the restraining force as an in-plane stretching force 
acting on the sheet. 

2 . 4 Selected approach 

In the present investigation, the selected approach is to model 

• the moments and tensions acting on the double-curved surface of the panel. These are 
represented by Mj and T; in Fig. 2.2. 

• the restraining force exerted on the sheet by the binder and drawbead forces. The 
restraining force is denoted Tn in Fig. 2.2. 

• the springback by relating the tensions acting on the double-curved surface of the panel, T\, 

to the restraining force, T id, through the panel wall tensions, Tjwi and T ! w 2 , Fig. 2.2. 

Note that Fig. 2.2 exhibits solely the cross section along one of the two symmetry planes on a 
double-curved panel. The model wil l , naturally, comprise both of these planes. Compare Fig. 
2.2 with Fig. 2.1. 

The purpose of analytical modelling is to obtain a better understanding of the studied 
phenomenon by finding relationships between the most important parameters involved. In this 
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Fig. 2.2. The relationships between these moments and tensions are to be found. Note that the 
figure displays the cross section along merely one of the two symmetry planes on a 
double-curved panel. See also Fig. 2.1. 

work, we have, therefore, chosen simplicity and clarity together with good accuracy ahead of 
complexity and involvement of too many parameters. 

Some of the concepts presented in the works conducted by other researchers mentioned 
previously have, however, been used in this work. The works done by Duncan et. al., [4] & 
[5], and Nagpal and others, [2], have been the major sources of inspiration. 

3. THEORETICAL TREATMENT 

3.1 Double-curved surface of the panel 

Fig. 3.1 exhibits the strain and stress distribution in a small element of the double-curved 

panel surface. Note in this figure that neutral axis lies at z = -a, along the 7-direction and at z 

= -Ü2 along the 2-direction. 

The strain, e, consists of a portion, which is associated with extension of the middle fibre, ea, 

and a portion, which has to do with the bending, eb, [5]. One can, therefore, write 

£ i = £ a i + £ b i 

and 

e 2 — e a 2 + e b 2 (3.2) 
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The bending strain is, [5], 

£h = In 1 + 4 

In Eqn (3.3), Fig. 3.1, 

R P = R P + - 2 

(3.3) 

(3.4) 

where Rp = punch radius and t = sheet thickness. 

An element 
of the sheet 

Punch 
surface 

z 
A 

A" A 
t/2 

t ¥-.-
Centre line 0 

Neutral axis 

z 
A 

_Centre line 0 

Neutral axis 

Centre 
line 

(b) 

Fig. 3.1. The strain and stress distribution in a double-curved sheet element. 

Combining Eqn (3.3) with Eqns (3.1) and (3.2), we obtain, Fig. 3.1, 

e, = £ a i + l n 1 + -
R 

(3.5) 

and 
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8 2 = e a 2 + ln 1+- (3.6) 
V . 

where R*pI < R*p2. As £] = 0 at z = -aj (neutral axis, Fig. 3.1(a)) and e2 = O at z = -a2 (neutral 

axis, Fig. 3.1(b)), we obtain 

E„, = - l n 1 -
R"Pi 

(3.7) 

and 

£a2 = - l n l 1 - a2 

R 
P2 

(3.8) 

Combining Eqn (3.5) with Eqn (3.7) and Eqn (3.6) with Eqn (3.8), one can write 

£, = - l n a, 
R pl 

+ ln 1 + -
R pl 

(3.9) 

and 

E9 = - l n 1 - « 2 

P2 

+ ln 1 + -
V 

(3.10) 

Since aj, a2 and z are much smaller than R*pl and R*p2, Eqns (3.9) and (3.10) can be rewritten 

as 

ei = 
- z + ai 

R 
(3.11) 

pi 

and 

o - Z + a2 

Kp2 

(3.12) 

Utilising Eqns (3.11) and (3.12), the strain ratio on the double-curved surface of the panel is 
found 

z + a2 

ß = £2 _ RP2  
P E l Z + a l 

Rpi 

(3.13) 

In any sheet element considered on the panel surface (along the 1- or the 2-direction), 
continuity demands that (see also Fig. 3.1) 

ai = a2 
(3.14) 
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why Eqn (3.14) becomes 

B = ^ = A 
Hp _ „* R P2 

Assume that 

• plane stress is prevailing (0"i * 

0, C2 *• 0 and CT3 = az = 0), Fig. 
3.1, 

• the stress-strain relationship in 
Fig. 3.2 describes the material 
behaviour. That is 

C = EE (3.16) 

(3.15) 

where a = the stress in the 

elastic region, e = the strain in 
the elastic region, and E = 
Young's modulus, and 

aP = i V ( e j ) " (3- 1 7 ) 

in the plastic region, where rj£ 

= effective stress, z\ = effect

ive plastic strain, Ke = strength coefficient, and n = strain-hardening exponent. 

The point at which Eqn (3.16) intersects Eqn (3.17) - the yield point - is characterised by, 
Fig. 3.2, 

Fig. 3.2. The assumed material behaviour. 

c i v = Ke .(In 1.002)" = E.ey (3.18) 

Note in Fig. 3.2 that the definition of the effective plastic strain, ej?, does not comply with 

the scientifically correct terminology. The definition used in Fig. 3.2 leads to an 

overestimation of the magnitude of ej?. 

Since the magnitude of e£ obtained experimentally along the 1- and the 2-directions, Fig. 

3.1, is not expected to be greater than = 0.05 (= 5%), and since the definition above 

facilitates the analytical treatment of the springback, the terminology shown in Fig. 3.2 is 

used. 

the strain ratio ß p , given by Eqn (3.15), is unchanged in both the elastic and the plastic 
regimes during the deformation. 

In the elastic region. Fig. 3.2, Hooke's law (plane stress, a z = 0) can be applied, [3], 



BU2 

and 

05 = 

- ( e f + v e f ) 

.(ef + vef) 

(3.19) 

(3.20) 

in which of = stress in the i-direction (Fig. 3.1), o 2 = stress in the 2-direction (Fig. 3.1), ef 

= strain in the 7-direction, ef = strain in the 2-direction and v = Poisson's ratio. 

Combining Eqns (3.19) and (3.20) with Eqns (3.11), (3.12) and (3.15), we obtain 

K) ( ^ 

V P' 

and 

(3.21) 

o 2 = 

1 + -

P7 

( l - v > ) 

f \ 
z + a 

V ^ j 

Rewriting Hooke's law (plane stress, a z = 0) in terms of strains yields 

f a ? - v o l ) 

and 

£2 
_ ( o 2 - v o f ) 

(3.22) 

(3.23) 

(3.24) 

Combining Eqns (3.15), (3.18), (3.23) and (3.24) with von Mises yield criterion, we obtain 

-1 (3.25) 

and 

c 2 

in which 

(3.26) 

C = M , 

( i + v ß P ) 
l + vß l + vß 

py 
(3.27) 
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e\ and £2 are the strains along the 1- and the 2-directions respectively (Fig. 3.1) at the yield 

point, Fig. 3.2. 

At the yield point, Figs. 3.1 and 3.2, 

z = b!-a1 

and 

z = b2 -a2 

which combined with Eqns (3.11) and (3.12) give 

b 

and 

e ? - 5 f - (3-28) 
Rnl 

E y = ^ - (3.29) 
Kp2 

Combining Eqns (3.25) and (3.26) with Eqns (3.28) and (3.29) respectively and utilising Eqn 
(3.15), we obtain 

b1=b2 = C'R*pj.
C^r (3.30) 

In the plastic region in Fig. 3.2, von Mises yield criterion (plane stress, az = 0) can be utilised. 

The effective plastic strain, e p , can then be denoted as, [5], 

where eP = the plastic strain in the 7-direction in Fig. 3.1 and ß p = the strain ratio given by 

Eqn (3.15). 

Assume that 

o - P = a p . G p (3.32) 

The stress ratio, ocp, in Eqn (3.32) is related to the strain ratio, ß p , Eqn (3.15), by, [5], 

2 ß D +1 

a ' " ^ K ( 3 J 3 ) 

The effective stress, O p , can therefore be denoted as, [5], 

o ^ o f . ^ / l - a p + a ; (3.34) 
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in which a f = the stress in the 7-direction in Fig. 3.1. 

Substituting Eqns (3.31) and (3.34) in Eqn (3.17), one obtains 

a f =Ke 

Note that 

ep - 8j —£[ -

I | . ( l + ß p + ß 2 ) 

1-a + a 2 

p p 

(3.35) 

Z + Qy Ca v 

(3.36) 

in which £) = total strain in the i-direction given by Eqn (3.11) and £ y = yield strain in the 7-

direction given by Eqn (3.25). 

Substituting Eqn (3.36) into Eqn (3.35) yields 

a f = / Y e . 
a + ß p + ß p ) 

l - a + a 2 

p p 

Z + Üj 

R* E 

Rewriting Eqn (3.37) gives 

c\ = K r 

in which 

K,=K 
1 P 

E 

4 , 
• a + ß + ß 2 ) 

n 

l - a + a 2 

p p 

Substituting Eqns (3.15) and (3.32) into Eqn (3.35) yields 

i •(«*)" 
l - a „ + a 2 

p p 

Note that 

P P _ P P y _ z + a2 ß p C G y 
B 2 - e 2 - e 2 - ^ - E 

(3.37) 

(3.38) 

(3.39) 

(3.40) 

(3.41) 
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in which £2 = total strain in the 2-direction given by Eqn (3.12) and = yield strain in the 2-

direction given by Eqn (3.26). 

Substituting Eqn (3.41) into Eqn (3.40), we obtain 

a p = / r e . 
J l - a + a 2 , 
V P P 

3 .(1 + ßp + ß^) 
r z + a2 ß P

C a y A  

E 
(3.42) 

Rewriting Eqn (3.42) yields 

z + oz ß p C o y 

R 
p2 

(3.43) 

in which 

K~2 - Ke 

l - a + a . 

4 

"̂ 3 T ' d + ß p + ß p ) 
(3.44) 

Note, once again, that it is assumed in the derivation above that the strain ratio, ß p , Eqns 
(3.15), remains unchanged in the elastic and plastic regions during the forming. 

Note too that it is assumed that E\ & e2 and o"i & 0"2 in the derivation above are the principal 
strains and stresses. Besides extension, the material elements are, in practice, also rotated. In 
the present case, this rigid body rotation is expected to be small for which reason it is 
neglected. For a discussion on this subject, see [20]. 

Note, furthermore, that the anisotropy is not considered in the derivation above. For an 
anisotropic sheet, one could utilise Hill's new yield criterion assuming normal anisotropy. 
Utilising this yield criterion for plane stress, one can write the following expressions for the 
effective plastic strain increment and the effective stress respectively, [21 ], 

•Mm 

2 l ( l + 2r) 

m-\ 

n _ I y | & f - & P | m / ( m l ) +\d£\+dEP

2\
mKm ° (3.45) 

and 

TP = 
1 

2(1 + r) 
( l + 2 r ) o p - a ^ j + a f + a p (3.46) 

in which r = strain ratio, and m = a material dependent parameter. 

Note that tn = 2 in Eqns (3.45) and (3.46) gives the effective plastic strain increment and the 
effective plastic stress respectively according to Hill's original yield criterion. It has been 
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shown that Hill's new yield criterion is of particular interest for those materials having r-
values less than unity - aluminium. For soft aluminium, having an average r-value of 0.723, m 
= 1.8, [21 ]. For a discussion on the m-value, see [21]. 

In the derivation above, von Mises yield criterion have been utilised. Observe that for 

m = 2 and r = 1 

in Eqns (3.45) and (3.46), von Mises yield criterion is obtained. 

Note that the Bauschinger effects caused by the movement of the neutral axis, Fig. 1.4, during 
progressive deformation is not included in the derivation above. 

Note, finally, that it is assumed that plane normal sections remain plane (usual assumption in 
bending) and that solely the sheet elements along the 1- and the 2-directions, Fig. 3.1, are 
considered here. 

3.1.1 Tensions and moments 

The tension, T, is applied at the middle surface and for unit width of the sheet one can write 

T = ja-dz (3.47) 

Let us first find out 77 in Fig. 3.1(a). When the deformation at the outer fibre reaches the 
elastic limit. Fig. 3.1(a), the tension wil l be 

Tf = Jo- (3.48) 

-r/2 

in which Tf = the tension caused by elastic stresses. Combining Eqns (3.21) and (3.30) with 

Eqn (3.48), we obtain 

Tf = 
V 

( 1 + V ß p ) 

H O , 
( l - v 2 ) .... 

< f c = 

2R: 

(3.49) 

At this stage (the outer fibre deformed to the elastic limit), the contribution of the plastic 
stresses to the total tension is 

1/2 

Tf - J o l dz (3.50) 
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Combining Eqn (3.38) with Eqn (3.50) yields 

1/2/ 

Tf 
+ a, Ca, 

dZ-
K..R , 

(n + l ) 
2 + a i 

V p l 

Adding Eqn (3.51) to Eqn (3.49), the total tension, Tj, is obtained 

T,= 
_ ( 1 + V ß p ) 

' " ( l - v » ) 2R Pl 

rCayR;^ 

V E 

a,— 

i pi 
(n + l) 

2 + a i 

pl 

(3.51) 

(3.52) 

A derivation analogous to the above yields the tension in the 2-direction, T2, Fig. 3.1(b), 

T2 = 
E V°y^T 

( l -V») 
J 

( t n + \ 

/ x 0 • R ^ 
2 p2 2 + a 2 ß Ca 

f p y 
(n + l) R\ 

k " 2 

E 
J 

\ 

a-,— 

(3.53) 

The applied moment about the midthickness and per unit width of the sheet is 

M = jø.zdz (3.54) 

Let us first derive an expression for M; in Fig. 3.1(a). Analogous to Tj, also Mj consists of an 
elastic and a plastic portion. As the deformation at the outer fibre, Fig. 3.1(a), reaches the 
elastic limit, this elastic portion will be 

bj-aj 

i *• zdz (3.55) 

-tiz 

Substituting Eqns (3.21) and (3.30) into Eqn (3.55), we obtain 
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M) = 

( • - v 2 ) -f/2 

zdz = 

H l \2 

R 
J 

(3.56) 

3E 
) 

<2j t Cl] »t 

~~6 24 ~ 

At this stage (the outer fibre deformed to the elastic limit), the contribution of the plastic 
stresses to the total moment is 

1/2 

Af? = f o f »zdz (3.57) 

Combining Eqn (3.38) with Eqn (3.57) yields 

f/2/ 

MP 
z + a ; C o y

A  

Ä*, £ , 
>zdz = 

K . R \ 
i pi 
(» + 2) 

\ n + 2 

(3.58) 

K . R * . 
i pi 

(n + l) 
«/ £ 

r > 
2 + a i C g 

p* TJ 

n + l 

Adding Eqn (3.58) to Eqn (3.56), the total moment, Mh is obtained 

M,= K) j 
( l - v 2 ) ' « 

(n + 2) 

\ n + 2 

3£ 2 

, a 3 r 3

 a ; . r 2 ^ 
+ _ i + Z— 

6 24 8 

2 + a ; C ° y 
R* E 

pi 

(3.59) 

K..R* 
1 pi 

(n + l ) 
a/ E 

V 

2 ^ / 0 ^ 

Ki E 

\n + l 

A derivation analogous to the above yields the moment in the 2-direction, M2, Fig. 3.1(b), 
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1 + ^ 

2 (l . . 2 \ D* ( l - v 2 ) R P2 

* \ ( 
hC°yR*p2 a. p 1 I"- "2 

" T 
V J 

(a\ | f 3 a2.t
2^ 

v 6 + 24 8 

v f e ) 2 

{n+2) 

~ + a2 ß Ca 
2 i IE y 

p2 

\n + 2 

(3.60) 

2 p2 

(n + l) 
L ß p C g y ^ 

2 £ 

Nrt + 1 

- + a 2 ß Ca 
2 1 n v p y 
R 

P2 

Note, finally, that in any sheet dement (along the 1- or the 2-direction) on the panel surface, 

aj=a2 in the Eqns (3.52), (3.53), (3.59) and (3.60) above. 

3.1.2 Strain gradients and distribution of tensions over the panel surface 

Let us first denote the tension ratio, X, as 

T2 X = ^ (3.61) 

in which Tj and T2 are the tensions given by Eqn (3.52) and Eqn (3.53) respectively. 

Consider an element of the double-curved sheet and the forces acting on it (bending moments 
not considered), Fig. 3.3. Equilibrium in the radial direction in this figure requires 

(T, + dT,)sin <% . R*p2disf2 + (T2 + dT2)sin <% . R*p,d§, - qR*p;d<$>jR*p2dQ>2 = 0 (3.62) 

in which R*pl and R*p2 are defined by Eqn (3.4). 

Assuming that sinde)); = d§, and smd§2 ~ <*t>2 m ^ s ^ e T simplifications, Eqn (3.62) can be 

rewritten as 

Rpl Rp2 

(3.63) 

Assuming Coulomb friction and that the friction coefficient, p p , is constant during the 
forming, equilibrium of forces in the 7-direction in Fig. 3.3 yields 

(Tj + dTj)cos <%. R*p2dif2 - T,. R*p2d$2 - \Lvq. R*pjd^R*p2d^2 = 0 (3.64) 

Assuming that cosd$j ~ 1 and after simplifications, Eqn (3.64) can be rewritten as 
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T,<-

q = punch pressure 

Hp = Coefficient of friction 

Fig. 3.3. Forces acting on an element of the double-curved sheet (bending moments 
not considered). 

dT1 = y.pq.R*pId«>l 

Combining Eqns (3.63) and (3.65), one obtains 

d T j = \ L P * 

V Rpl Rp2 

Substituting Eqn (3.61) into Eqn (3.66) gives 

dT; 1 - , ' 1 
— + — 
Rpl Rp2 V 

R*pid$, 

It is known that 

7 } = ø p . r 

and, hence, one can write 

dT, _ dd\ dt 

^ ~~of~ + T 

It is, furthermore, known that 

o f =K1.(t\)
n 

for which reason one can write 

o f ef 

The thickness component in Eqn (3.69) can be denoted as 

* = det =-(<fef +dz\) 

(3.65) 

(3.66) 

(3.67) 

(3.68) 

(3.69) 

(3.70) 

(3.71) 
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Substituting Eqn (3.15) into Eqn (3.71) leads to 

y = < f e t = - ( l + ß p W e p  

Substituting Eqns (3.70) and (3.72) into Eqn (3.69) results in 

dT, 
dz\ 

(3.72) 

(3.73) 

Combining Eqns (3.15) and (3.67) with Eqn(3.73), we obtain 

d £ p _ * ( 1 + ^ * ß p ) 

frK) 
(3.74) 

Equilibrium of forces in the 2-direction in Fig. 3.3 yields 

(T2 + dT2)cosdk. Rpjdtyj - T2.R;,dif, - u p < ? . R*pld^R*p2d^ = 0 (3.75) 

Assuming that cosd§2 = 1 and after simplifications, Eqn (3.75) can be rewritten as 

dT2=\lpq*R*p2d§2 

Combining Eqns (3.15), (3.61) and (3.63) with Eqn (3.76), one obtains 

dT-, 
1 + -

X . ß 
,d<Sf. 

p ) 

It is known that 

T2 = <s\.t 

and, hence, one can write 

dT1_d^l dt_ 

T2 " a p + t 

It is, furthermore, known that 

ol=K2.(zl)n 

Hence 

(3.76) 

(3.77) 

(3.78) 

(3.79) 

dal _ n 
p 1 

(3.80) 
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Utilising Eqn (3.15), the thickness change given by Eqn (3.71) can be denoted 

dt f 
= d&t =-(dz? + de^) =-\ 1 + -

ß p j 
'del (3.81) 

Combining Eqns (3.77), (3.79), (3.80) and (3.81) leads to 

de^ 

d§. 

V 1+-

PJ 

1+r 
V P P 7 

(3.82) 

Eqns (3.74) and (3.82) give the strain gradients over the panel surface. 

Let us now look at the distribution of tensions over the panel surface, starting with the tension 
in the i-direction. Combining Eqns (3.15) and Eqn (3.67), we obtain 

dT, 

T, 
^ - = f i p . ( l + X . ß p ) . < % 

Integrating this equation with the symbols given in Fig. 3.4(aJ yields 

'lw2 ' 1 

J ^ - J i v ( 1 + * - ß p ) * i 

which becomes 

m - ^ = p p ( i + ^ p ) ( Y i - < i > ; ) (3.83) 

Eqn (3.83) can be rewritten as 

T i = Tlw2 • e 

- U ^ I + A ^ X Y , - ^ ) 
(3.84) 

Note that y, in Fig. 3.4(a) and Eqn (3.84) is known since both I, and Rpl (Rp,) are known. 

Concerning the tension distribution along the 2-direction, Eqn (3.77) can be utilised 

0*7", 
1 + - •d<?2 

P ) 

Integrating this equation with the symbols given in Fig. 3.4(b) leads to 

'2*2 '2 

i + - >d$2 

p j 
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Punch Sheet Punch S n e e t 

(a) 

2w2 

Fig. 3.4. Distribution of the tensions are derived with the aid of symbols given in this figure. 

which becomes 

l n ^ -
T, = ^ 

1 + -
1 

Rewriting Eqn (3.85) yields 

T2 = T2w2 • e 

(Y2-<5>2) (3.85) 

M 2 ) 
(3.86) 

Note that y2 in Fig. 3.4(b) and Eqn (3.86) is known since both l2 and Rp2 (R*p2 )are known. 

Note, finally, that it is possible to attain a better description of the relationship between T, and 
T l w 2 and between T2 and T2w2 than those given by Eqns (3.84) and (3.86) respectively by 
taking the influence of the punch profile radius into consideration. To do so, equations of the 
type presented in the next section could, for instance, be utilised. Since the punch profile 
radius is not varied in the experimental part of this investigation and for the sake of simplicity, 
the simpler mathematical expressions given by Eqns (3.84) and (3.86) were preferred. 

3.2 The restraining forces 

A panel may be pressed with drawbeads, with drawbeads under the action of a binder force, 
or without drawbeads under the action of a binder force. In the experimental part of this 
investigation, the pressings are conducted both with drawbeads under the action of a binder 
force and without drawbeads under the action of a binder force. In this section, these two 
cases are examined, starting with the combined binder and drawbead forces. 

The magnitude of the restraining force exerted on the sheet depends on the rise in tension due 
to the use of drawbeads (if these are used) and the magnitude of the applied binder force. 
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3.2.1 Pressing with drawbeads under the action of a binder force 

The examination of combined binder and drawbead forces starts with derivation of 
expressions for Tu, T j w j and TjW2 in Fig. 2.2. The restraining force acting along the other 
direction, the 2-direction in Fig. 3.1, wil l be discussed at the end of these section. 

Consider bending of a wide strip under the action of a tension. Fig. 3.5 shows the strain and 
stress distribution in such a case. 

' I Middle surface A Si 

.Middle surface. 

Neutral axis *-

p = radius of the middle surface 

Fig. 3.5. Strain and stress distribution in bending of a wide strip under the action 
of a tension. 

The strain distribution across the sheet thickness, Fig. 3.5, can be denoted as 

(3.87) 

(See also the derivation of Eqn (3.10)). 

Assuming plane strain, one can write 

ßb = l2b 0 (3.88) 

in which ß b = the strain ratio in the discussed bending operation. 

Since the plastic strains are much larger than the elastic in the bending operation shown in 
Fig. 3.5, the elastic strains are neglected. 

In the plastic region, Figs. 3.2 and 3.5, von Mises yield criterion can be applied. Combining 

Eqn (3.88) with Eqn (3.31), the effective plastic strain, E p

b , can be denoted as 

F p _ 

'~eb ~ 43 " E l b 

Assume that 

(3.89) 

a P b = a b . o - f b (3.90) 
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Combining Eqn (3.33) and (3.88), the stress ratio, ocb, in Eqn (3.90) can be found 

a b = i (3.91) 

Utilising Eqns (3.34) and (3.91), the effective plastic stress, a P

b , can now be denoted as 

(3-92) 

The stress-strain relationship in the plastic region in Fig. 3.2 is 

< = K e b ( 3 - 9 3 ) 

Substituting Eqns (3.89) and (3.92) in Eqn (3.93), we obtain 

• t ø ) " VW 
T p - 2 K f 2 >" 

Observe that we have assumed that 

e f D = e l b = ^ (3-95) 

in which £ ] b = total strain in the 7-direction given by Eqn (3.87). 

Substituting Eqn (3.95) into Eqn (3.94) yields 

Rewriting Eqn (3.96) gives 

in which 

Z + a b l I " f + on the tension side 

on the compression side 
(3.97) 

Kb=Ke{-^y
 + l
 (3-98) 

Since the tensions arising from the elastic regions in Fig. 3.5 take out each other, the tension, 
Tn,, applied at the middle surface in this figure, can be denoted as 

T,b=^\h.dz (3.99) 

Consider now the deformation over a drawbead, Fig. 3.6. When forming a panel, the upper 
binder goes down first and forms the sheet over the drawbead. After this initial forming, a 
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Fig. 3.6. The sheet is first bent over the drawbead by the upper binder and then drawn over 
the drawbead and into the die cavity by a tension. 

tension is applied, which draws the sheet over the drawbead and into the die cavity. 

The stress and strain distribution after this initial bending - after the sheet is bent over the 
drawbead by the upper binder in Fig. 3.6 - are illustrated in Fig. 3.1(a). abi and the sum of the 
tensions acting on the midthickness are in this case equal to zero, Fig. 3.1(a). 

As soon as a tension is applied, there will be a shift in the position of the neutral axis, as 
shown in Fig. 3.1(b). Utilising Eqns (3.97) and (3.99), this means that the relationship 
between the tension and the position of the neutral axis can be characterised by 

+t!2 

llb • \ of. dz -• 
l b (« + l ) . p n 

f/2 

2 + abi 
n + l 

{~abl) 
n + l 

(3.100) 

After expansion of 

2+abi and 

and simplification, Eqn (3.100) becomes 

(3.101) 
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t/2 

(a) 

z 
A e lb 

> K > 

t 

t/2 

\ f 

\ ( 
Hl 1 

Middle surface_ 

Neutral axis 

(b) 

Fig. 3.7. The strain and stress distribution across the sheet thickness after the sheet 
is bent over the drawbead by the upper binder (a) and after being bent 
over the drawbead by the upper binder and subjected to a tension (b). 

Let us now investigate the tension variation along the sheet's path to the die cavity and look at 
4 specific zones, Fig. 3.6. These are the zones A-B, C-D, E-F, and the zone around the die 
profile radius, as illustrated in Fig. 3.6. 

Looking first at the zone A-ß in Figs. 3.6 and 3.8, one can utilise Eqn (3.101) to express TjA 

l i f l • « « (3-102) MJ '°bl 

in which t JA = sheet thickness at A. 

Rewriting Eqn (3.102), one obtains 

lbl 
T,Å (2P^ 11A 

2Kh 

(3.103) 
11A ) 

The average plastic work done per unit volume is, [5], 

Wavr = (3.104) 

Utilising Eqns (3.95) and (3.97), Eqn (3.104) can be rewritten for the zone A-B 
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. Neutral axis 

'Middle surface" 

•>lb 

Fig. 3.8. Bending and unbending in the zone A-B in Fig. 3.6. 

' , / 2 - 1 / 2 
,„avr 1 ÄM r / \ n + 1 , Mr I in +1 , 

r M P, 
(3.105) 

Integrating Eqn (3.105) yields 

ii/avr _ _ j 

M B " ^ ' P r i r ( n + 2 ) 

1A 
\ n + 2 

+ a bl 2 w 

n + 2 

Expanding 

' t ø 
+ Ü , , 

2 6 J 

n + 2 
1A 

• a b l ) 

xn+2 

in Eqn (3.106), we obtain 

W avr _ 
1AB = t1A p(" + D (n + 2) 2 

n + 2 

+ (n + l)(« + 2). 

Substituting Eqn (3.103) in Eqn (3.107) yields 

\ n + l 

W M 5 = 
(n + 2) (,2p 

1A 

' 1 7 

(n + l) 7* f2p 

/A 
'2*> VIA 

n-l 

'lb 

(3.106) 

(3.107) 

(3.108) 

In a steady state process, the volume passing through the bending region in unit time is the 

velocity vJA times the thickness t1A, Fig. 3.8. Hence, multiplying the average plastic work 
avr 

done per unit volume, W ] A B , by vJAtjA, one obtains the rate of doing plastic work at the 

bending region, [5], 

W1PAB=WZ'ViA't1A (3.109) 

Due to friction, the work dissipated is greater than the plastic work of deformation. An 
efficiency factor, r i , my be defined, where the actual rate of doing work is, [5], 
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— W S S ' V M ' t ø (3.110) 
ri t] 

To supply this work, it is necessary for the 

tension to increase by an amount ATJAB as the 
sheet passes through the bending region. This 
generates a net external rate of doing work of, 
[5], 

W1AB = &TJAB • v M 
(3.111) 

Combining Eqns (3.108), (3.110) and (3.111) 
yields 

Pbh = blank holding pressure 

\i.b = coefficient of friction 

rbh 

Sheet 

V 
Y < 

t 
y 

A 
i- i 

A 
-> CT 1A 

•bh 

Fig. 3.9. The tension T1A is related to the 

blank holding pressure, Pbh. 

A T J A B = 

XJA ' K b 'JA n + l) T* ( 2 9 x Y - ' 

(n + 2) 

This means that, Fig. 3.8, 

JA 

ALL 
2K'\ t 

• I A 

(3.112) 

i + r f JAB - lJA 
jjA m K b 

(n + 2) 

( t 
'1A 

\2PiJ 

(n + l) T f . f 2p 

JA 

1A 
2K, 'JA 

n - l 
(3.113) 

Assuming Coulomb friction and that the friction coefficient is constant, we can write, Fig. 3.9, 

BF 
T1A =G\A*tlA=2\lb,Pbh,*tJA = 2p. f e . — . f 1A (3.114) 

in which Pbh = blank holding pressure, \ib = coefficient of friction, BF = applied binder force, 

Af= original flange area. 

Combining Eqns (3.113) and (3.114) yields 

BF 1 
T ' B = 2 ^ b ' A f ' t J A + ^ 

h A ' K b 

(n + 2) 

n+l 

v 2 P i ; 

( n + l ) T f . f 2p 

JA 

JA_ 
2KU '1A 

n-l 

(3.115) 

At the unbending region, Fig. 3.8, there will be an increase in tension, which analogous to 
above is, [5], 

W, JBC AT, 
1 

JBC y IB JBC ' V 1 B ' X J B (3.116) 

in which 

WjBC = 
Kh 

(n + 2) 

11B 

V 2Pi 

n+l (n + l) T f B f2p 1B_ 
2KU 

J B 
'IB 

n-l 

(3.117) 

in accordance with Eqn (3.108). 
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Substituting Eqn (3.117) in Eqn (3.116), we obtain 

A 7 ) 5 C -
(n + 2) 

IB 

V 2 Pi 
+ 

(n + l) 7* (2p 

IB 

IR 
2Kt b KUB 

n-l 

This implies, in turn, that, Figs. 3.6 and 3.8, 

lic - 11B 
1 I B C - 11B 

l l B , K b 

(n + 2) 

11B 

V 2 Pi7 I B 

2KL 

(3.118) 

(n + l) (2p, 

'IB 

n - l 
(3.119) 

Note that T1B in Eqn (3.119) is defined by Eqn (3.115). 

At a bending or unbending region, there will be a reduction in thickness due to the uniform 
extension of the middle surface, 3.8. Because this occurs in plane strain, the change in 
thickness is given by Eqn (3.87) at z = 0, [5], 

At _ abl  

t ' P, 
(3.120) 

Utilising Eqns (3.103) and (3.120), the following expression is obtained 

T1B ~ 11A 

'1A 

11A 

p, 2Kb U 

2p ^ 

11A J 

which can be rewritten as 

1 I B -
 f / A * 1 - -

1 11A 
(2p ^'^ 

P, 2Kb K'IA J 

(3.121) 

Assuming that t,A = tn = original sheet thickness and summarising the expressions derived for 
zone A-B in Figs. 3.6 and 3.8, one obtains 

TIB = T 1 A + 
(n + 2) V 2Pi 

n+l 
i l r2p 

t *2/Y, 

n - l 
(3.113) 

in which 

BF 
T1A = ° 1 A • ro = 2 u - é • Pbh 't0=2]xb.-r.tl 

A f 

(3.114) 

For the transition area between zone A-B and zone C-D, Fig. 3.6, we have obtained 

TJC - T I B + ; 

X IB • K b 

(n + 2) 

11B 

V 2Pl 

n+l (n + l) T f B (2p, 

IB 
2K, 'IB 

n-l 

(3.119) 
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and 

IB - to' 
P , 2K„ 

fir. \ n 

2p 

V lo J 

Let us, furthermore, assume that 

t!C = tjB 

(3.121) 

(3.122) 

Utilising the same derivation procedure as above, we obtain the tensions and thickness 
changes in the other zones in 3.6. Beginning with the zone C-D in Fig. 3.6 and utilising Eqns 
(3.112) and (3.113), we can write 

T]D — T/c ATirn — Tjr + 
1 

ICD - 1 1 C 

t l C , K b 1C 

U p 2 ) 

, (n + l) Tfci fe 

ie 
(n + 2) 

in which Tic is defined by Eqn (3.119). 

Using Eqn (3.121), the thickness change in zone C-D can be denoted as 

ic 
(3.123) 

t ID - flC * 1 - 1 . 
1 1 C 

P 2 2AT, 

2 P 2 Y (3.124) 

in which f ; C i s given by Eqns (3.121) and (3.122). 

Concerning the transition area between zone C-D and zone E-F in Fig. 3.6, we can write 

1 1 E - 1 1 D ' IDE - 1 1 D 

t ID ' K b 

(n + 2) 
ID 

U P 2 

(n + l) T f D (2p ID 

2K, 
ID 

11D 

and 

tlE = tlD 

Regarding zone E-F in Fig. 3.6, Eqns (3.112) and (3.113) give 

T]F - TIE + A T 1 E F - T 1 E + 
t IE ' K b t IE 

v 2 P 3 ; 

n+l 
(n + l) T f E (2p 

(n + 2) 

in which TjE is defined by Eqn (3.125). 

The thickness change in this zone can be denoted as 

IE 

IE 

2K, ' I E 

n - 1 

(3.125) 

(3.126) 

(3.137) 

t IF - t IE ' 
_±_ 1 1 E 

Pl'2Kb 

(2p \ n 

\ l i E J 

(3.128) 
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where tIEis given by Eqns (3.124) and (3.126). 

The tension Tu in Fig. 3.6 is dependent upon both 

T if and the applied blank holder pressure, Fig. 3.10. 
It is known that 

Tid =aid mtid (3.129) 

in which tu = sheet thickness at the inlet of the die 
profile radius, Fig. 3.6. Utilising Eqn (3.129) and 
Fig. 3.10, one can write 

Pbh = blank holding pressure 

\xb = coefficient of friction 

rbh 

T1F \ 
Sheet 

f—' 
— 

T1F \ 
Sheet 

f—' 
— 

'IF } 

'i 
k 

1 

/ { > ald 
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Assuming that 

tld = tlF 

Eqn (3.130) can be rewritten as 

Tjd = — + 2 r l * ' — 

• t l d (3.130) 

(3.131) 

BF 

Fig. 3.10. The tension T'u is related 
to the applied blank hold
ing pressure, Pbh and the 
tension Tip. 
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in which T1Fanå t;Eaie defined by Eqns (3.127) and (3.128) respectively. 

(3.132) 

Concerning the zone around the die profile radius in Fig. 3.6, Tjw] is left which in accordance 
with Eqn (3.113) can be denoted as 

•T/vW — -T/d + ATlriw — T,j + Idw - 1ld 
tld * K b 

(n + 2) {2p 

n+l 
(n + l) Tf, (2p 

d) Id 

Id 
2K'\ t "id 

n-l 

(3.133) 

in which Tu is defined by Eqn (3.132). 

The change in thickness in this zone is characterised by 

tlwl - tld 1-
1 lld 

Pd 2 K b 

2 p / " 

t, 
(3.134) 

V lid J 

in which tu is given by Eqns (3.128) and (3.131). 

We have, finally, T]w2 in Figs. 2.2 and 3.4(a), which in accordance with above can be 
expressed by 

Tjw2 ~Tiwi+ ATlwl2 - T ] w l + t l w l , K b 

(n + 2) 

s n+l 
llwl 

\2PdJ 

(n + l ) Tf j (2p 

lwl 

lwl 
2KU lwl 

n-l 

(3.135) 
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in which T J W J is defined by Eqn (3.133). 

A l l of the expressions required for calculation of 7/W2 which in turn affects the tension acting 

on the double-curved surface, Tj in Fig. 3.4(a), are now available. 

Note that all of the expressions above, are also valid in the 2-direction in Fig. 3.1. By simply 
changing the first subscript from 7 to 2 in the equations above, the tensions and thickness 
changes in the 2-direction are attained. 

A summary of the tensions and thickness changes derived will be given in section 3.3. 

3.2.2 Pressing without drawbeads under the action of a binder force 

In pressing without drawbeads (under the action of a binder force), the tension T,f in Fig. 3.10 
and Eqn (3.130) is equal to zero. This implies that Eqn (3.130) can be rewritten as 

Tld=a}d.tld=(2iLb.Pbh).tjd 

Assuming that 

tld = to 

Eqn (3.136) can be rewritten as 

T, Id 
< BF^ 

V A f J 

BF 
'to = 2lib'-A-'to 

A f 

(3.136) 

(3.137) 

(3.138) 

The tension Tjw] at the other end of the zone around the die profile radius in Fig. 3.6, can in 
accordance with in Eqns (3.113) and (3.137) be denoted as 

Tjwi - T]d + A T l d w - T ] d + — 
to*Kb 

f . \ n+l 

\2PdJ 

(n + l) Tfd_ f2P, 
n - l 

(n + 2) 

in which Tid is defined by Eqn (3.138). 

Utilising Eqn (3.121), the change in thickness in this zone is characterised by 

1 T u 

(3.139) 

llwl - l0 1 -
'2p V 

2Kh V lo J 

(3.140) 

Utilising Eqn (3.113), one can finally denote T l w 2 in Figs. 2.2 and 3.4(a) as 

\ n + l 

0w2 - Tiwi + A T l w l 2 - T l w l + 
t lwl * Kb 

(n + 2) 

llwl 

\2PdJ 
+ 

(n + V j l ; f 2 p 

lwl 

lwl 
2K, lwl 

n - l 

(3.141) 
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in which T l w l is defined by Eqn (3.139). 

Note that all of the equations in this section are also valid in the 2-direction in Fig. 3.1. By 
changing the first subscript from 7 to 2 in the equations above, the tensions and thickness 
changes in the 2-direction are obtained. 

For the sake of simplicity, it was chosen not to utilise the logarithmic definition of the strain 
in the two previous sections. The technological strain definition used, Eqn (3.87), leads to 
higher strain values than those attained by a logarithmic strain definition. 

This discrepancy in the strain magnitude, which is normally small for small deformations, can 

be appreciably large ( = 20%) for large deformations (thick sheet combined with small 
bending radius). 

An efficiency parameter is introduced in section 3.3 in order to take this discrepancy (and 
other factors) into consideration. 

3.3 The complete analytical model 

Having all of the equations required, let us summarise the constructed analytical model. Fig. 
3.11 exhibits a flow chart which is to be used for calculation of the springback. The 
computation starts with gathering of the values of all input variables such as mechanical 
properties of the sheet material and geometry parameters. 

If drawbeads are used, then the following equations will be utilised to calculate the restraining 
forces, Fig. 2.2. 

Calculation of the restraining forces 

• Pressing with drawbeads under the action of a binder force 

Along the 7-direction. Fig. 3.1. the following expressions are used: 
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Fig. 3.11. Flowchart for computation of the springback. 
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Along the 2-direction. Fig. 3.1. the following expressions are utilised: 
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tg - original sheet thickness. 

Note in the equations above that t | is removed and, instead, two new efficiency factors -

and Dj,h - are introduced 

If drawbeads are not used, the following equations are utilised to compute the restraining 
forces, Fig. 3.11. 
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• Pressing without drawbeads under the action of a binder force 

Along the 7-direction, Fig. 3.1, we will utilise 

T}W2 - T l w i + D d b • 

Tjwi - Tid + D d b • 
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Note in the equations above that r| is replaced by two new efficiency factors - D d b and D b b . 

The position of the neutral axis is computed by the following expressions, Fig. 3.11. 

Calculation of the position of the neutralaxes 

The position of the neutral axis along the i-direction. a;, is calculated by utilising the 
following expressions: 

T i = Tlw2 * e 

-H p(l+Xß p)( 7 /-^) 
(C3.84) 
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The position of the neutral axis along the 2-direction. a2, is calculated by utilising the 
following expressions: 

T2 = T2w2 • e (C3.86) 
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(C3.53) 

Note, once again, that a] = a2, when a single sheet element is considered. 

The distribution of the moments over the panel surface is calculated by the following 
equations, Fig. 3.11. 

Calculation of the moment distribution over the double-curved surface 

The calculated aj and 122 are inserted into the following expressions and the moment 
distribution along the 1- and the 2-directions respectively are computed. 
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Calculation of the svrineback 

Combining Eqn (1.1) and (1.2) yields (see also Fig. 3.11), we obtain 

6.lj.Mel 

£ . f J 

and 

^ 2 - U M ' = 7 ~ 3 
^ 2 * ' 

(Cl) 

(C2) 

in which M e / = M / defined by Eqn (C3.59), Me2 = M 2 given by Eqn (C3.60), and D M is an 
efficiency factor. Utilising Eqns (3.15), (3.21)-(3.22), (3.25)-(3.26), and (3.54), one can easily 
show that 
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Substituting Eqn (C3) into Eqn (Cl) and Eqn (C4) into Eqn (C2) yields 
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Note, finally, that there are three efficiency factors in the analytical model above - D ^ , 

and D M - When pressing a panel with drawbeads under the action of a blank holding force, D ^ 
regulates the rise in tension due to bending and unbending over the drawbead and the die 
profile radius, whilst D B H indicates the contribution of the blank holding force to the obtained 
rise in the total restraining force. 

The same symbols, D ^ and D b h , are used as efficiency factors even in the model which 
concerns pressing under the action of a binder force solely, partly for the sake of consistency 
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and partly in order to avoid introduction of too many efficiency factors. 

It is, furthermore, assumed that the relationship between the springback and the moment 
acting on the panel is regulated by D M both along the i-direction and along the 2-direction. 

In the second part of this report, it will be shown how these efficiency factors are used. See 
also the next chapter in the present part of this report. 

4. DISCUSSION 

It was shown in Fig. 1.4 that the shift in the position of the neutral axis is dependent upon the 
magnitude of the tension acting at the midthickness. The higher this tension, the larger wil l be 
the shift in the position of the neutral axis. The larger this shift is, the lower wi l l be the 
moment acting about the midthickness, and the lower this moment, the lower is the 
springback, Fig. 1.4 & Eqn (1.1). 

In chapter 3, mathematical expressions were derived for the moments and tensions acting on a 
double-curved panel surface and the tensions - the restraining forces - arising due to the use of 
drawbeads and/or a binder force. It was, furthermore, shown how the restraining forces are 
related to the tensions and, thereby, the moments acting on the double-curved panel surface. 

It was assumed in the derivations above that loading occurs in two steps. The sheet is made to 
adopt the punch shape by the bending moments, which are applied first. I f the tensions, 
applied in the second step, are high enough, yielding occurs on the upper surface of the 
double-curved panel, Fig. 3.1. Note that Figs. 1.4(a) and 3.1 show two different initial cases. 
The case shown in Fig. 3.1 is utilised in the derivations above. 

It is, furthermore, assumed that unloading of the tensions results in the sheet sliding on the 
punch without any change of curvature, whereas unloading the moments will change the radii 
of curvature. 

Yielding plays a crucial role, as far as the shift in the position of the neutral axis and the fall in 
the moments are concerned. If the plastic deformation proceeds so that the entire cross section 
becomes plastic in tension, the magnitude of the bending moment falls drastically which 
theoretically means that there will be no springback upon unloading, Figs. 1.4(e) and 1.6. 

In section 3.1.1, the following expressions were derived for the tensions acting along the i -
direction (henceforth called path 1) and along the 2-direction (henceforth called path 2)  
respectively on a double-curved panel, Fig. 3.1, 
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(3.52) 

and 
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The second term in these expressions indicates the contribution of the plastic stresses to the 
total tension. In other words, Fig. 3.1, 

2 + a ' C o y _ Q 

R 
(4.1) 

pl 

and 

- + a. 
2 2 ß p

c ° y 

R 
= 0 (4.2) 

P2 

should give the magnitude of a; and a2 at the yield point. Utilising Eqn (3.15) and rewriting 
Eqns (4.1) and (4.2), one obtains 

a i = a 2 = 

C o y . / ? 
PL-L 

2 
(4.3) 

Normalising Eqn (4.3) yields 

a i =

a 2 =

2 C ' ° y ' R p l 

L L 
2 2 

t.E 
- 1 (4.4) 

in which R*pl and C are defined by Eqns (3.4) and (3.27) respectively. 

In this investigation, two different punches will be used - punch No. 1 with Rpl = 665 mm and 
Rp2 = 2000 mm, and punch No. 2 with RpJ = 450 mm and Rp2 = 1340 mm. See also Figs. 2.1 
& 3.1. Both punches are 230 mm wide along path 1 (Rpj) and 400 mm long along path 2 
(Rp2\ 

4 different sheet materials wil l , furthermore, be used - steel (FeP04), and the aluminium 
qualities 5182, 6016 and 6111. 

Table 4.1 shows the position of the neutral axis at the yield point for these sheet materials, 
when pressed with punch No. 1. The values of a; (= a2) and a//(f/2) (= a2l(tl2)) in Table 4.1 
are calculated by Eqns (4.3) and (4.4) respectively. These calculated values are also plotted in 
Fig. 4.1. 



BI44 

Table 4.1. The position of the neutral axis, a}/(t/2), at the yield point for the materials 
in this investigation, when pressed with Punch No. 1. See also Fig. 3.1 
and Eqns (4.3) & (4.4). 

Material 
i 

(mm) 
E 

(MPa) 
v C ßp 

Oy 
(MPa) 

K-
(mm) 

ai = a2 

(mm) 
a//(f/2) = 

a2/(t/2) 

Steel (FeP04) 0.8 205000 0.30 0.952 0.3326 172 665.4 0.1314 0.3285 

5182-0 1.2 71000 0.33 0.921 0.3327 149 665.6 0.6870 1.1450 
2 71000 0.33 0.921 0.3328 144 666 0.2445 0.2445 

6016-T4 1.2 70000 0.33 0.921 0.3327 95 665.6 0.2323 0.3872 
2 70000 0.33 0.921 0.3328 113 666 -0.0094 -0.0094 

6111-T4 1.2 70000 0.33 0.921 0.3327 167 665.6 0.8631 1.4385 
2 70000 0.33 0.921 0.3328 175 666 0.5340 0.5340 

Note in Table 4.1 and Fig. 4.1 that a; (= a 2) and a;/(r/2) (= a2l(tll)) are negative, when the 2.0 
mm thick sheet of material 6016 is pressed with punch No. 1. This issue will be discussed 
later on in this chapter. 
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Fig. 4.1. Position of the neutral axis, a//(r/2), at the yield point for the studied 
materials, when pressed with Punch No. 1. The figure is based on 
Eqn (4.4). See also Table 4.1. 

Table 4.2 exhibits the position of the neutral axis at the elastic limit (yield point) for the sheet 
materials in this study, when formed with punch No. 2. The values of a; (= a2) and a//(f/2) (= 

a2/(t/2)) in Table 4.2 are computed by Eqns (4.3) and (4.4) respectively. These calculated 
values are also plotted in Fig. 4.2. 

Note, once again, in Table 4.2 and Fig. 4.2 that a; and ail(tl2) are negative in many cases, a; 

and d}/(t/2) were also negative in one case in Table 4.1 and Fig. 4.1. 
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Table 4.2. The position of the neutral axis, a;/(r/2), at the yield point for the materials 
in this investigation, when pressed with Punch No. 2. See also Fig. 3.1 
and Eqns (4.3) & (4.4). 

Material 
t 

(mm) 
E 

(MPa) 
V C ßp Oy 

(MPa) 
K. 

(mm) 

ai=ü2 
(mm) 

a//(f/2) = 

a2/(f/2) 

Steel (FeP04) 0.8 205000 0.30 0.951 0.3360 172 450.4 -0.0407 -0.1018 

5182-0 1.2 71000 0.33 0.920 0.3361 149 450.6 0.2701 0.4502 
2 71000 0.33 0.920 0.3363 144 451 -0.1584 -0.1584 

6016-T4 1.2 70000 0.33 0.920 0.3361 95 450.6 -0.0373 -0.0622 
2 70000 0.33 0.920 0.3363 113 451 -0.3301 -0.3301 

6111-T4 1.2 70000 0.33 0.920 0.3361 167 450.6 0.3892 0.6486 
2 70000 0.33 0.920 0.3363 175 451 0.0374 0.0374 

Utilising Eqns (4.1) and (4.2), one can find that if 

t Cov 

- V > ( 4 - 5 > 
2R*pl E 

then a; (= a2) wi l l be negative at the elastic limit. If the punch radii are kept constant and the 
sheet thickness is increased, Eqn (4.5) implies that yielding may occur and the position of the 
neutral surface be shifted during the first loading step - application of the bending moments. 
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Fig. 4.2. Position of the neutral axis, a;/(f/2), at the yield point for the studied 
materials, when pressed with Punch No. 2. The figure is based on 
Eqn (4.4). See also Table 4.2. 

This issue wil l be addressed once again at the end of this chapter. 
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The discussion has so far been focused on the prerequisites for yielding. A second limit is 
given by the conditions resulting in a cross section which is entirely plastic in tension. 

The important case of bending under tension with entirely plastic (in tension) cross section 
was discussed in chapter 1. It was shown in Fig. 1.4(e) that the bending moment and, thereby, 
the springback is very small, if the tension is so high that the entire cross section becomes 
plastic in tension. 

It is of great interest to the experimental analysis in the second part of this report to calculate 
the emerging plastic strains, when the entire cross section becomes plastic in tension. 

The first term in Eqns (3.52) and (3.53), shown in the beginning of this chapter, indicates the 
elastic portion of the tensions acting on the double-curved surface. Therefore, 

(4.6) 

and 

(4.7) 

should give the position of the neutral axis, when the tensions are entirely plastic. 

Rewriting Eqns (4.6) and (4.7), one obtains 

CCyRpi t 
1 

E 2 

(4.8) 

Atz — f/2, Eqns (3.36) and (3.41) give the plastic strains on the panel surface 

t 

Ej - t ] fcj — (4.9) 

and 

t 

e 2 ~ £ 2 ~ e 2 — (4.10) 

Combining Eqn (4.8) with Eqns (4.9) and Eqn (4.10), one obtains 

and 

(4.11) 
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It was, furthermore, shown previously that the effective plastic strain can be calculated by the 
following expression 

EP = e f . , £ . ( l + ß p + ß P ) (3.31) 

Combining Eqns (4.11) and (3.31) yields the effective plastic strain 

e p =-
R 

• d + ßp+ßp) (4.13) 

Eqns (4.11)-(4.13) yield the plastic strain along the 7-direction, the plastic strain along the 2-
direction and the effective plastic strain in any sheet element along path 1 or path 2, Fig. 3.1, 
i f the entire cross section of this element just have become plastic in tension. 

For the punches and sheet materials in this study, Tables 4.1-4.2, Figs. 4.3 and 4.4 exhibit the 
plastic strains on the double-curved panel surface. See also Fig. 3.1. These figures are based 
on Eqns (4.11)-(4.13). 
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Fig. 4.3. Plastic strains which emerge on the panel surface, i f punch No. 1 is used and 
if the entire cross section just have become plastic in tension. The figure is 
based on Eqns (4.11)-(4.13). 

Comparing Fig. 4.3 with Fig. 4.4, one can see that the plastic strains are larger i f punch No. 2 
is used. 

Figs. 4.3 and 4.4 show that the plastic strains, which theoretically emerge when the entire 
cross section just have become plastic in tension, are very small - < 1%. 

The word theoretically in the paragraph above is underlined, since it is, as mentioned at 
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the beginning of this chapter, assumed that loading occurs in two steps - the bending moments 
are applied first, after which the tensions are exerted. It is, furthermore, assumed that plastic 
deformation is caused by the tensions. In practice, the tensions and the bending moments are 
exerted at the same time and interact during the forming. 
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Fig. 4.4. Plastic strains which emerge on the panel surface, i f punch No. 2 is used and 
if the entire cross section just have become plastic in tension. The figure is 
based on Eqns (4.11)-(4.13). 

However, the theoretical plastic strains calculated above do not lose their significance, 
because of the difference in the loading sequence between theory and practice. Let us illustrate 
this significance with an example. 

Consider two panels pressed in the same sheet material and with the same punch. Assume that 
the first panel is pressed with such a low restraining force that plastic deformation is just 
initiated on the double-curved surface before unloading. Assume, furthermore, that the second 
panel is pressed with such a high restraining force that the entire cross section is plastic in 
tension before unloading. 

The calculations above, Figs. 4.3-4.4, mean that, no matter what the strain level is on the first 
panel, the difference in strain level between these two panels is very small. That is although 
the difference in springback between these two panels is very large. 

Figs. 4.3-4.4 show, furthermore, that i f the punch shape is designed in such a manner that 
yielding is theoretically initiated immediately, it should be possible to press a panel which 
does not show any severe springback behaviour although it is not deformed appreciably. 

Let us now examine the entire analytical model derived for the tensions and moments acting 
on the double-curved panel surface and the resulting springback. For the sake of lucidity, this 
examination wil l be focused on forming with punch No. 1 (Rpi = 665 mm, Rp2 = 2000 mm). 
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O 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 

(Normalised) Shift in the position of the neutral surface, la / It = 2a 2 It 

Fig. 4.5. Moments and tensions acting on an arbitrary element (along path 1 or path 2, 
Fig. 3.1) of the double-curved panel surface versus the shift in the position 
of the neutral surface. Sheet material = 2 mm thick AA6016-T4. Punch No. 
1 (Rpi = 665 mm, Rp2 = 2000 mm). The figure is based on Eqns (3.52)-
(3.53) & (3.59)-(3.60). Concerning the used parameter values, see Table 4.1 
in the current chapter and chapter 2 in the second part of this report. 

In Figs. 4.5-4.7, the moments and tensions acting on an arbitrary element (along path 1 or path 
2, Fig. 3.1) of the double-curved panel surface are plotted as function of the shift in the 
position of the neutral surface. The sheet materials in these figures are the 2 mm thick sheet of 
6016-T4, the steel sheet and the 1.2 mm thick sheet of 6111-T4 respectively. These figures are 
based on Eqns (3.52)-(3.53) & (3.59)-(3.60). Concerning the used parameter values, see Table 
4.1 in the current chapter and chapter 2 in the second part of this report. 

When pressing a panel in the 2 mm thick sheet of material 6016-T4, the calculations above 
showed that yielding occurs at 2a\lt = 2a2/t = -0.0094, Table 4.1. As mentioned before, this 
implies that plastic deformation is initiated by the bending moments applied in the first  
loading step. In spite of this, it is assumed in the present study that plastic deformation is 
caused by the tensions applied in the second loading step. As exhibited in Fig. 4.5, this means 
that yielding occurs and the moments start to decrease at 7/ = T2=0. 

For the steel sheet, T; and T2 must be increased to approximately 40 and 22 N/mm 
respectively to initiate plastic deformation, Fig. 4.6. Concerning the 1.2 mm thick sheet of 
material 6111-T4, T\ and T2 must however be increased to approximately 135 and 80 N/mm 
respectively to introduce plastic deformation, Fig. 4.7. 

Figs. 4.5-4.7 show, furthermore, that M ; is generally larger than M2 and that both M ; and M2 

decrease with increasing 7/ and T2- Note too in Fig. 4.5 that both Mj and M2 have a local 
minimum at about 2ajlt = 2a2lt = 1.5-1.6 (depending on the fact that M ; & M2 are cubic 
functions of a; & a2 respectively). In Figs. 4.6-4.7 and the upcoming figures, Tj, T2, Mj & M2 

are plotted only up to the 2a\lt-value (= 2a2/t-value) at which Mj reaches its local minimum. 
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(Normalised) Shift in the position of the neutral surface, 2a ; It = 2a 2 It 

Fig. 4.6. Moments and tensions acting on an arbitrary element (along path 1 or path 2, 
Fig. 3.1) of the double-curved panel surface versus the shift in the position 
of the neutral surface. Sheet material = 0.8 mm thick FeP04 (steel). Punch 
No. 1 (Rpi = 665 mm, Rp2 = 2000 mm). The figure is based on Eqns (3.52)-
(3.53) & (3.59)-(3.60). Concerning the used parameter values, see Table 4.1 
in the current chapter and chapter 2 in the second part of this report. 
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Fig. 4.7. Moments and tensions acting on an arbitrary element (along path 1 or path 2, 
Fig. 3.1) of the double-curved panel surface versus the shift in the position 
of the neutral surface. Sheet material = 1.2 mm thick AA6111-T4. Punch 
No. 1 (Rpj = 665 mm, Rp2 = 2000 mm). The figure is based on Eqns (3.52)-
(3.53) & (3.59)-(3.60). Concerning the used parameter values, see Table 4.1 
in the current chapter and chapter 2 in the second part of this report. 
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Figs. 4.8 and 4.9 display the normalised springback (Ahj/h] and Art 2//i 2 respectively) as 
function of the normalised shift in the position of the neutral surface (2a;/f and 2a2/t 
respectively) at the panel wall along paths 1 and 2 respectively. These figures, which are based 
on Eqns (C5) and (C6) respectively, are valid for the sheets in Table 4.1 pressed with punch 
No. 1. 

As exhibited in Figs. 4.8 and 4.9, Ahj/hj = 6Ji2lh2 = 1 as long as the deformation is elastic. 
Ah;/h 1 and M 2 / « 2 decrease, however, as soon as plastic deformation starts. Depending on the 
sheet material, yielding occurs at different 2a;/t-values (2a2/?-values), Figs. 4.8 and 4.9. See 
also Table 4.1. 

For materials having a negative 2a;/r-value (2a2/f-value) such as 2.0 mm thick 6016-T4 (see 
also Table 4.1), Figs. 4.8 and 4.9 show that the springback is reduced as soon as a tension is 
applied. See also Fig. 4.5. 

Figs. 4.8 and 4.9 show, furthermore, that the springback is reduced at different rates 
depending on the sheet material. Compared to 2.0 mm thick 6111-T4, yielding occurs at a 
higher 2ay/f-value (2ö2/f-value) when 1.2 mm thick 5182-0 is pressed. However, the 
springback is reduced more "rapidly" on a panel pressed in 1.2 mm thick 5182-0, compared 
to that of a panel pressed in 2.0 mm thick 6111-T4, Figs. 4.8 and 4.9. 

This implies that the shift in the position of the neutral surface at the yield point, Eqn (4.3), is 
not a sufficient criterion for comparison of the springback tendency of different materials 
(when pressed with the same punch). The rate at which the springback is reduced after 
yielding must also be taken into consideration. 

The rate at which the springback is reduced is obtained by derivation of Eqns (C5) and (C6). 
This derivation yields 

6 . Z 2 . ( l - v 2 ) 

(l + vß j . F . f 3 

(4.14) 

and 

6 . / ? . ( l - v 2 ) 
Ah'2=DM.- i '—Mi f \ 

(4.15) 

Derivation of the My, Eqns (3.59), with respect to a; gives 

M',= 
1 + vßp  

v 1 -v 2 J Rpl 

' c o - y / ? ; / 2 
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+ ^ - U + T J -
2

 + a i Ca y 

Ki E 

+ K r 

f t 

( C°yRp.l 2 1 Ca y 

{ E 

- a , 
) 

• 
Rpi 
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E 
J 

n (4.16) 
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Springback as function of the shift in the position of the neutral surface at the 
panel wall. Path 1, punch No. 1. The figure is based on Eqn (C5). 
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Fig. 4.9. Springback as function of the shift in the position of the neutral surface at the 
panel wall. Path 2, punch No. 1. The figure is based on Eqn (C6). 
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Derivation of the M2, Eqns (3.60), with respect to a2 gives 

v 

M'2 = 

1 + -

R 
P2 

h C ° y R

P 2 

E 

* \ 2 

+ ~a 
1 2 S 

) 

N.n+1 

2 2 h C ° y (4.17) 

+K 
2 ' 

h C a y R

P 2 2 2 ß p C S 

R 
P2 

For materials having aj and a2 > 0, Tables 4.1 and 4.2, substitution of Eqn (4.3) into Eqns 
(4.16) and (4.17) yields 

C 

' 2 ' 

( l + vß. ^ 
(4.18) 

and 

M'2 

Cß F 

1 + -

1-v" 
'Oy 't (4.19) 

Substituting Eqn (4.18) into Eqn (4.14) and Eqn (4.19) into Eqn (4.15), one obtains 

(4.20) 

and 

(4.21) 

Concerning the materials, for which a/ and a2 < 0, Tables 4.1 and 4.2, one could see in Figs. 
4.8 and 4.9 that the springback reduces as soon as a tension is applied. For these materials, the 
springback reduction rate is obtained at a; = a2 = 0. Inserting a7 - a2 = 0 into Eqns (4.16) and 
(4.17), one obtains 

M'j=-
1 f l + vßp^ E COyR?pl  

E 

^2 ^ 

(n + l) 

t Ca, 
\n+\ 

(4.22) 

K 2 R P J 

r Ca, 
K 2 R P ' 
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and 

M'2=-

1 + -

R p2 

vvcoyR;2 

E 

. \ 2 A 

K 2 • Rp2 

(n + l) 

ßpCOy 
NH+1 

27? P2 

+ K 2", 
\ 2 R p 2 

(4.23) 

ßpCoy 

Substituting Eqn (4.22) into Eqn (4.14) and Eqn (4.23) into Eqn (4.15), one obtains 

6-lj « ( l - v 2 ) 
M ; = ^ - ( 1 + V ß p ) . £ . f 3 

1 
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2 

1 + vßp 

i - v 2 j R: E 
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2R*pl E 

(4.24) 

and 

6 . / | . ( l - v 2 ) 
^ 2 = D M ' J ^ 

1 + ^ 
v ß p y 

1-v 2 

7>2 

ßpCoy^2 
t 

+ — 
4 

K 2 • Rp2 

' (« + l) 

+K2 • — • 
2 2 

ßpCCy 
>n+l 

K 2 R P 2 

ßpCOy 
V 2 V 

(4.25) 

Note that Eqns (4.20)-(4.21) and (4.24)-(4.25) express the springback reduction rate at 
yielding caused by the applied tensions. This reduction rate might be changed as the 
deformation proceeds (the tensions are increased - lajlt (2a2/t) grows), Figs. 4.8 and 4.9. 

Figs. 4.10-4.11 depict the springback reduction rates of the sheet materials in this study, i f 
pressed with punch No. 1. If, however, pressed with punch No. 2, the studied sheet materials 
exhibit the springback reduction rates shown in Figs. 4.12-4.13. 

Figs. 4.10-4.13 are based on Eqns (4.20)-(4.21) & (4.24)-(4.25). Concerning the used 
parameter values, see Tables 4.1-4.2 in the current report and chapter 2 in the next. 
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Fig. 4.10. The (normalised) springback reduction rate along path 1, Ahj I hj, at the yield 
point, i f the studied materials are pressed with punch No. 1. The figure is 
based on Eqns (4.20) and (4.24). Concerning the parameter values, see Table 

4.1 in this report and chapter 2 in the next. 

Comparing punch No. 1 to punch No. 2, yielding occurs at lower 2aj/t- values (=2a2/t -values) 
i f punch No. 2 is used. Compare Table 4.2 with Table 4.1. However if punch No. 2 is utilised, 
the springback reduction rates are lower than those attained if the sheets are pressed with 
punch No. 1. Compare Figs. 4.10-4.11 to Figs. 4.12-4.13. 
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Fig. 4.11. The (normalised) springback reduction rate along path 2, Ah'2 /h2,at the yield 
point, i f the studied materials are pressed with punch No. 1. The figure is 
based on Eqns (4.21) and (4.25). Concerning the parameter values, see Table 
4.1 in this report and chapter 2 in the next. 
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Fig. 4.12. The (normalised) springback reduction rate along path 1, Ah'jlhj, at the yield 
point, i f the studied materials are pressed with punch No. 2. The figure is 
based on Eqns (4.20) and (4.24). Concerning the parameter values, see Table 
4.2 in this report and chapter 2 in the next. 

There are now two design criteria - the shift in the position of the neutral surface required to 
initiate plastic deformation and the springback reduction rate at the elastic limit. Optimising 
the values of these two criteria, one should be able minimise the springback. 

To illustrate the significance of the issues discussed so far, let us now assume that a panel of 
2.0 mm thick 6016-T4 is pressed with punch No. 1 and that the shift in the position of the 
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Fig. 4.13. The (normalised) springback reduction rate along path 2, Ah'21 h2, at the yield 
point, i f the studied materials are pressed with punch No. 2. The figure is 
based on Eqns (4.21) and (4.25). Concerning the parameter values, see Table 
4.2 in this report and chapter 2 in the next. 
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Fig. 4.14. The shift in the position of the neutral axis along paths 1 and 2. The figure is valid 
for 2.0 mm thick 6016-T4 pressed with punch No. 1 assuming that aj = a2 = t/2 
= 1 at the panel centre. The figure is based on Eqns (C3.52), (C3.53), (C3.84) 
and (C3.86). p p = 0.1. Concerning the other parameter values, see also Table 4.1 
in the current chapter and chapter 2 in the second part of this report. 

neutral axis aj = a2 = t/2 - 1 at the centre of this panel. Utilising Eqns (C3.52)-(C3.53), 
(C3.84) and (C3.86), the variation of the shift in the position of the neutral axis along paths 1 
and 2 on this panel is then obtained, Fig. 4.14. 

As exhibited in Fig. 4.14, the magnitude of the shift in the position of the neutral axis 
increases slightly with increasing distance from the panel centre. Fig. 4.14 shows also that this 
shift is largest at the panel walls. (Note, once again, that a; = a2 in each single sheet element). 

Utilising Eqns (C3.52)-(C3.53), (C3.84) and (C3.86), one can also obtain the tension 
distribution along paths 1 and 2 on the panel above, Fig. 4.15. The tensions increase, as 
displayed in Fig. 4.15, slightly with increasing distance from the panel centre and are largest at 
the panel walls. 

The distribution of the moments acting on the panel above is shown in Fig. 4.16, which is 
based on Eqns (C3.52)-(C3.53), (C3.59)-(C3.60), (C3.84), and (C3.86). The moments 
decrease, as shown in Fig. 4.16, slightly with increasing distance from the panel centre and are 
lowest at the panel walls. 
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Fig. 4.15. The tension distribution along paths 1 and 2. The figure is valid for 2.0 mm thick 
6016-T4 pressed with punch No. 1 assuming that a; = a2 = t/2 = 1 at the panel 
centre. The figure is based on Eqns (C3.52), (C3.53), (C3.84) and (C3.86). p p = 
0.1. Concerning the other parameter values, see also Table 4.1 in the current 

chapter and chapter 2 in the second part of this report. 
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Fig. 4.16. The moment distribution along paths 1 and 2. The figure is valid for 2.0 mm thick 
6016-T4 pressed with punch No. 1 assuming that a; = a2 = t/2 = 1 at the panel 
centre. The figure is based on Eqns (C3.52)-(C3.53), (C3.84), (C3.86) and 
(C3.59)-(C3.60). Pp = 0.1. Concerning the other parameter values, see also Table 
4.1 in the current chapter and chapter 2 in the second part of this report. 
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Fig. 4.17. The springback along paths 1 and 2. The figure is valid for 2.0 mm thick 6016-T4 
pressed with punch No. 1 assuming that aj = a2 = t/2 = 1 at the panel centre. The 
figure is based on Eqns (C3.52)-(C3.53), (C3.84), (C3.86), (C3.59)-(C3.60) and 
(C5)-(C6). Pp = 0.1. Concerning the other parameter values, see also Table 4.1 in 
the current chapter and chapter 2 in the second part of this report. 

Fig. 4.18. The springback reduction rate along paths 1 and 2. The figure is valid for 2.0 mm 
thick 6016-T4 pressed with punch No. 1 assuming that a; = a2 = t/2 = 1 at the 
panel centre. The figure is based on Eqns (C3.52)-(C3.53), (C3.84), (C3.86) and 
(4.14)-(4.17). Pp = 0.1. Concerning the other parameter values, see also Table 
4.1 in the current chapter and chapter 2 in the second part of this report. 
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Using Eqns (C3.52)-(C3.53), (C3.59)-(C3.60), (C3.84) and (C3.86), one can construct Fig. 
4.17, which shows the springback along paths 1 and 2 on the panel above. As displayed in 
Fig. 4.17, the deviation from the punch shape, springback, is largest at the panel walls. 

Using Eqns (C3.52)-(C3.53), (C3.84), (C3.86), and (4.14)-(4.17), the springback reduction 
rates along paths 1 and 2 on the panel above are obtained, Fig. 4.18. The springback reduction 
rate is largest in magnitude at the panel walls, Fig. 4.18. 

Note in Figs. 4.14-4.18 that values are plotted only up to 110 and 195 mm from the panel 
centre along paths 1 and 2 respectively, since it is assumed that the punch profile radius is 
approximately 5 mm. 

Figs. 4.14-4.18, all valid for 2.0 mm thick 6016-T4 pressed with punch No. 1 and under the 
assumption that aj = a2= t/2 = 1 at the panel centre, exhibit the significance of the 
expressions derived for the double-curved surface of the panel. Let us now focus on the flange 
area and the panel walls. 

To examine the rise in tension due to the application of a binder force and the use of 
drawbead, Eqns (C3.113)-(C3.114), (C3.119), (C3.121)-(C3.128), and (C3.131)-(C3.135) can 
be utilised. Using these equations, Fig. 4.19 can be constructed. 

Fig. 4.19, which is valid for 2.0 mm thick 6016-T4, displays two cases. The first case shows 
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H ] D b h = 0 , D d b = 0.192 
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Fig. 4.19. The rise in tension in the flange area and the panel wall along path 1 (the figure is 
also valid along path 2). Two cases are shown in the figure: 1) the rise in tension 
due to the use of drawbead (Dbh = 0, Ddb = 0.192), and 2) the rise in tension due 
to the use of drawbead and application of a blank holding force (Dbh = 20, D<jb = 
0.192). The figure is based on Eqns (C3.113)-(C3.114), (C3.119), (C3.121)-
(C3.128), & (C3.131)-(C3.135). Material = 2.0 mm thick 6016-T4. The used 
parameter values are shown in the legend. See also Figs. 2.2 & 3.6. 



BI61 

the rise in tension in the flange area and the panel wall along path 1 due to the use of draw-

bead only: Dbh = 0 a n d Ddb =0.192. The second case exhibits the rise in tension in the flange 
area and the panel wall along path 1 due to the use of drawbead and application of a blank 
holding force: Dbh = 20 and Ddb =0.192. The parameter values used in the calculations are 
shown in the legend of Fig. 4.19. See also Figs. 2.2 and 3.6. 

If solely drawbead is used, the tension increases, as exhibited in Fig. 4.19, from T1A = 0 to 

Tjw2 = 74.4 N/mm in the panel wall. The sheet thickness in the panel wall is, then, t l w 2 = 1.86 
mm. 

If a 550 kN high binder force is applied in addition to the use of drawbead, the tension 

increases, as exhibited in Fig. 4.19, from T1A = 33.0 to T,w2 = 136.1 N/mm in the panel wall. 

The sheet thickness in the panel wall is, then, t;w2 = 1.72 mm. 

Figs. 4.19 signifies that the total restraining force, Tjw2, is dependent upon the applied binder 

force (the value of Dbh) and the rise in tension due to the use of drawbead (the value of D d b ) . 

The larger the values of Dbh and Ddb> the larger are the tensions and the total restraining force. 

The values of Dbh and Ddb must be determined experimentally. However, determination of 
these values is beyond the scope of the present theoretical and experimental investigation. In 
this study, it is simply wished to show the theoretical dependence of the tensions acting on the 
double-curved surface of the panel upon the restraining force in the flange area and the panel 
wall. Those interested in an experimental investigation into the impact of the drawbeads and 
the binder force on the total restraining force are referred to [22]. 

T 2 

Ti 

|Material = 6016-T4,2.0 m m | 

^ D b h = 20, D d b = 0.192 

80 100 120 140 160 180 200 

Tension per unit width (N/mm) 

Fig. 4.20. Comparison of the tensions along paths 1 and 2 in the panel wall, Tjw2 = T2w2 = 

7^2 . and the tensions acting along paths 1 and 2 on the double-curved surface 

of the panel and near the panel walls, Tj and T2. is extracted from Fig. 

4.19, while 7/ and T2 come from Fig. 4.15. Eqns (C3.84) & (C3.86) are also 

used in the calculation of 7/ and T2. 
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Computation of the tension rise in the flange area and the panel wall along path 2 results in 
exactly the same figures as those shown in Fig. 4.19. I f the first tension subscript is changed 
from 1 to 2 in Fig. 4.19, i. e. 7"M to T2A etc., one obtains the rise in tension along path 2 
according to the derived analytical model. 

If T l w 2 = T2w2 = r w 2 obtained with D b h = 20 and D d b = 0.192 (Fig. 4.19) and T} and T2 

attained on the double-curved surface near the panel walls (Fig. 4.15) are plotted in the same 
figure, one can see that complies with Tj whilst it does not accord to T2, Fig. 4.20. 

Fig. 4.20 implies that the restraining force along path 1 cannot be equal to that along path 2, 
although the drawbead shape and the magnitude of the applied binder force is the same along 
both paths. The values of Dbh and Ddb along path 1 differ, in other words, from those along 
path 2. 

This phenomenon is in practice characterised by different amounts of material flow along 
paths 1 and 2. That is in the flange area, more material is drawn towards the die cavity along 
path 1 than along path 2. 

To experimentally determine the values of D b b and D d b , specific simulators are used. In such 
simulators, a strip is drawn over a drawbead under the action of a binder force or without 
applying any binder force (the lifting force neglected). Fig. 4.20 implies that also the punch 
curvature (the amount of material flow into the die cavity) has an influence on how the 
restraining force is developed and must, therefore, be taken into consideration in 
determination of the restraining force in drawbead simulators. See also Section 4.3 in the 
second part of this report. 

It has been shown that the tensions acting on the double-curved surface of the panel, Tj and 
T2, are dependent on the restraining forces exerted on the sheet, Tjw2 and T2w2, Figs. 2.2 and 
3.1. The higher the blank holding force or the more 'severe' the drawbead shape or both, the 
higher are the tensions acting on the double-curved surface of the panel. 

To reduce the springback, T/w2 and T2w2 have to be increased (by for instance increasing the 

blank holding force) so that Tj and T2 are increased. Increasing T] and T2 leads to a shift in 

the position of the neutral axes, a\ and a2. If this shift is large enough to initiate plastic 

deformation, the bending moments, Mj and M2, wil l fall in magnitude, Fig. 4.5-4.7. The lower 

M/ and M2 are, the lower is the springback, Figs. 4.8-4.9. When the entire cross section is 
plastic in tension, Fig. 1.4(e), the springback is expected to vanish. 

The punch shape and the sheet metal properties (Rpi, Rp2, o~y, E, v, and t) may, however, be 

such that T l w 2 and T2w2 must be increased to a very high level to initiate plastic deformation 
on the double-curved surface of the panel. This very high restraining force may in practice 
result in fracture in the panel wall at the panel corners. 

In other words, the smaller the shift in the position of the neutral surface a; (= a2) at the yield 
point, the better as far as the minimisation (or the practical elimination) of springback is 
concerned. At the same time, the selected sheet and punch must exhibit a springback 
reduction rate which is as large in magnitude as possible, Figs. 4.8-4.14. An optimum must, in 
other words, be found in the design stage. 
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Let us finally discuss the strain gradients along paths 1 and 2, the panel centre being the 

origin. These gradients are given by Eqns (3.74) and (3.82). Substituting ef and e 2 plotted in 

Figs. 4.3 and 4.4 into Eqns (3.74) and (3.82) respectively, one can see that the strain gradients 

along paths 1 and 2 become small and positive. These gradients become small particularly 

since the ratios nlz\ and n/e? m Eqns (3.74) and (3.82) are large. (Concerning the n-

values, see Table 2.1 in the second part of this report). 

Note that the strains plotted in Figs. 4.3 and 4.4 are those emerging on the panel surface 
assuming that the entire cross section is plastic in tension. In other words, the strain gradients 
on a panel on which the strains are smaller (the cross is not fully plastic in tension) will be 
smaller that those on panel on which the cross section is fully plastic in tension. Theoretically, 
the strain gradients along paths 1 and 2 will, therefore, be small or very small and positive. 

5. CONCLUSIONS 

To reduce the springback, the tensions acting on the double-curved surface of the panel have 
to be increased so that a considerable shift in the position of the neutral axes is obtained. If 
this shift is large enough, the bending moments acting on the double-curved surface will be 
lowered. A fall in the magnitude of the bending moments leads to a smaller springback. 
Theoretically, the springback vanishes i f this shift is so large that the entire cross section 
becomes plastic in tension. 

The tensions acting on the double-curved surface are dependent on the restraining forces 
exerted in the flange area. The higher the restraining forces, the higher are the tensions acting 
on the double-curved surface. 

The restraining forces are, in turn, dependent on the applied binder force and/or the shape of 
the drawbeads. The higher the blank holding force and/or the more 'severe' the shape of the 
drawbeads (smaller bead radii and/or higher bead), the higher is the restraining force. 

It is, therefore, possible to decrease the springback of the double-curved surface by increasing 
the restraining force. A high restraining force is, however, not a sufficient measure concerning 
minimisation/elimination of the springback. The punch shape and the properties of the sheet 
must also be considered. 

It was shown that the shift in the position of the neutral axis at the yield point is of great 
importance, as far as the minimisation (practical elimination) of springback is concerned: 

a.=a= y-—p~-~ (4.3) 
1 2 E 2 

In this expression, t = sheet thickness, R*p! = Rpl + f/2, Rpi = minor punch radius, and G y = 

yield strength of the sheet material. 

It was, furthermore, shown that the position of the neutral surface at the yield point, Eqn (4.3), 
is not a sufficient criterion for comparison of the springback tendencies of different materials 
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when pressed with the same punch. The rate at which the springback is reduced after initiation 
of plastic deformation must also be taken into consideration, Figs. 4.8 and 4.9. 

If a; = Ü2 > 0 at the elastic limit (yield point), the springback reduction rate is given by 

3 . 1 2 Ca 

A A J » - D M . ^ - . - g * (4.20) 

and 
M 2 = - D M . ^ - . ^ ^ (4- 2 1 ) 

in which D M = an efficiency factor (=1 in the calculations above), // and l2 are given by Fig. 
3.12, ß p = strain ratio given by Eqn (3.15), and C is defined by Eqn (3.27). 

The smaller the shift in the position of the neutral surface, a; (= 02)» at the elastic limit, the 
better as far as the minimisation/elimination of the springback is concerned. At the same time, 
the selected sheet and punch must exhibit a springback reduction rate which is as large in 
magnitude as possible. An optimum must, in other words, be found in the design stage. 

If the value of a; (= a2) at the yield point is large ( » 1), applying a very high binder force 
(restraining force) may not help minimising/eliminating the springback. That is since a very 
high binder force can in practice lead to fracture in the panel corner walls. 

It was, furthermore shown that even i f the entire cross section is plastic in tension, the 
emerging plastic strains at this condition are very small. This means that the difference in 
strain level can be very small between two panels pressed in the same sheet material and with 
the same punch, although the difference in springback between these two panels is very large. 

The panel centre being the origin, the strain gradients along paths 1 and 2 are expected to be 
very small or small and positive. 

The constructed theoretical model allows us to evaluate the influence of all major material and 
process parameters on 

• the tensions acting on the double-curved surface of the panel, 

• the shift in position of the neutral axes, 

• the moments acting on the double-curved surface of the panel, and 

• the springback caused by these moments upon unloading. 
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ABSTRACT 

Utilising the analytical model derived in part I , it was predicted that the springback of a 
double-curved panel decreases with increasing restraining force (in this investigation varied 
by changing the magnitude of the binder force) in the flange area. This prediction is verified 
by the experimental results presented in the current part of the report. 

It was shown in part I that the shift in the position of the neutral axis at the elastic limit (yield 
point) should play a significant role in minimisation (practical elimination) of the springback. 
This shift is theoretically determined by 

C'Oy'R*] t 
a, = a , = -

1 2 E 2 

in which ay (= ai) is the shift in the position of the neutral axis at the yield point, t is the sheet 

thickness, R*pl = Rpj + t/2, Rpl is the minor punch radius, Gy is the yield strength of the sheet 

material (= Rpo.2), and E is the modulus of elasticity. This theoretical prediction is verified 

experimentally in the present part of the report. 

Applying a higher binder force reduces the springback. However, the experimental results 
show that increasing the binder force is not a sufficient measure, as far as the minimisation 
(practical elimination) of springback is concerned. A higher binder force may lead to fracture 
(at the panel corners) before the springback is minimised. 

The experimental results show, furthermore, that the influence of the material properties, the 
sheet thickness and the punch shape (expressed as the magnitude of the shift in the position of 
the neutral axis at the yield point, ay (= af)) on the springback can be traced, even if the 
highest possible (fracture limit) blank holding force is applied. 

It is shown in this report that all of the sheet materials, for which a; = a2 = 0 at the elastic 
limit, exhibit a very small springback already at relatively (in comparison to the sheets with 
the same thickness) low binder force levels. 

I f ay = Ü2 = 0, also the tensions acting on the double curved surface Tj = T2 = 0 at the yield 
point. 
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All this signifies that if the sheet material and the punch shape are selected in such a fashion 
that 

Rp0.2 _ G y _ t 

the springback can be minimised (practically eliminated) at moderate restraining force levels. 
This is an important conclusion, particularly for those practical cases in which the restraining 
force is created only by the aid of drawbeads. 

It is commonly held that sheet aluminium exhibits larger springback than steel sheet in 
industrial applications. The expression above shows that the springback can be minimised 
with an appropriate punch design and sheet material (particularly yield strength and sheet 
thickness) selection, regardless of the material category. 

It was, furthermore, shown in part I that even if the entire cross section is plastic in tension, 
the emerging plastic strains on the double-curved surface are very small. The strain level 
obtained on a panel, which exhibits a small springback, may therefore differ only slightly from 
the strain level attained on a panel (pressed in the same material and thickness), which shows 
a large springback. This prediction is verified experimentally in this report. 

The panels pressed in this study were trimmed twice. After the first trimming, the double-
curved surface and 5 mm of each panel wall was left. After the second trimming, solely the 
double-curved surface was left. The shape of the panels were measured after both trimmings. 

Compared to the first trimming, the second trimming leads generally to springback along path 
1 (minor panel radius) and spring-forward along path 2 (major panel radius). 

Pages: 125 
Tables: 3 
Figures: 149 
Equations: 15 
References: 7 
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PREFACE 

This report, in which the springback of double-curved autobody panels is subject to an 
investigation, consists of two parts. In part I , the springback of this kind of panels was treated 
theoretically. 

Part n , the current report, comprises an account of the conducted experiments and a 
comparison of the theory and the obtained experimental results. 

The readers, who wish to catch a quick glimpse of the springback of double-curved panels 
before entering deeply into the constructed analytical model and the conducted experiments, 
are recommended to start with the abstract and chapters 1. 4 & 5 in part I and then continue  
with the abstract, chapters 1. 2. & 3. sections 4.2-4.3 and chapters 5 & 6 in the present part of  
the report. 



NOTATION 

See part I ! 
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1. INTRODUCTION 

To reduce the springback, it is, as shown in part I , necessary to accomplish a considerable 
shift in the position of the neutral axis. It was shown in part I that the shift in the position of 
the neutral axis at the yield point (elastic limit) is of great importance, as far as the springback 
minimisation/elimination is concerned, 

C>Oy'Rpl t 
a. = a, = £ , 

1 2 E 2 

where aj and a2 are the shift in the position of the neutral surface along paths 1 (minor 

punch/panel radius) and 2 (major punch/panel radius) respectively at the elastic limit, t = sheet 

thickness, R*p] = Rpl + f/2, Rpj = minor punch/panel radius, o~y = yield strength of the sheet 

material, and E = Young's modulus. 

It was, furthermore, shown in part I that the position of the neutral surface at the elastic limit 
is not a sufficient criterion for comparison of the springback tendencies of different sheet 
materials (when pressed with the same punch). The springback reduction rate after initiation 
of plastic deformation must also be taken into consideration. 

If a i = a2 > 0 at the yield point, the springback reduction rate is given by 

M ; = - D M . ^ L ^ 

and 

Ah'2=-DM. 
3 . / f ß p C a y 

.2 

in which D M = an efficiency factor, Z7 and l2 are the minor and major half-widths of the 
panel/punch respectively (see Fig. 3.12 in part I), ß p = strain ratio given by Eqn (3.15) in part 
I , and C is defined by Eqn (3.27) in part I . 

The smaller the shift in the position of the neutral surface, a/ (= a2), at the yield point, the 
better as far as the minimisationyelimination of the springback is concerned. At the same time, 
the selected sheet and punch shape must lead to a springback reduction rate which is as large 
in magnitude as possible. An optimum must, in other words, be found in the design stage. 

The magnitude of the shift in position of the neutral axes depends on the sizes of the tensions 
acting on the double-curved surface. The expressions derived in part I show that the sizes of 
these tensions are, in turn, dependent on the magnitude of the restraining force exerted in the 
flange area. The magnitude of this restraining force is determined by the level of the applied 
binder force and the shape of the drawbeads (if drawbeads are used). 

The greater the restraining force, the larger are the tensions acting on the double-curved 
surface. The larger these tensions, the greater is the shift in the position of the neutral axes. 
The greater this shift, the smaller are the moments acting on the double-curved surface, and 
the smaller these moments, the smaller is the springback. 
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The springback can, in other words, be reduced by increasing the restraining force. In this 
investigation, the restraining force wil l be changed by varying the binder force. 

If, however, the value of a; (= ai) at the yield point is large ( » 1), applying a very high 
binder force may not help minimising/eliminating the springback. That is since this high 
binder force may in practice lead to fracture in the panel comer walls. 

It was, furthermore, shown in part I that even i f the entire cross section is plastic in tension, 
the emerging plastic strains at this condition are very small. This means that the difference in 
strain level can be very small between two panels pressed in the same sheet material and with 
the same punch, although the difference in springback between these two panels is very large. 

The panel centre being the origin, the mathematical expressions derived in part I predict, 
furthermore, that the strain gradients along paths 1 and 2 will be small and positive. 

It was also shown in part I that the magnitude of the tension acting along each path (7- or 2-
direction) on the double-curved surface of the panel is largest at the panel wall and smallest at 
the panel centre. Since the magnitude of the tension along each path varies over the panel 
surface, the size of the shift in the position of the neutral axis also varies along each path. 

Finally, a theoretical model was constructed in part I , which allows us to calculate 

• the tensions acting on the double-curved surface of the panel, 
• the shift in position of the neutral axes, 
• the moments acting on the double-curved surface of the panel, and 
• the springback caused by these moments upon unloading. 

In this second part of the present report, this analytical model and the conclusions drawn from 
the examination of this model (see chapter 4 in part I) will be compared to experimentally 
obtained results. 

2. MATERIALS 

The mechanical properties of the materials used in this investigation are exhibited in Table 

2.1, where t = sheet thickness, Rpo.2 = yield strength, Rm = ultimate tensile strength, A50 = total 

elongation (gauge length = 50 mm), r = normal anisotropy, n = strain hardening exponent, Ke  

= strength coefficient, and E = modulus of elasticity. 

In aluminium alloys, Young's modulus is affected by the alloying elements and their contents, 
and the impurities, [4]. In non-heat treatable alloys and in alloys of the type Al-MgSi, the 
modulus of elasticity varies between 6.9 and 7.1 GPa, [5]. Young's modulae and Poisson's 
ratios of the materials in this investigation were extracted from available engineering literature 
and material databases, Table 2.1. 

Concerning the determination of the values of Ke, Table 2.1, see section 3.5.1. 

Fig. 2.1 displays true stress versus true strain obtained by tensile testing of the studied sheet 
materials along the rolling direction. Only the values in the range of uniform plastic 
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Table 2.1. Mechanical 

Material 
t 

(mm) 
Rp0.2 

(MPa) (MPa) 
A50 

(%) r n 
Ke 

(MPa) 

E 
(MPa) V 

Steel (FeP04) 0.8 172 306 4 4 ® 1.69 0.23 527 205000 ® 0.30 

5182-O-EDT® 1.2 149 284 27 0.72 0.30 498 7 1 0 0 0 ® 0 . 3 3 ® 
2.0 144 285 30 0.83 0.27 498 7 1 0 0 0 ® 0 .33® 

6016-T4-EDT® 1.2 95 190 29 0.67 0.24 344 7 0 0 0 0 ® 0 .33® 
2.0 113 219 31 0.65 0.24 344 7 0 0 0 0 ® 0 . 3 3 ® 

6111-T4-V65S-H90® 1.2 167 301 28 0.60 0.26 520 7 0 0 0 0 ® 0 .33® 
2.0 175 298 27 0.56 0.24 520 70000 ® 0 .33® 

® Rp0.2, Rm, A.50, r and n for these materials are extracted from [1]. 

® The gauge length was 80 mm. 

® See/27. 

® S e e / 5 ) . 

deformation are plotted in Fig. 2.1. Note too that Fig. 2.1 concerns the 1.2 mm thick sheets of 
the aluminium grades. 

Material 6111-T4 behaves apparently quite like FeP04 (steel), at least up to the point where 
necking starts (at maximum load), Fig. 2.1. However, its r -value is approximately a third of 
that of the steel sheet, Table 2.1. 6016-T4 exhibits the lowest stress levels among the materials 
in this investigation, Fig. 2.1. Note also the serrated behaviour of 5182-0, which is 
characteristic for aluminium grades in the 5xxx-series, Fig. 2.1. 
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Fig. 2.1 True stress as function of true strain obtained by tensile testing of the studied 
sheet materials along the rolling direction. The data concerning 5182-0, 
6016-T4 and 6111-T4 are extracted from the tensile data provided by [1] 
and concern the 1.2 mm thick sheets of these materials. 
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3. E X P E R I M E N T A L PROCEDURE AND EVALUATION METHODS 

3.1 Punch, binder and drawbead geometries 

Figs. 3.1-3.3 display the shapes of the punches, the binder dimensions and the drawbead 
geometry respectively used in this investigation. Two different punches were used, the 
dimensions of these punches being shown in Fig. 3.1. 

Sheets with three different thicknesses were pressed in this study, Table 2.1. Prior to pressing 
the 2.0 mm thick sheets (and after pressing the 0.8 and 1.2 mm thick sheets), the lower binder 
was machined in order to keep the clearance to thickness ratio and the lower binder profile 
radius (p^) to thickness ratio unchanged. The lower binder dimensions used to press the 0.8-
1.2 mm and the 2.0 mm thick sheets are displayed in Fig. 3.2. 

However, the drawbead geometry shown in Fig. 3.3 was not changed during the pressings. 

V i k 

Fig. 3.1. The punches used in this investigation. 

3.2 Pressings 

Rectangular blanks (400 mm x 570 mm) were pressed with both punches. Fig. 3.4 exhibits the 
shapes of the panels pressed in this investigation. Note that Fig. 3.4 displays a panel pressed 
without drawbeads. However, panels were pressed both with and without drawbeads. 
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t0 = 0.8-1.2 mm t0 = 2.0 mm 

VV (mm) 117.1 118.5 

L (mm) 404.3 407.1 

rc (mm) 22.1 23.5 

rd (mm) 4 6.7 

tg = original sheet thickness 

Fig. 3.2. The lower binder dimensions in this study. 

For strain measurement, a quadrilateral grid was etched on each blank prior to pressing. 

The investigation started with a pilot study concerning the 0.8 mm and 1.2 thick sheets. In this 
study, the binder force was varied stepwise, each step being 10 metric tonnes (»10 kN). After 
the pressings, the strain level the centre of each panel was measured. For each material, a 

Upper 
binder 

Sheet 

Lower 
binder 

Fig. 3.3. The drawbead geometry used in this investigation. Concerning the 
values of rd, see Fig. 3.2. 
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diagram was obtained showing the effective plastic strain at the panel centre versus the 
applied binder force. 

Fig. 3.5 displays schematically how such a diagram looked like. Utilising the result of the 
pilot study, those binder forces leading approximately to the strain levels 0.01, 0.02, 0.03 etc. 
at the panel centre and a binder force only slightly lower than that resulting in fracture were 
selected, Fig. 3.5. This procedure was repeated for each sheet material. Each sheet material 
was then pressed with the binder force set at the levels selected in the pilot study. 

0.05 + 

0.03 

0.01 - t 

• = values obtained in the pilot study. 

—> = selected binder force levels for final pressings. 

Material = X X X X 

All panels pressed with drawbeads. 

* Fracture 

10 50 100 

Binder force (metric tonnes) 

Fig. 3.5. Schematic presentation of the binder force selection procedure. 
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After the 0.8 and 1.2 mm thick sheets were pressed, the lower binder was machined. The 
purpose of the machining was to keep the clearance to thickness ratio and the binder profile 
radius {rd) to thickness ratio (approximately) unchanged, when forming the 2.0 mm thick 
sheets. The binder dimensions are shown in Fig. 3.2. 

After machining the lower binder, the same type of pilot study as that described above was 
conducted, Fig. 3.5, in which the 2.0 mm thick sheets were used. Finally, each sheet material 
was pressed with the binder force set at the levels selected in the pilot study. 

3.3 Strain measurements 

The strain measurements were conducted using a quadrilateral grid electrolytically etched on 
the blank prior to pressing. The quadrilateral grid was defined by the crosses (circle centres) 
indicated in Fig. 3.6. The strain measurement and analysis were performed with an image 
analysing system called IBAS. 

Double-curved 

Fig. 3.6. The strains over the double-curved surface of the panel were measured at the sites 
(zones) shown in the figure. 

The grid was reproduced on a TV-screen with the aid of a video camera. Three corners of the 
deformed square (1, 2, and 3 in Fig. 3.6) were identified to the computer with a moveable 
cursor on a digitising table. The computer code used the undeformed grid as a reference and 
determined the principal strains and directions and the effective plastic strain. 
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The strains were measured at the sites (zones) shown in Fig. 3.6 and wil l in the following 
chapters be presented as strains measured at the centroid of each triangle, the centroid being 
situated 1/3 of the triangle height away from its base. 

3.4 Panel shape measurements 

The shapes of the punches used, punches No. 1 & No. 2 (Fig. 3.1), were first determined in a 
coordinate-measuring machine. 

Fig. 3.7. The panel shape after the first trimming and the sites at which the panel shape 
were measured. 

Each panel was then trimmed by laser cutting so that only 5 mm of the panel wall was left at 
its corners. After this first trimming, the panel shape was measured in the coordinate-
measuring machine mentioned above. Fig. 3.7 displays the panel shape after the first trimming 
and the sites at which the panel shape was measured. 

As exhibited in Fig. 3.7, the x-distance between two adjacent measuring sites was 65 mm, 
whilst the y-distance between two adjacent measuring sites was 55 mm. 

In the panel shape measurements, 7 supporting jigs were used, Fig. 3.8. Two holes (<{>8 mm) 
were laser-drilled in the panel so that the panel could be fixed at the two middle jigs in the 
vertical rows in Fig. 3.8. Fig. 3.9 shows the whole arrangement during the panel shape 
measurements. The positions (x, y, and z) of the two front jigs in the vertical rows and the 
middle j ig in the horizontal row in Fig. 3.8 were used as reference points. 

The panel shape was then compared to the shape of the punch, with which the panel was 
pressed, and ^-deviation from the punch shape at each measuring site was determined. 

After these shape measurements, the panel was trimmed by laser cutting once again so that 
solely the double-curved surface was left, Fig. 3.10. After this second trimming, the shape of 
each panel was measured in the coordinate-measuring machine mentioned above. 

Fig. 3.10 displays the panel shape after the second trimming and the sites at which the panel 
shape was measured. Note in Fig. 3.10 that the x-distance between two adjacent measuring 



BII9 

Fig. 3.8. Seven supporting jigs were used 
in the panel shape measurements. 

Fig. 3.9. The whole arrangement during 
the panel shape measurements. 

sites was 65 mm at the panel centre and 63 mm at the panel edge. However, the y-distance 
between two adjacent measuring sites was 55 mm at the panel centre and 53 mm at the panel 
edge, Fig. 3.10. 

The supporting jigs shown in Fig. 3.8 and the arrangement displayed in Fig. 3.9 were used 
once again to measure the panel shape after the second trimming. The panel shape after the 
second trimming was then compared to the shape of the punch, with which the panel was 
pressed, and z-deviation from the punch shape at each measuring site was determined. 

Fig. 3.10. The panel shape after the second trimming and the sites at which the panel shape 
were measured. 

3.5 Evaluation methods 

3.5.1 Strength coefficient and incremental strain hardening exponent and capacity 

Assume that all of the sheet materials in this study obey the Ludwik-Hollomon hardening 
relationship. Then for tensile testing, the following expression can be used 

• = measuring sites 
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o , = t f e . ( e f ) " (3.1) 

in which o~i = stress along the tensile specimen, £ [= plastic strain along the specimen, n = 

strain hardening exponent and Ke = strength coefficient. 

Logarithmation of Eqn (3.1) yields 

lno-j =lnAT e +«lnE, p (3.2) 

Eqn (3.2) is equation of a line and n is the slope of this line 

. . _ A lno ; 
n- (3.3) 

Alnef 

The strain hardening exponent is, in other words, a measure of the materials resistance to 
further deformation. 

In tensile testing, the strain hardening behaviour of materials can be expressed in another 
fashion. Regardless of the assumed hardening relationship, 

P = GlA1 (3.4) 

where P is the deforming load and A; is the current cross section area. Assume volume 
constancy, i. e. 

A0l0 = Ajlj 

where Ao is the original cross section area, lo is the original gauge length, and /; is the current 
gauge length. 

(3.5) 

Differentiation of Eqn (3.4) gives 

dP__d^ dA 

P ~ CT) T 

Since 

dz - - - - -
£ l ~ I ~ A 

because of the volume constancy, Eqn (3.5) can be rewritten as 

dP des, , 
— = — L - d £ j (3.6) 
P C»! 

At load maximum, dP = 0 and Eqn (3.6) becomes 
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The quantity on the left hand side of Eqn (3.7) is a material characteristic and a measure of the 
strain hardening capacity of the material during the deformation. This quantity decreases with 
increasing £j . 

Utilising Eqn (3.2), Ke was determined by fitting a line to the tensile data of each material. 

The incremental strain hardening exponent, n in Eqn (3.3), and the strain hardening capacity, 
the left hand side of Eqn (3.7), were determined by utilising the tensile data. Each step of 
strain was approximately 0.009 in terms of natural strain. 

Since solely the tensile data along the rolling direction were available, Ke, n and the strain 
hardening capacity were determined solely for this direction. 

3.5.2 z-deviation 

In the panel shape measurements, the shape of the outer surface of the panel was determined, 
Fig. 3.9. The three reference jigs mentioned in section 3.4 were placed on the table of the 
coordinate-measuring machine in such a fashion that z-deviation from the punch shape on the 
outer surface of the panel was equal to zero at these reference points. At all of the measuring 
sites, Figs. 3.7 & 3.10, a deviation in the z-position was obtained. 

Here, the preference is to 

1. set the z-deviation at the panel centre to zero, i. e. use the panel centre as the reference 
point. 

2. study the z-deviation from the punch shape on the inner surface of the panel. 

The reason why it is preferred to use the panel centre as the reference point can be concluded 
by looking at, for instance, Figs. 1.5 & 3.12 in the first part of this report. Knowing the z-
deviation on the inner surface facilitates, furthermore, the comparison of the springback 
obtained on panels pressed (with the same punch) in different sheet thicknesses. 

To set the z-deviation at the panel centre to zero 
and calculate the z-deviation on the inner 
surface of the panel, Fig. 3.11 was used. In Fig. 
3 J 1 , Zim = deviation at the panel centre ^ 0 on 
all of the panels in this study, and Z2m = 
deviation at an arbitrary measuring site on the 
panel. Both zim and z 2 m are measured values 
(determined in the panel shape measurements). 

Looking at Fig. 3.11, one can write 

zu = zim - di 

and 

Z22 = Z2m - d2 

(3.8) 

(3.9) 

Panel centre 
1 

z 2 „ 
Panel 

hi 
zin 

I 

1 

z222 y 

Fig. 3.11. The z-deviation from the punch 
shape on the inner surface of the 
panel was determined with the 
aid of this figure. 
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in which dj = sheet thickness at the panel centre and d2 = the distance shown in Fig. 3.11. To 
use the panel centre as a reference point, one can write 

zm = zu -Zii=Q (3.10) 

and 

Z222 = Z22-Zn (3.11) 

Substituting Eqn (3.8) into Eqn (3.10) and Eqn (3.9) into Eqn (3.11) yields 

Zill = Zim - d] - Zim + d} = Zim -Z]m = 0 (3.12) 

and 

Z222 = Z2m - d2 - Zim +d] = Zim - Zim "(^2 - d f ) (3.13) 

Assuming that d2~di, Eqn (3.13) can be rewritten as 

Z222 -Z2m- Zim (3.14) 

I f the panel is stretched 5% (= the sum of the principal surface strains) at its centre and 10% 
(= the sum of the principal surface strains) at its edge, the error caused by the assumption 
above, i. e. d2 = d j , will be 0.018 mm at the panel edge. The error is, in other words, very 
small. 

The deviation values presented in the current part of this report are computed in accordance to 
Eqns (3.12) & (3.14). 

3.5.3 Complete theory versus experiments 

To compare the complete theory, [6], with the experimental results, the study was based on 
the following criteria: 

• Solely the panels pressed at the highest possible binder force were considered. 

• The position of the neutral axis at the panel centre was assumed to be a;/(f/2) = a2/(t/2) = 1. 

• The comparison was, due to space-saving reasons, focused on the steel sheet and the 2.0 
mm thick sheet of material 6016 both pressed with punch No. 1. 

• The change in sheet thickness must be checked so that 

»,„2 andr 2 M, 2 >tn.\ 1 + 
100 

in which t0 = original sheet thickness and A u n i f o r m = uniform extension in tensile test. 
Considering tJwi and r 2 w 2 , see Fig. 2.2 in the first part of this report. 

To derive the expression above: 

• Assume that the panel wall is deformed in plane strain. 



BII13 

• Write the expression for the effective plastic strain, when plane strain is prevailing. 

• Assume volume constancy and write the relationship between the effective plastic 
strain and the thickness strain, when plane strain is prevailing. 

• Write the expression for effective plastic strain in tensile test. 

• Express the necking (or fracture) limit in tensile test in terms of effective plastic strain. 

• Assume that the effective plastic strain in tensile test is equal to the effective plastic 
strain in plane strain. 

The values of t, p i , p2, P3, p d , K e , Aß E, Rpl, Rp2, oy and v are found in the table and figures 

in this and the previous chapter. Concerning the friction, it was assumed that p b = P-p = 0.1. 

Note that pi , P2, P3, and pd are the centre line radii. To find the value of each of these radii, 
half of the sheet thickness must be added to the tool radius at the position in question. 

Determination of 

D d b along path 1 K 

Path 1 

: 1 at the panel centre 

—> the distributions of Tp Mj, X, 

Purpose: 
j 

To obtain the best fit to the 
deviation values (springback) 
acquired along path 1 after 
the first trimming. 

D d b along path 2 

Path 2 

Determination of the distributions 

of Tp My X, and a? 2a jt = 

2at/l = 1 at the panel centre. 

Path 1 & 2 

Calculate the theoretical 
deviation values (springback) 

along paths 1 & 2. 

- V -

Paths 1&2 

Plot the calculated and experimentally 
obtained deviation values (springback) 

as function of the distance from the 
panel centre. 

Fig. 3.12. Flow chart for calculation of springback. 
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Due to the lack of experimental data, which could be used to determine the impact of the 

binder force, Dbh, and the influence of the drawbead, D d b , on the total restraining force, a 
coarse screening was conducted first. 

Knowing (assuming) that D d b should be equal to 1 or higher, when pressing without  

drawbeads (see l/n, in Eqns (3.139), (CI3.139) and (CU3.139) in part I), the values of D b h and 

D M were determined by screening the deviation values obtained on the panels pressed in 
materials 6016 without drawbeads, Fig. 3.12. 

After this coarse screening, the evaluation was focused on the steel panel. Knowing (having 

selected) the values of Dbh and D M (these were kept constant), the distributions of Tlt Mj, X, 

and ai were determined so that the best f i t was obtained to the experimental deviation values 
obtained along path 1 after the first trimming on the steel panel, Fig. 3.7, 

In determination of these distributions, it was assumed that a2ltll= a2/t/2 = 1 at the panel 

centre. After fitting the theoretical deviation values to those attained experimentally, D d b 

along path 1 was determined, Fig. 3.12. 

Since a; = a2 at the panel centre (a/ = a2 in every sheet element), the distributions of T2, M2, 

X, and a2 along path 2, Figs. 3.7, could be calculated. Knowing these distributions, D d b and 
the theoretical deviation values along path 2 could be calculated, Fig. 3.12. 

Finally, the calculated and experimentally obtained deviation values were plotted as function 
of the distance from the panel centre, Fig. 3.12. 

4. RESULTS 

This chapter is 

• started by an examination of the influence of blank holding force and trimming on the 
springback, 

• continued by a discussion on the impact of the strain level at the panel centre, punch shape 
and material properties on the springback, and 

• ended by comparing the complete analytical model, constructed in part I , to the 
experimental results. 

The reader is recommended to survey sections 4.2-4.3 and chapter 5 first. To penetrate the 
obtained results, read section 4.1! Use also the results shown in section 4.1 as a reference 
which one can go back to, i f necessary! 

The disposition of section 4.1 is, furthermore, such that the results shown for each sheet 
material and thickness can be taken out and studied independently. 
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4.1 The influence of blank holding force and trimming 

4.1.1 Steel (FeP04) 

Let us first look at the panels pressed with punch No. 1 (Rpl = 665 mm and Rp2 = 2000 mm). 
BHF in all of the figures shown henceforth indicates the blank holding force in metric tonnes 
(•10 kN). db in these figures means that the panel was pressed with drawbeads. 

Figs. 4.1 and 4.2 exhibit the z-deviation from the punch shape along path 1 (Rpj), Ahj, as 
function of the distance from the panel centre after the first and the second trimming 
respectively. As displayed in these figures, the z-deviation, the springback, decreases with 
increasing blank holding force. However, this decrease in springback occurs solely when the 
blank holding force is increased from 10 to 35 tonnes. 

In chapter 4 in the first part of this report, the importance of the position of the neutral axis, 
a//(f/2), and the springback reduction rate, Ahj I hj, at the yield point were discussed. For the 
steel sheet pressed with punch No. 1, it was found that aj/(t/2) = 0.3285 and Ah; / h, = -4.95 
along path 1, Table 4.1 and Fig. 4.10 in part I . This implies that plastic deformation is initiated 
rather rapidly and that the springback is reduced at a relatively high rate along path 1. It 
should, in other words, be easy to decrease the springback drastically by increasing the level 
of the applied binder force. 

Looking now at Figs 4.1 and 4.2, it appears to be so that BHF = 10 tonnes is not sufficiently 
high and that the neutral axis can be moved further towards the punch surface with the aid of 
higher binder forces. Increasing the binder force to 35 tonnes decreases the springback 
drastically, whilst applying a binder force higher than 35 tonnes does not seem to result in a 
further reduction of the springback, Figs. 4.1 and 4.2. 

Fig. 4.3 displays the effective plastic strain along path 1 as function of the distance from the 
panel centre. Note the large difference in strain level between the panel pressed with the 
binder force set at 35 tonnes and the panel pressed with the blank holding force set at 75 
tonnes. In spite of this large strain difference, Fig. 4.3, both of these panels exhibit the same 
springback along path 1, Figs. 4.1 and 4.2. 

Note too that the difference in springback between the panel pressed with BHF =10 tonnes 
and the panel pressed with BHF = 35 tonnes is large, Figs. 4.1 and 4.2, although the difference 
in strain level between these two panels is small, Fig. 4.3. 

The panel centre being the origin, Eqn (3.74) in the first part of this report implies that the 
strain gradient along path 1 should be positive and small. Fig. 4.3 shows that the strain 
gradient is positive up to 50 mm from the panel centre, after which the strain level drops in the 
zone close to the panel wall. 

Figs. 4.4 and 4.5 exhibit the z-deviation from the punch shape along path 2 (Rp2), Ah2, versus 
the distance from the panel centre after the first and the second trimming respectively. After 
the first trimming, the panel pressed with BHF = 10 tonnes exhibits the largest Ah2, Fig. 4.4. 
After the second trimming, it is, though, the panel pressed with BHF = 35 tonnes which shows 
the largest Ah2, Fig. 4.5. The influence of the applied binder force level is, obviously, not as 
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Fig. 4.1. z-deviation from the punch shape, AA/, as function of the distance from the panel 
centre. Material = steel, sheet thickness = 0.8 mm, punch No. 1, first trimming, 
path 1. BHF in the legend = blank holding force in metric tonnes (»10 kN). db in 
the legend means that drawbeads were used. 
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unambiguous along path 2 as it is along path 1. Compare Figs. 4.4 & 4.5 with Figs. 4.1 & 4.2. 

Fig. 4.6 displays the effective plastic strain along path 2 as function of the distance from the 
panel centre. Note the large difference in strain level between the panel pressed with BHF = 
35 tonnes and the panel pressed with BHF = 75 tonnes, Fig. 4.6. Note too in Fig. 4.6 that a 
positive strain gradient is obtained along path 2, specially on the panel pressed with BHF = 35 
tonnes. 

It was found in part I that the position of the neutral axis at the yield point a2l(tl2) = 0.3285 

and that the springback reduction rate at the yield point Ah'21 h2 = -4.97 along path 2 for the 

steel sheet pressed with punch No. 1, Table 4.1 and Fig. 4.11 in part I . In other words, it 

should be easy to decrease the springback drastically by increasing the applied binder force. 

However, the springback reduction does not seem to be drastic, Figs. 4.4 and 4.5. 

It would also be interesting to compare the measured major principal plastic (surface) strain, 

e f , with the measured minor principal plastic (surface) strain, E | . Fig. 4.7 displays these 

strains along both path 1 and path 2. Note in Fig. 4.7 that the strains are so small that the 

obtained principal angles are not completely reliable. In spite of this, one can see in Fig. 4.7 

that the plastic strains along path 2 are smaller than the plastic strains obtained along path 1. 

Let us now look at the influence of trimming on the springback. Comparing Fig. 4.2 to Fig. 
4.1, one can see that the springback along path 1 increases after the second trimming. How
ever, the z-deviation from the punch shape along path 2 decreases after the second trimming. 
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Compare Fig. 4.5 with Fig. 4.4. In other words, the second trimming leads to springback along 
path 1 (compared with the first trimming), whilst it results in spring-forward along path 2 
(compared to the first trimming). See Figs. 4.1, 4.2, 4.4 & 4.5. 

Considering the overall deviation from the punch shape after both the first and the second 

Path 2 
4» 

P a t h l 

T 
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< — > =0.01 

Punch No. 1 
Material = steel, 0.8 mm 

B H F = 35, db 

Fig. 4.7. Major, e f , and minor, z\, principal plastic (surface) strains measured along paths 

1 and 2. Material = steel, sheet thickness = 0.8 mm, punch No. 1. BHF = 35 
tonnes (»10 kN). The panel was pressed with drawbeads. 
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trimming, the panel which is pressed with the highest binder force (75 tonnes) is the most 
preferable, as far as the springback is concerned. 

Let us now look at the springback behaviour of the steel sheet panels pressed with punch No.  
2 (Rpl = 450 mm and Rp2 = 1340 mm). 

Figs. 4.8 and 4.9 exhibit the z-deviation from the punch shape along path 1 (Rpj), Ah], as 
function of the distance from the panel centre after the first and the second trimming 
respectively. As shown in Figs. 4.8 and 4.9, the magnitude of the applied binder force does 
not have any major impact on the springback. However, the difference in effective plastic 
strain obtained along path 1 is relatively large between the steel sheet panels pressed with 
punch No. 2, Fig. 4.10. 

In chapter 4 in the first part of this report, the significance of the position of the neutral axis, 
a]/(t/2), and the springback reduction rate, Ah] I h,, at the elastic limit was discussed. For the 
steel sheet pressed with punch No. 2, it was found that a;/(r/2) = -0.1018 and Ah] lh] = -2.18 
at the yield point, Table 4.2 and Fig. 4.12 in part I . This implies that plastic deformation is 
initiated as soon as a tension is applied and that the springback is reduced rather slowly. 

aj/(t/2) = -0.1018 and Figs 4.8 and 4.9 also mean that a binder force of 25 tonnes is 
sufficiently high to minimise the springback. At BHF = 25 tonnes, the effective plastic strain 
along path 1 is, however, relatively (compared to the strain levels obtained at BHF = 40 and 
60 tonnes) very small, Fig. 4.10. 

Figs. 4.8, 4.9 and 4.10 exhibit, furthermore, that increasing the strain level does not have any 
influence on the springback, when the shift in the position of the neutral axis at the yield point 
is so small (plastic deformation is initiated as soon as a tension is applied). 

In chapter 4 in the first part of this report, it was shown that the effective plastic strain will be 
very small (see Fig. 4.4 in part I), even if the entire cross section is plastic in tension. This 
prediction is confirmed by the effective plastic strains obtained along path 1 on the panel 
pressed with BHF = 25 tonnes, Fig. 4.10. 

It was predicted in the first part of this report that the strain gradients (the panel centre being 
the origin) along paths 1 and 2 should be positive and small. Fig. 4.10 shows that the strain 
gradient is small and positive along path 1, specially on the panel pressed with BHF = 60 
tonnes. 

Figs. 4.11 and 4.12 display the z-deviation from the punch shape along path 2 (Rp2), Ah2, 
versus the distance from the panel centre after the first and the second trimming respectively. 
As exhibited in Figs. 4.11 and 4.12, the level of the applied binder force does not have any 
major influence on the springback. However, the difference in effective plastic strain obtained 
along path 2 is relatively large, specially when the applied binder force is increased from 25 to 
60 tonnes, Fig. 4.13. 

At the yield point, it was found in part I that a2/(t/2) = -01018 and Ah'2 I h2 = -1.87 along path 
2 for the steel sheet pressed with punch No. 2, Table 4.2 and Fig. 4.13 in part I . This implies 
that plastic deformation is initiated immediately and that the springback is reduced slowly 
along path 2. 
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a2/(f/2) = -0.1018 and Figs 4.11 and 4.12 also imply that a binder force of 25 tonnes is high 
enough to minimise the springback along path 2, although the effective plastic strain along 
path 2 is relatively small at BHF = 25 tonnes (compared to strain levels obtained at BHF = 40 
and 60 tonnes) Fig. 4.13. 

Figs. 4.11, 4.12 and 4.13 show too that increasing the strain level does not have any influence 
on the springback. 

In chapter 4 in the first part of this report, it was shown that the effective plastic strain will be 
very small (see Fig. 4.4 in part I), even i f the entire cross section is plastic in tension. This 
prediction is confirmed by the effective plastic strains obtained along path 2 on the panel 
pressed with the binder force set at 25 tonnes, Fig. 4.13. 

It was also predicted in part I that the strain gradients along paths 1 and 2. should be positive 
and small. Fig. 4.13 shows that the strain gradient is small and positive along path 2, specially 
on the panels which are pressed with BHF = 40 and 60 tonnes. 

Let us now look at the influence of trimming on the springback behaviour of the panels 
pressed with punch No. 2. Comparing Fig. 4.9 with Fig. 4.8, one can see that the springback 
along path 1 is increased after the second trimming. However, the z-deviation from the punch 
shape along path 2 is decreased after the second trimming. Compare Fig. 4.12 with Fig. 4.11. 

The second trimming leads, in other words, to springback (compared with the first trimming) 
along path 1, while it results in spring-forward (compared to the first trimming) along path 2. 
See Figs. 4.8,4.9,4.11 & 4.12. A phenomenon which was observed also on the panels pressed 
with punch No. 1, Figs. 4.1, 4.2, 4.4 & 4.5. 
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holding force in metric tonnes (»10 kN). db in the legend means that drawbeads 
were used. 

4.1.2 Material 5182 

4.1.2.1 Sheet thickness = 1.2 mm 

BHF in all of the figures shown henceforth indicates the blank holding force in metric tonnes 
(•10 kN). db in these figures means that the panel was pressed with drawbeads. Let us first 

look at the panels pressed with punch No. 1 (Rp, = 665 mm and Rp2 = 2000 mm). 

Figs. 4.14 and 4.15 display the z-deviation from the punch shape along path 1 (Rpj), Ah,, as 
function of the distance from the panel centre after the first and the second trimming 
respectively. The springback decreases, as exhibited in Figs. 4.14 and 4.15, drastically with 
increasing blank holding force. 

In chapter 4 in the first part of this report, the significance of the position of the neutral axis, 
a//(t/2), and the springback reduction rate, Ah'j/h,, at the elastic limit was discussed. For 1.2 
mm thick 5182 pressed with punch No. 1, it was found that a,/(t/2) = 1.1450 and Ah', I h, = -
5.32 at the yield point, Table 4.1 and Fig. 4.10 in part I . 

The high a,l(tl2)-value means that the initiation of plastic deformation is retarded. However, 
the small (large in magnitude) Ah', I h, -value implies that the springback decreases rapidly 
after yielding. This is confirmed by Figs. 4.14 and 4.15. 

Compared to the 10 tonnes high blank holding force, the 40 tonnes high binder force seems to 



BII25 

^ 3.6 

1 1 1 1 1 1 1 1 1 . . . . . . 1 

• BHF=10, db 

A BHF=40, db 

"j Material = 5182,1.2 mm |" • BHF=10, db 

A BHF=40, db 

• BHF=10, db 

A BHF=40, db 
Punch No. 1, 
irst trimming, 

path 1 
1 1 i 

Punch No. 1, 
irst trimming, 

path 1 
• 

Punch No. 1, 
irst trimming, 

path 1 j 

i i 

B • 
i 

t 

-120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120 

Distance from the panel centre (mm) 

Fig. 4.14. z-deviation from the punch shape, Ahj, as function of the distance from the panel 
centre. Material = 5182, sheet thickness = 1.2 mm, punch No. 1, first 
trimming, path 1. BHF in the legend = blank holding force in metric tonnes 
(•10 kN). db in the legend means that drawbeads were used. 

_ , I I 
• BHF=10, db 

A BHF=40, db 

"j Material = 5182,1.2 mm [ • BHF=10, db 

A BHF=40, db i i 1 1 i 1 
• BHF=10, db 

A BHF=40, db 
Punch No. 1, 

econd trimming 
path 1 

s 
Punch No. 1, 

econd trimming 
path 1 

Punch No. 1, 
econd trimming 

path 1 

i 

A • 

A 

• 
i 

-120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120 

Distance from the panel centre (mm) 

Fig. 4.15. z-deviation from the punch shape, Ah;, as function of the distance from the panel 
centre. Material = 5182, sheet thickness = 1.2 mm, punch No. 1, second 
trimming, path 1. BHF in the legend = blank holding force in metric tonnes 
(»10 kN). db in the legend means that drawbeads were used. 



BII26 

.i 0.04 

1 1 1 1 1 

• BHF=10, db 

A BHF=40, db 

Material = 5182,1.2 mm [-• BHF=10, db 

A BHF=40, db 

Material = 5182,1.2 mm [-• BHF=10, db 

A BHF=40, db i 

• BHF=10, db 

A BHF=40, db 
Punch No. 1, 

pa th l 
Punch No. 1, 

pa th l 
Punch No. 1, 

pa th l 

i i i 
i 1 

1 i 
1 1 1 • 1 • 

-20 0 20 40 60 80 100 120 

Distance from the panel centre (mm) 

Fig. 4.16. Effective plastic strain as function of the distance from the panel centre. Material = 
5182, sheet thickness = 1.2 mm, punch No. 1, path 1. BHF in the legend = blank 
holding force in metric tonnes («10 kN). db in the legend means that drawbeads 
were used. 

have (theoretically) moved the position of the neutral axis so much that plastic deformation is 
initiated and a drastic reduction in springback is obtained, Figs. 4.14 and 4.15. 

Fig. 4.16 displays the effective plastic strain along path 1 versus the distance from the panel 
centre. Note in this figure, which concerns 1.2 mm thick sheets of 5182 pressed with punch 
No. 1, that the strain level is approximately doubled as the applied binder force is increased 
from 10 to 40 tonnes. 

In part I , it was predicted that the strain gradient along path 1 should be small and positive. 
Fig. 4.16 shows that the strain gradient is small and positive up to 20 mm from the panel 
centre after which it is small and negative, specially on the panel pressed with BHF = 40 
tonnes. 

Figs. 4.17 and 4.18 display the z-deviation from the punch shape along path 2 (Rp2), Ah2, 
versus the distance from the panel centre after the first and the second trimming respectively. 
Ah2 decreases, as shown in Figs. 4.17 and 4.18, with increasing blank holding force. Note, 
though, that Ah2 is positive for the panel pressed with BHF = 10 tonnes, whilst it is negative 
for the panel pressed with BHF = 40 tonnes, Fig. 4.17. 

In Fig. 4.19, the effective plastic strain along path 2 is plotted versus the distance from the 
panel centre. The strain level on the panel pressed with BHF = 40 tonnes is approximately 
twice as high as that on the panel pressed with BHF = 10 tonnes. The strain gradient is 
positive and small (specially on the panel pressed with BHF = 40 tonnes) up to 140 mm from 
the panel centre. However, the strain level drops in the zone close to the panel wall, Fig. 4.19. 

In chapter 4 in part I , it was found that a2/(f/2) = 1.1450 and Ah'2/h2 = -5.35 at the yield 
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(•10 kN). db in the legend means that drawbeads were used. 
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holding force in metric tonnes («10 kN). db in the legend means that drawbeads 
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point, Table 4.1 and Fig. 4.11 in part I . This large a2/(f/2)-value implies that the initiation of 

plastic deformation is theoretically strongly inhibited by the punch shape (Rp2) and the sheet 

metal properties (o y , E and f). It would, therefore, be interesting to examine the major, e f , 

P a t h l 

I 

Path 2 

Fig. 4.20. Major, e f , and minor, e2, principal plastic strains measured along paths 1 and 2. 

Material = 5182, sheet thickness = 1.2 mm, punch No. 1. BHF = 40 metric 

tonnes («10 kN). The panel was pressed with drawbeads. 
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and minor, z\, principal plastic (surface) strains obtained on the panels of material 5182 

pressed with punch No. 1 to see whether the plastic deformation is delayed. 

Fig. 4.20 exhibits the major, z\, and minor, z\, principal plastic (surface) strains measured 

along paths 1 and 2 on the panel pressed with BHF = 40 tonnes. Both of the strains are, as 
shown in Fig. 4.20, relatively large. These strains are, actually, larger than those obtained even 
i f the entire cross section theoretically were plastic in tension. See Fig. 4.3 in the first part of 
this report. 

In spite of these large surface strains, the springback (or spring-forward) obtained on the panel 
pressed with BHF = 40 tonnes is relatively large, Figs. 4.14, 4.15, 4.17 & 4.18. To catch a 
glimpse of the phenomenon dealt with here, compare the strain and deviation (springback or 
spring-forward) values obtained for the 1.2 mm thick sheet of material 5182 pressed with 
punch No. 1 at BHF = 40 tonnes to the same values obtained for the steel sheet pressed with 
punch No. 1 at BHF = 35 tonnes. Compare, in other words, Figs. 4.14-4.20 with Figs. 4.1-4.7. 
This issue will be discussed in more detail in sections 4.2 and 4.3. 

Let us now look at the influence of trimming. After the second trimming, Ah j increases on the 
panel pressed with BHF = 10 tonnes, whilst it decreases slightly on the panel pressed with 
BHF = 40 tonnes. Compare Fig. 4.15 with Fig. 4.14. 

After the second trimming, Ah2 decreases on the panel pressed with BHF = 10 tonnes, whilst 
it increases somewhat on the panel which is pressed with BHF = 40 tonnes. Compare Fig. 
4.18 with Fig. 4.17. 

Compared with the first trimming, this implies that the panel pressed with BHF = 10 tonnes 
exhibits springback along path 1 and spring-forward along path 2 after the second trimming, 
whilst the panel pressed with BHF = 40 tonnes displays a small spring-forward along path 1 
and a small springback along path 2 after the second trimming. See Figs. 4.14, 4.15, 4.17 & 
4.18. 

Let us now look at the panels pressed with punch No. 2 (Rpl = 450 mm and Rp2 = 1340 mm). 

Figs. 4.21 and 4.22 display the z-deviation from the punch shape along path 1 (Rpj), Ah,, as 
function of the distance from the panel centre after the first and the second trimming 
respectively. As exhibited in Figs. 4.21 and 4.22, Ah, decreases drastically when the binder 
force is increased from 10 to 35 tonnes. 

In chapter 4 in the first part of this report, it was found that aj/(t/2) = 0.4502 and Ahj I h, = -

3.56 for the 1.2 mm thick sheet of material 5182 pressed with punch No. 2, Table 4.2 and Fig. 

4.12 in part I . These values imply that plastic deformation is initiated rather slowly (compared 

to the other sheet materials pressed with punch No. 2, Table 4.2 in part I) and that the 

springback is reduced rapidly after yielding. 

Figs. 4.21 and 4.22 show that this reduction in springback is chiefly obtained up to BHF = 35 
tonnes. Although 40 tonnes is not much higher than 35 tonnes, a higher binder force than 35 
tonnes does not seem to have any major impact on the springback, Figs. 4.21 and 4.22. 
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were used. 

Fig. 4.23 displays the effective plastic strain along path 1 versus the distance from the panel 
centre obtained for 1.2 mm thick sheets of material 5182 pressed with punch No. 2. As 
expected, the panels pressed with BHF = 35 tonnes and BHF = 40 tonnes exhibit 
approximately the same strain levels, Fig. 4.23. 

Figs. 4.24 and 4.25 display the z-deviation from the punch shape along path 2 (Rpi), Ah2, as 
function of the distance from the panel centre after the first and the second trimming 
respectively. Ah2 decreases, as exhibited in Figs. 4.24 and 4.25, with increasing binder force 
level. This reduction is more appreciable after the second trimming than after the first. 
Compare Fig. 4.25 with Fig. 4.24. 

Along path 2 and at the yield point, it was found in part I that the position of the neutral 

surface a2/(t/2) = 0.4502 and the springback reduction rate Ah'2 I h2 = -3.62 for 1.2 mm thick 

sheet of material 5182 pressed with punch No. 2, Table 4.2 and Fig. 4.13 in part I . These 

values imply that plastic deformation is initiated rather slowly (compared to the other sheet 

materials pressed with punch No. 2, Table 4.2 in part I) and that the springback is reduced 

rapidly. 

The deviation values obtained after the second trimming, Fig. 4.25, seem to show a better 

compliance to the value of Ah'2 I h2 mentioned above than those obtained after the first 

trimming, Fig. 4.24. 
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4.24. z-deviation from the punch shape, Ah2, as function of the distance from the panel 
centre. Material = 5182, sheet thickness = 1.2 mm, punch No. 2, first 
trimming, path 2. BHF in the legend = blank holding force in metric tonnes 
(•10 kN). db in the legend means that drawbeads were used. 
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Fig. 4.26. Effective plastic strain as function of the distance from the panel centre. Material = 
5182, sheet thickness = 1.2 mm, punch No. 2, path 2. BHF in the legend = blank 
holding force in metric tonnes (»10 kN). db in the legend means that drawbeads 
were used. 

A large (compared to the other sheet materials pressed with punch No. 2, Table 4.2 in part I) 
a2/(t/2) implies, though, that it could be difficult to decrease the springback by increasing the 
restraining force. Despite this relatively large a2l(tl2) calculated for the 1.2 mm thick sheet of 
material 5182 pressed with punch No. 2, Ah2 obtained after the first trimming is relatively 
small, Fig. 4.24. 

The panel centre being the origin, it was predicted in part I that the strain gradient along paths 
1 and 2 would be small and positive. Looking at Figs. 4.23 and 4.26, which show the effective 
plastic strain as function of the distance from the panel centre along paths 1 and 2 
respectively, one can see that so is the case particularly along path 2. 

Let us now look at the influence of trimming. Ah; increases after the second trimming, Figs. 
4.21 and 4.22, whilst Ah2 decreases after the second trimming, Figs. 4.24 and 4.25. Compared 
to the first trimrning, this means that panels of 1.2 mm thick sheet of material 5182 pressed 
with punch No. 2 exhibit springback along path 1 and spring-forward along path 2. 

4.1.2.2 Sheet thickness = 2.0 mm 

BHF in all of the figures shown henceforth indicates the blank holding force in metric tonnes 
(10 kN). db in these figures means that the panel was pressed with drawbeads. 

Let us first look at the panels pressed with punch No. 1 (Rp; = 665 mm and Rp2 = 2000 mm). 
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Figs. 4.27 and 4.28 display the z-deviation from the punch shape along path 1 (Rp,), Ah], as 
function of the distance from the panel centre after the first and the second trimming 
respectively. The springback decreases drastically, when the binder force is increased from 20 
to 40 tonnes. Increasing the binder force from 40 to 60 tonnes decreases the springback only 
slightly (particularly after the second trimming), Figs. 4.27 and 4.28. 

In chapter 4 in part I , the significance of the position of the neutral axis, a//(f/2), and the 

springback reduction rate, Ah', I hj, at the elastic limit was discussed. For 2.0 mm thick sheet 

of material 5182 pressed with punch No. 1, it was found that a;/(r/2) = 0.2445 and Ah} Ih, = 

-1.85, Table 4.1 and Fig. 4.10 in part I . 

This relatively small a;/(f/2)-value indicates that it should, as predicted in chapter 4 in part I , 

be easy to initiate plastic deformation by applying moderately high tensions. However, the 

large (small in magnitude) Ah'jlhj (= -1.85) implies that the springback would decrease 

slowly with increasing tension. 

Looking at Figs. 4.27 and 4.28, increasing the binder force seems to have a major impact on 
the springback up to certain level. After this level (BHF = 40 tonnes), this influence is not 
appreciable, Figs. 4.27 and 4.28. 

The effective plastic strain along path 1 is plotted as function of the distance from the panel 
centre in Fig. 4.29. Note in this figure the relatively small strain difference between the panel 
pressed with BHF = 20 tonnes and the panel pressed with BHF = 40 tonnes. In spite of this 
relatively small strain difference, the difference in springback between these two panels is 
very large, Figs. 4.27 and 4.28. 

Note too in Fig. 4.29 the large strain difference between the panel pressed with BHF = 40 
tonnes and the panel pressed with BHF = 60 tonnes. Despite this large strain difference, the 
difference in springback between these two panels is small, Figs. 4.27 and 4.28. 

Figs. 4.30 and 4.31 exhibit the z-deviation from the punch shape along path 2 (Rp2), Ah2, as 
function of the distance from the panel centre after the first and the second trimming 
respectively. Ah2 decreases with increasing binder force and this reduction is more significant 
after the second trimming, Figs. 4.30 and 4.31. 

In chapter 4 in part I , it was found that a2/(f/2) = 0.2445 and Ah'2/h2 = -1.86 for the 2.0 mm 

thick sheet of material 5182 pressed with punch No. 1, Table 4.1 and Fig. 4.11 in part I . The 

deviation values obtained after the first trimming, Fig. 4.30, seem to exhibit a better 

agreement to these a2/{t/2)- and Ah'21 h2 -values: a small springback at low binder force levels 

due to the relatively small a2/(?/2)-value and a small springback reduction with increased 

binder force level due to the large Ah'21 h2 -value, Fig. 4.30. 

Fig. 4.32 displays the effective plastic strain along path 2 is as function of the distance from 
the panel centre. In the first part of this report, it was predicted that the strain gradient (the 
panel centre being the origin) would be small and positive along paths 1 and 2. This prediction 
is verified for path 2, Fig. 4.32, whilst along path 1 solely the panel pressed with BHF = 60 
tonnes exhibits a small positive strain gradient, Fig. 4.29. 



BTI35 

I" 3.6 

i , , i -t r i 
1 • BHF=20, db 

&BHF=40, db 

1 M a t e r i a l = s"1R7 ? ft m m 1 • BHF=20, db 

&BHF=40, db 

• BHF=20, db 

&BHF=40, db I 1 

• BHF=20, db 

&BHF=40, db 
Punch No. 1, 

• BHF=20, db 

&BHF=40, db 
Punch No. 1, 

-1 I — 
n r =o l l , t u iirst inmming, 

path 1 

• 

t \ , 9 
\ 1 M 

Q \ ) 
1 1 1 J 

-120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120 

Distance from the panel centre (mm) 

4.27. z-deviation from the punch shape, Ah], as function of the distance from the panel 
centre. Material = 5182, sheet thickness = 2.0 mm, punch No. 1, first 
trimming, path 1. BHF in the legend = blank holding force in metric tonnes 
(•10 kN). db in the legend means that drawbeads were used. 

1
 ! 1 1 1 1 I i 1 i r i * m — i — i — r -

MBHF=20, db 

A BHF=40, db 

©BHF=60, db 

Material = 5182,2.0 mm U MBHF=20, db 

A BHF=40, db 

©BHF=60, db 

1 
Material = 5182,2.0 mm U 

• 
MBHF=20, db 

A BHF=40, db 

©BHF=60, db 

1 I I 1 1 1 
MBHF=20, db 

A BHF=40, db 

©BHF=60, db 
Punch No. 1, 

MBHF=20, db 

A BHF=40, db 

©BHF=60, db 
Punch No. 1, 

MBHF=20, db 

A BHF=40, db 

©BHF=60, db 
- second trimming, 

path 1 j 
- second trimming, 

path 1 
second trimming, 

path 1 

1 ^ 

• 
A 

A 
© M n 

1 J J 
-120 -100 -80 -60 -40 -20 0 20 40 60 

Distance from the panel centre (mm) 

80 100 120 

4.28. z-deviation from the punch shape, Ah], as function of the distance from the panel 
centre. Material = 5182, sheet thickness = 2.0 mm, punch No. 1, second 
trimming, path 1. BHF in the legend = blank holding force in metric tonnes 
(•10 kN). db in the legend means that drawbeads were used. 



BII36 

ta 

0.1 

0.09 

0.08 

0.07 

0.06 

0.05 

0.04 

0.03 

0.02 

0.01 

0 

- T i 1 1 1 1 1 1 1 
• BHF-20 , db 

A BHF=40, db 

oBHF=60,db 

Material = 5182,2.0 mm | _ • BHF-20 , db 

A BHF=40, db 

oBHF=60,db 

Material = 5182,2.0 mm | _ • BHF-20 , db 

A BHF=40, db 

oBHF=60,db 

1 1 
• BHF-20 , db 

A BHF=40, db 

oBHF=60,db 
Punch No. 1, 

• BHF-20 , db 

A BHF=40, db 

oBHF=60,db 

t > 9 
< i 

c 

i i i i i i 
i 1 

• 
1 

i • 

-20 20 40 60 80 

Distance from the panel centre (mm) 

100 120 
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After the second trimming, the z-deviation along path 1 increases on the panels pressed with 
BHF = 20 and BHF = 40 tonnes, while it is almost unchanged (or decreases slightly) on the 
panel pressed with BHF = 60 tonnes, Figs. 4.27 and 4.28. Along path 2, the z-deviation 
decreases after the second trimming, Figs. 4.30 and 4.31. 

Compared to the first trimming, 2.0 mm thick 5182 pressed with punch No. 1 exhibits 
therefore springback along path 1 and spring-forward along path 2 after the second trimming, 
Figs. 4.27-4.28 and 4.30-4.32. 

Let us now look at the panels pressed with punch No. 2 (Rp, = 450 mm and Rp2 = 1340 mm). 

Figs. 4.33 and 4.34 display the z-deviation from the punch shape along path 1 (Rpf), Ah,, 
versus the distance from the panel centre after the first and the second trimming respectively. 
The springback decreases, as exhibited in Figs. 4.33 and 4.34, with increasing blank holding 

force. 

In chapter 4 in part I , the significance of the position of the neutral axis, a,/(t/2), and the 

springback reduction rate, Ah] I h,, at the yield point was discussed. For the 2.0 mm thick 

sheet of material 5182 pressed with punch No. 2, it was found that a,/(t/2) = -0.1584 and 

Ah', I h, = -0.79, Table 4.2 and Fig. 4.12 in part I . 

Looking at Figs. 4.33 and 4.34, Ah, is generally small and increasing the blank holding force 

leads to a further small reduction in springback. The obtained deviation values exhibit, in 

other words, a good compliance with the values of a,/(t/2) and Ah', I hj mentioned above. 
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Fig. 4.32. Effective plastic strain as function of the distance from the panel centre. Material = 
5182, sheet thickness = 2.0 mm, punch No. 1, path 2. BHF in the legend = blank 
holding force in metric tonnes (»10 kN). db in the legend means that drawbeads 
were used. 

The effective plastic strain along path 1 is plotted as function of the distance from the panel 
centre in Fig. 4.35. Note in this figure that all of the panels exhibit the same strain level in the 
zone close to the panel wall. 

Figs. 4.36 and 4.37 display the z-deviation from the punch shape along path 2 (Rp2), Ah2, as 
function of the distance from the panel centre after the first and the second trimming 
respectively. After the first trimming, the mean z-deviation decreases with increasing blank 
holding force, Fig. 4.36. However, the deviation after the second trimming decreases only 
when the binder force is increased from 35 to 45 tonnes, Fig. 4.37. 

It was found in part I that a2l{tl2) = -0.1584 and Ah'2/h2 = -0.71 for the 2.0 mm thick sheet of 
material 5182 pressed with punch No. 2, Table 4.2 and Fig. 4.13 in part I . This implies that 
both Ah2 and the springback reduction obtained by increasing the blank holding force should 
be relatively small. 

Looking at Fig. 4.36, this prediction seems to be verified by the deviation values obtained 
after the first trimming. After the second trimming, the deviation values obtained on the panel 
pressed with BHF = 55 tonnes do not comply with this prediction, Fig. 4.37. 

Fig. 4.38 shows the effective plastic strain along path 2 as function of the distance from the 
panel centre. Note in this figure the large strain difference between than panel pressed with 
BHF = 45 tonnes and the panel pressed with BHF = 55 tonnes. In spite of this large strain 
difference, the panel pressed with BHF = 45 tonnes exhibits a somewhat more favourable 
behaviour, Figs. 4.36 and 4.37. 
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centre. Material = 5182, sheet thickness = 2.0 mm, punch No. 2, first 
trimming, path 1. BHF in the legend = blank holding force in metric tonnes 
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Let us now look at the influence of trimming. Compared to the first trimming, Ah, increases 
after the second trimming, Figs. 4.33 and 4.34. However, the deviation values along path 2 
(specially on the panels pressed with BHF = 45 and 55 tonnes) decrease after the second 
trimming. Compare Fig. 4.37 with Fig. 4.36. 

This means that 2.0 mm thick 5182 pressed with punch No. 2 exhibits springback along path 1 
and spring-forward along path 2. 

4.1.3 Material 6016 

4.1.3.1 Sheet thickness = 1.2 mm 

BHF in all of the figures shown henceforth indicates the applied blank holding force in metric 
tonnes («10 kN). db in these figures means that the panel was pressed with drawbeads. Let us 
first look at the panels pressed with punch No. 1 (Rp, = 665 mm and Rp2 = 2000 mm). 

Figs. 4.39 and 4.40 display the z-deviation from the punch shape along path 1 (Rpi), Ah,, as 
function of the distance from the panel centre after the first and the second trimming 
respectively. 

Note in Figs. 4.39 and 4.40 that there are two panels which are pressed without drawbeads. 
and two panels which are pressed with drawbeads. Comparing first the panels pressed without 
drawbeads, the springback decreases drastically as the binder force is increased from 5 to 70 
tonnes, Figs. 4.39 and 4.40. The springback is reduced with increasing binder force also in the 
cases where the panels are pressed with drawbeads. However, this latter reduction is not as 
large as that obtained on the panels pressed without drawbeads, Figs. 4.39 and 4.40. 

Note, furthermore, in Fig. 4.40 that the panel pressed without drawbeads at BHF = 70 tonnes 
exhibit almost the same springback behaviour as the panel pressed with drawbeads at BHF = 
25 tonnes. 

In chapter 4 in part I , the significance of the position of the neutral axis, a//(t/2), and the 
springback reduction rate, Ah] I h,, at the elastic limit was discussed. For the 1.2 mm thick 
sheet of material 6016 pressed with punch No. 1, it was found that a,l{tl2) = 0.3872 and 
Ah] I h, = -3.44 at the yield point, Table 4.1 and Fig. 4.10 in part I . This implies that it should 
be easy to initiate plastic deformation (due to the relatively low a;/(f/2)-value) and reduce the 
springback (due to the relatively small (large in magnitude) Ah] I h, -value) by increasing the 
binder force. Looking at Figs. 4.39 and 4.40, the obtained deviation values comply with this 
anticipation. 

The effective plastic strain along path 1 is plotted as function of the distance from the panel 
centre in Fig. 4.41. Note in this figure that the strain level is generally low. In spite of this low 
strain level, Ah; is small on the panel pressed without drawbeads at BHF = 70 tonnes and the 
panel pressed with drawbeads at BHF = 25 tonnes, Figs. 4.39 and 4.40. 

Note too in Fig. 4.41 the very small strain difference between the panel pressed with 
drawbeads at BHF = 5 tonnes and the panel pressed with drawbeads at BHF = 25 tonnes. 
Despite this very small strain difference, a substantial difference in springback is obtained 
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Fig. 4.41. Effective plastic strain as function of the distance from the panel centre. Material = 
6016, sheet thickness = 1.2 mm, punch No. 1, path 1. BHF in the legend = blank 
holding force in metric tonnes (»10 kN). db in the legend means that drawbeads 
were used. 

between these two panels, Figs. 4.39 and 4.40. 

Figs. 4.42 exhibits the z-deviation from the punch shape along path 2 (Rpi), Ah2, after the first  
trimming versus the distance from the panel centre. Ah2 decreases, as shown in Fig. 4.42 with 
increasing binder force level. Note in Fig. 4.42 that the panels pressed without drawbeads 
should be compared with each other. The same notion is also valid for the panels pressed with 

drawbeads. 

Figs. 4.43 displays the z-deviation from the punch shape along path 2 {Rpi), Ah2, after the 
second trimming as function of the distance from the panel centre. Comparing the panels 
pressed without drawbeads, Ah2 decreases somewhat with increasing binder force, Fig. 4.43. 
However, Ah2 increases with increasing binder force when the panels pressed with drawbeads 
are compared, Fig. 4.43. 

In chapter 4 in part I , it was found that a2/(t/2) = 0.3872 and Ah'2/h2 = -3.46 at the elastic 

limit for the 1.2 mm thick sheet of material 6016 pressed with punch No. 1, Table 4.1 and Fig. 

4.11 in part I . These values imply that it should be possible to significantly lower the z-

deviation from the punch shape by increasing the restraining force level. 

This prediction complies with the deviation values obtained after the first trimming, Fig. 4.42. 
After the second trimming, however, increased blank holder force reduces the z-deviation 
somewhat solely on the panels pressed without drawbeads, Fig. 4.43. 

Fig. 4.44 shows the effective plastic strain along path 2 as function of the distance from the 
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Fig. 4.44. Effective plastic strain as function of the distance from the panel centre. Material = 
6016, sheet thickness = 1.2 mm, punch No. 1, path 2. BHF in the legend = blank 
holding force in metric tonnes (»10 kN). db in the legend means that drawbeads 
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panel centre. In the first part of this report, it was predicted that the strain gradient (the panel 
centre being the origin) would be small and positive along paths 1 and 2. Fig. 4.44 displays 
that strain gradient along path 2 is positive up to 75 mm from the panel centre, after which the 
strain level drops. The strain gradient does not either show any positive tendency along the 
whole path 1, Fig. 4.41. 

Compared with the first trimming, Ah] increases as a result of the second trimming, Figs. 4.39 
and 4.40. However, the z-deviation from the punch shape along path 2 decreases after the 
second trimming, Figs. 4.42 and 4.43. 1.2 mm thick 6016 pressed with punch No. 1 exhibits, 
in other words, springback along path 1 and spring-forward along path 2 after the second 
trimming. 

Let us now look at the panels pressed with punch No. 2 (Rp] = 450 mm and Rp2 = 1340 mm). 

Figs. 4.45 and 4.46 display the z-deviation from the punch shape along path 1 (RpI), Ah], as 
function of the distance from the panel centre after the first and the second trimming 
respectively. Ah] decreases, as shown in Figs. 4.45 and 4.46, with increasing blank holder 
force. Note in these figures that the panel pressed without drawbeads should be compared 
with one another. The same notion complies, when the panels pressed with drawbeads are 
considered. 

In chapter 4 in part I , the importance of d]/(t/2) and Ah] I hj at the elastic limit was discussed. 
For the 1.2 mm thick sheet of material 6016 pressed with punch No. 2, it was found that 
a}/(t/2) = -0.0622 and Ah', I h, = -1.43 at the yield point, Table 4.2 and Fig. 4.12 in part I . 
This small a//(f/2)-value implies that plastic deformation is initiated very rapidly, whilst the 
large Ah] I h} -value implies that the springback is reduced at a moderate rate after the 
initiation of plastic deformation. 
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Fig. 4.47. Effective plastic strain as function of the distance from the panel centre. Material = 
6016, sheet thickness = 1.2 mm, punch No. 2, path 1. BHF in the legend = blank 
holding force in metric tonnes (»10 kN). db in the legend means that drawbeads 
were used. 

The deviation values obtained after the first trimming, Fig. 4.45, comply with this 
anticipation. After the second trimming, however, solely the deviation values acquired on the 
panels pressed with drawbeads exhibit correspondence with this prediction, Fig. 4.46. 

The effective plastic strain along path 1 is plotted as function of the distance from the panel 
centre in Fig. 4.47. Note in this figure the small strain difference between the panel pressed 
without drawbeads at BHF = 5 tonnes and the panel pressed without drawbeads at BHF = 55 
tonnes. Despite this small difference in strain level, the difference in springback is relatively 
large between these panels, Figs. 4.45 and 4.46. 

Figs. 4.48 and 4.49 display the z-deviation from the punch shape along path 2 (Rpi), Ah2, as 
function of the distance from the panel centre after the first and the second trimming 
respectively. The general level of Ah2 is, as exhibited in Figs. 4.48 and 4.49, low both after the 
first and after the second trimming. 

As shown in Figs. 4.48 and 4.49, it is not possible to establish a relationship between Ah2 and 

the binder force level. Considering the mean value of Ah2, the obtained deviation values are, 

however, small compared to the magnitude of Rp2 (1340 mm), Figs. 4.48 and 4.49. 

In chapter 4 in part I , it was found that a2/(t/2) = -0.0622 and Ah'2/h2 = -0.74 at the yield 

point for 1.2 mm thick 6016 pressed with punch No. 2, Table 4.2 and Fig. 4.13 in part I . This 

small a2/(t/2)-valut means that plastic deformation is initiated very rapidly, whilst the 

large Ah'21 h2 -value implies that the springback is reduced at a moderate rate after yielding. 

Looking at Figs. 4.48 and 4.49, the experimentally obtained deviation values seem to comply 
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Fig. 4.50. Effective plastic strain as function of the distance from the panel centre. Material = 
6016, sheet thickness = 1.2 mm, punch No. 2, path 2. BHF in the legend = blank 
holding force in metric tonnes (»10 kN). db in the legend means that drawbeads 
were used. 

with this prediction. 

Fig. 4.50 exhibits the effective plastic strain along path 2 as function of the distance from the 
panel centre. The panel centre being the origin, it was predicted in the first part of this report 
that the strain gradient would be small and positive along path 2. Note in Fig. 4.50 that the 
strain gradient is positive and relatively large along the whole path 2 on the panels pressed 
with drawbeads. 

Let us now look at the influence of trimming. Compared to the first trimming, Ah / increases 
after the second trimming, Figs. 4.45 and 4.46. However, the deviation values along path 2 
decrease after the second trimming. Compare Fig. 4.49 with Fig. 4.48. The second trimming 
results, in other words, in springback along path 1 and spring-forward along path 2. 

4.1.3.2 Sheet thickness = 2.0 mm 

BHF in all of the figures shown henceforth denotes the applied blank holding force in metric 
tonnes («10 kN). db in these figures signifies that the panel was pressed with drawbeads. 

Let us first look at the panels pressed with punch No. 1 (Rpl = 665 mm and Rp2 = 2000 mm). 

Figs. 4.51 and 4.52 exhibit the z-deviation from the punch shape along path 1 (Rpi), Ahj, as 
function of the distance from the panel centre after the first and the second trimming 
respectively. Ah; decreases as the binder force is increased from 25 to 40 tonnes. A further 
increase of the blank holder force does not seem to have any major impact on the springback, 
Figs. 4.51 and 4.52. 



BII51 

1.2 
S 

-

I I 1 1 1 

• BHF=25, db 

A BHF=40, db 

O BHF=55, db 

,1 i i 1 i 1
 < i i> 

j Material = 6016,2.0 mm | 

-

I I 1 1 1 

• BHF=25, db 

A BHF=40, db 

O BHF=55, db 

1 1 1 1 

-

I I 1 1 1 

• BHF=25, db 

A BHF=40, db 

O BHF=55, db 

Punch No. 1, 
first trimming, 

path 1 

-

I I 1 1 1 

• BHF=25, db 

A BHF=40, db 

O BHF=55, db 

Punch No. 1, 
first trimming, 

path 1 

-
Punch No. 1, 

first trimming, 
path 1 

1 1 
1 

1 • f ) 
1 • A 

—1 k— 
i O 

-120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120 

Distance from the panel centre (nun) 

4.51. z-deviation from the punch shape, AA/, as function of the distance from the panel 
centre. Material = 6016, sheet thickness = 2.0 mm, punch No. 1, first 
trimming, path 1. BHF in the legend = blank holding force in metric tonnes 
(•10 kN). db in the legend means that drawbeads were used. 

~ 1.2 
£ 

i i i i r 1 1 1 - i i i i i i i i 

• BHF=25, db 

A BHF=40, db 

0 BHF=55, db 

] Material = 6016,2.0 mm [ • BHF=25, db 

A BHF=40, db 

0 BHF=55, db 

• BHF=25, db 

A BHF=40, db 

0 BHF=55, db 
Punch No. 1, 

second trimmin 
path 1 

• BHF=25, db 

A BHF=40, db 

0 BHF=55, db 
Punch No. 1, 

second trimmin 
path 1 • 

Punch No. 1, 
second trimmin 

path 1 

• 
it?— 

• D 
ß É 

-120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120 

Distance from the panel centre (mm) 

. 4.52. z-deviation from the punch shape, M / , as function of the distance from the panel 
centre. Material = 6016, sheet thickness = 2.0 mm, punch No. 1, second 
trimming, path 1. BHF in the legend = blank holding force in metric tonnes 
(•10 kN). db in the legend means that drawbeads were used. 



BII52 

0.1 

0.09 

0.08 

0.07 

0.06 

0.05 

0.04 

0.03 

0.02 

0.01 

O 

1 1 1 1 1 1 1 i - T — 

• BHF-25 , db 

ABHF=40, db 

O BHF=55, db 

I Material = 6016,2.0 mm |_ • BHF-25 , db 

ABHF=40, db 

O BHF=55, db 

1 1 1 
• BHF-25 , db 

ABHF=40, db 

O BHF=55, db 
Punch No. 1, 

path 1 

I ) 
< > 

C ) 

i L å i i v 

1 1 I I 
1 1 

-20 20 40 60 80 100 

Distance from the panel centre (mm) 

120 
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were used. 

In chapter 4 in part I , the significance of the position of the neutral axis, a//(r/2), and the 
springback reduction rate, Ah]/h,, at the yield point was discussed. For the 2.0 mm thick 
sheet of material 6016 pressed with punch No. 1, it was found that a;/(f/2) = -0.0094 (the 
smallest value among the a;/(r/2)-vaIues calculated for the panels pressed with punch No. 1) 
and Ah'j/hj = -1.15 (the largest value among the Ah] I h, -values computed for the panels 
pressed with punch No. 1) at the elastic limit, Table 4.1 and Fig. 4.10 in part I . 

This small a7/(//2)-value implies that plastic deformation is initiated very rapidly, whilst the 
large Ah] I h, -value indicates that the springback is reduced at a moderate rate after yielding. 
Note in Figs. 4.51 and 4.52 that Ahj is generally small, regardless of the binder force level. 
This must be a result of the small a;/(r/2)-value mentioned above. The difference between the 
deviation values obtained on the panel pressed with BHF = 40 tonnes and those obtained on 
the panel pressed with BHF = 55 tonnes is small both after the first and the second trimming. 
This may, in turn, depend on the large Ah] I h, -value mentioned above. 

The effective plastic strain along path 1 is plotted as function of the distance from the panel 
centre in Fig. 4.53. Note in this figure the substantial strain difference between the panel 
pressed at BHF = 40 tonnes and the panel pressed at BHF = 55 tonnes. Despite this substantial 
strain difference, these panels exhibit the same springback, Figs. 4.51 and 4.52. 

In the first part of this report, it was predicted that the strain gradient (the panel centre being 
the origin) would be small and positive along path 1. This prediction is verified by Fig. 4.53. 

Figs. 4.54 and 4.55 exhibit the z-deviation from the punch shape along path 2 (Rp2), Ah2, as 
function of the distance from the panel centre after the first and the second trimming 
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Fig. 4.56. Effective plastic strain as function of the distance from the panel centre. Material = 
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respectively. The deviation values obtained after the first trimming indicate that the 
springback decreases with increasing binder force, Fig. 4.54. After the second trimming, all 
three panels exhibit, however, the same springback behaviour, Fig. 4.55. 

In chapter 4 in part I , it was found that a2l(t!2) = -0.0094 and Ah'2/h2 = -0.89 (the lowest 
value among the Ah'2 I h2 -values calculated along path 2 for the panels pressed with punch 
No. 1) at the yield point, Table 4.1 and Fig. 4.11 in part I . This implies that yielding occurs 
very rapidly and that the springback is reduced at a moderate rate after the initiation of plastic 
deformation. Looking at Figs. 4.54 and 4.55, the deviation values correspond with this 

anticipation. 

In the first part of this report, it was predicted that the strain gradient (the panel centre being 
the origin) would be small and positive along path 2. Looking at Fig. 4.56, one can see that the 
strain gradient along path 2 is small and positive up to 140 mm from the panel centre on the 
panels pressed at BHF = 25 and 40 tonnes. In the zone close to the panel wall, a small fall in 
the strain level is obtained on all three panels, Fig. 4.56. 

Let us now look at the influence of trimming. Compared to the first trimming, Ah; obtained 
on the panels pressed at BHF = 25 and 40 tonnes increases after second trimming. However, 
Ah, on the panel pressed with BHF = 55 tonnes remains unchanged after the second trimming, 
Figs. 4.51 and 4.52. Along path 2, the z-deviation from the punch shape decreases after the 
second trimming. Compare Fig. 4.55 with Fig. 4.54. 

This means that the panels pressed with BHF = 25 and 40 tonnes display springback along 
path 1 and spring-forward along path 2 after the second trimming. However, the panel pressed 
at BHF = 55 tonnes exhibits solely spring-forward along path 2 after the second trimming, 
Figs. 4.51-4.52 & 4.54-4.55. 
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Let us now look at the panels pressed with punch No. 2 {Rpj = 450 mm and Rp2 = 1340 mm). 

Figs. 4.57 and 4.58 exhibit the z-deviation from the punch shape along path 1 (Rpj), Ahj, as 
function of the distance from the panel centre after the first and the second trimming 
respectively. Ahj decreases with increasing blank holder force, Figs. 4.57 and 4.58. 

In chapter 4 in part I , it was found that a//(f/2) = -0.3301 (the lowest among the calculated 
a//(r/2)-values) and Ah', I h, = -0.66 along path 1 (the largest among the computed Ah', I h, -
values) at the yield point, Table 4.2 and Fig. 4.12 in part I . This implies that plastic 
deformation is initiated very rapidly and that the springback is reduced very slowly. Looking 
at Figs. 4.57 and 4.58, only the deviation values obtained on the panels pressed with BHF = 
30 and 45 tonnes seem to accord to this anticipation. 

Note too that the panel pressed with BHF = 20 tonnes exhibits a surprisingly large Ahj, in 
spite of the small a//(r/2)-value mentioned above, Figs. 4.57 and 4.58. 

The effective plastic strain along path 1 is plotted as function of the distance from the panel 
centre in Fig. 4.59. Note in this figure the very small strain difference between the panel 
pressed at BHF = 20 tonnes and the panel pressed at BHF = 30 tonnes. Despite this very small 
strain difference, the panel pressed at BHF = 30 tonnes exhibits a substantially larger Ahj than 
the panel pressed at BHF = 20 tonnes, Figs. 4.57 and 4.58. 

Figs. 4.60 and 4.61 exhibit the z-deviation from the punch shape along path 2 (Rp2), Ah2, as 
function of the distance from the panel centre after the first and the second trimming 
respectively. Neglecting the deviation values obtained after the first trimming on the panel 
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Fig. 4.62. Effective plastic strain as function of the distance from the panel centre. Material = 
6016, sheet thickness = 2.0 mm, punch No. 2, path 2. BHF in the legend = blank 
holding force in metric tonnes (»10 kN). db in the legend means that drawbeads 
were used. 

pressed at BHF = 30 tonnes, Ah2 decreases, as shown in Figs. 4.60 and 4.61, with increasing 
blank holder force. 

In chapter 4 in part I , it was found that a2/(t/2) = -0.3301 and Ah'2/h2 = -0.33 at the yield 
point. These are the lowest values calculated for the panels pressed with punch No. 2, Table 
4.2 and Fig. 4.13 in part I . These values indicate that yielding occurs immediately and that the 
springback is reduced very slowly after the initiation of plastic deformation. Looking at Figs. 
4.60 and 4.61, the obtained deviation values correspond to this expectation. 

Fig. 4.62 displays the effective plastic strain along path 2 as function of the distance from the 
panel centre. Note in this figure that the strain values at 140 mm from the panel centre are 
excluded due to hesitancy concerning the quality of the etched grid. 

The panel centre being the origin, it was predicted in part I that the strain gradient would be 
small and positive along paths 1 and 2. Looking at Figs. 4.59 and 4.62, only the strain values 
obtained on the panel pressed with BHF = 45 tonnes accord rather well with this prediction. 

Let us now look at the impact of trimming on the z-deviation. Compared to the first trimming, 
Ahj increases after the second trimming, Figs. 4.57 and 4.58. Along path 2, the deviation 
values on the panels pressed at BHF = 30 and 45 tonnes decrease after the second trimming, 
Figs. 4.60 and 4.61. However, the mean value of Ah2 on the panel pressed with BHF = 20 
tonnes remains unchanged after the second trimming, Figs. 4.60 and 4.61. 

This implies that the panels pressed with BHF = 30 and 45 tonnes exhibit springback along 
path 1 and spring-forward along path 2, whilst the panel pressed at BHF = 20 tonnes displays 
only springback along path 1. 
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4.1.4 Material 6111 

4.1.4.1 Sheet thickness = 1.2 mm 

BHF in all of the figures shown henceforth signifies the applied blank holding force in metric 
tonnes (»10 kN). db in these figures indicates that the panel was pressed with drawbeads. 

Let us first look at the panels pressed with punch No. 1 (Rpj = 665 mm and Rp2 = 2000 mm). 

Figs. 4.63 and 4.64 exhibit the z-deviation from the punch shape along path 1 (Rpi), Ahj, as 
function of the distance from the panel centre after the first and the second trimming 
respectively. 

Note in Figs. 4.63 and 4.64 that the panels pressed without drawbeads should be compared to 
one another. The same notion is valid concerning the panels pressed with drawbeads. As 
displayed in Figs. 4.63 and 4.64, the springback decreases with increasing blank holding 
force. 

In chapter 4 in the first part of this report, the significance of the position of the neutral axis, 
aj/(t/2), and the springback reduction rate, Ah] Ih,, at the elastic limit was discussed. For the 
1.2 mm thick sheet of material 6111 pressed with punch No. 1, it was found that a;/(r/2) = 
1.4385 (the largest calculated value) and Ah] I hj = -6.05 (the next smallest calculated value) 
at the yield point, Table 4.1 and Fig. 4.10 in part I . See also Table 4.2 and Figs. 4.11-4.13 in 
part I . 

This large a;/(f/2)-value indicates that yielding is theoretically strongly retarded. However, the 
very small Ah] I h, - value mentioned above signifies that the springback theoretically reduces 
at a very high pace after occurrence of yielding. Looking at Figs 4.63 and 4.64, this prediction 
seems to correspond best to the deviation values obtained on the panels pressed with 
drawbeads. 

Fig. 4.65 displays the effective plastic strain along path 1 as function of the distance from the 
panel centre. Note in this figure the very small strain difference between the panels pressed 
with drawbeads at BHF = 5 and 30 tonnes. In spite of this very small strain difference, the 
difference in springback between these two panels is drastically large, Figs. 4.63 and 4.64. 

Figs. 4.66 and 4.67 exhibit the z-deviation from the punch shape along path 2 (Rp2), Ah2, as 
function of the distance from the panel centre after the first and the second trimming 
respectively. 

Considering the panels pressed with drawbeads, Ah2 decreases with increasing binder force, 

Figs. 4.66 and 4.67. Regarding the panels pressed without drawbeads, the mean value of Ah2 

after the first trimming does not change with increased binder force. However, the mean value 
of Ah2 after the second trimming increases with increasing binder fore, Figs. 4.66 and 4.67. 
This phenomenon should be a result of the severe warping of the panels pressed without 
drawbeads - specially the panel pressed at BHF = 10 tonnes, Figs. 4.66 and 4.67. 
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were used. 

In chapter 4 in the first part of this report, it was found that a2/(t/2) = 1.4385 and Ah'2 I h2 = -
6.08 for the 1.2 mm thick sheet of material 6111 pressed with punch No. 1. In magnitude, 
these are the largest amongst the values computed for the sheet materials in this study, Table 
4.1 and Fig. 4.11 in part I . See also Table 4.2 and Figs. 4.10 & 4.12-4.13 in part I . 

Theoretically, these values imply that yielding is strongly inhibited and that the springback 
reduces drastically once plastic deformation is introduced. Considering the panels pressed 
with drawbeads and the deviation values attained after the second trimming, this prediction 
seems to accord to the experimental results. 

Excluding the panel pressed with drawbeads at BHF = 30 tonnes, the deviation values 
obtained on all panels after the second trimming are large, Fig. 4.67. The small Ah2 obtained 
on the panel pressed with drawbeads at BHF = 30 tonnes is presumably an effect of trimming, 
Figs. 4.66 and 4.67. 

Fig. 4.68 displays the effective plastic strain along path 2 as function of the distance from the 
panel centre. The panel centre being the origin, it was predicted in part I that the strain 
gradient would be small and positive along paths 1 and 2. Looking at Figs. 4.65 and 4.68, a 
positive strain gradient is obtained solely along path 2 up to 140 mm from the panel centre. 

Let us now look at the impact of trimming on the z-deviation from the punch shape. 
Considering the mean values of Aft;, the deviation along path 1 increases as a consequence of 
the second trimming, Figs. 4.63 and 4.64. Compared to the first trimming, the deviation 
values along path 2 decrease after the second trimming. Compare Fig. 4.67 with Fig. 4.66. 

This implies that 1.2 mm thick 6111 pressed with punch No. 1 exhibits springback along path 
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1 and spring-forward along path 2, Figs. .4.63-4.64 & 4.66-4.67. 

Let us now look at the panels pressed with punch No. 2 (RpI = 450 mm and Rp2 = 1340 mm). 

Figs. 4.69 and 4.70 exhibit the z-deviation from the punch shape along path 1 (Rpj), Ahj, as 
function of the distance from the panel centre after the first and the second trimming 
respectively. 

Note in Figs. 4.69 and 4.70 that the panels pressed without drawbeads should be compared to 
one another. The same notion is valid concerning the panels pressed with drawbeads. As 
displayed in Figs. 4.69 and 4.70, the springback decreases with increasing blank holding 
force. 

At the elastic limit, it was found that a//(f/2) = 0.6486 and Ah, I h, = -4.05 for the 1.2 mm 
thick sheet of material 6111 pressed with punch No. 2. In magnitude, these are the largest and 
the next largest values respectively amongst those calculated for the sheet materials pressed 
with punch No. 2, Table 4.2 and Fig. 4.12 in part I . See also Fig. 4.13 in part I . In theory, these 
values indicate that yielding is relatively effectively delayed and that the springback is 
decreased very rapidly after the initiation of plastic deformation. This prospect is verified by 
Figs. 4.69 and 4.70. 

The effective plastic strain along path 1 is plotted versus the distance from the panel centre in 
Fig. 4.71. It was predicted in part I that the strain gradient (the panel centre being the origin) 
along path 1 would be small and positive. Fig. 4.71 shows that the strain gradient is positive 
up to 20 mm from the panel centre, after which a fall in the strain level is obtained on all 
panels. 
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Figs. 4.72 and 4.73 show the z-deviation from the punch shape along path 2 (Rp2), Ah2, as 
function of the distance from the panel centre after the first and the second trimming 
respectively. Observe in Figs. 4.72 and 4.73 that the panels pressed without drawbeads should 
be compared to each other. The same notion is valid regarding the panels pressed with 
drawbeads. 

Considering the deviation values obtained after the first trimming, Fig. 4.72, it is difficult to 
establish a relationship between Ah2 and the applied binder force. Regarding the deviation 
values obtained after the second trimming, Fig. 4.73, Ah2 decreases with increasing blank 
holder force. 

At the yield point, it was found that a2/(t/2) = 0.6486 and Ah'2/h2 = -4.12 for the 1.2 mm 
thick sheet of material 6111 pressed with punch No. 2. In magnitude, these are the largest 
values amongst those calculated for the sheet materials pressed with punch No. 2, Table 4.2 
and Fig. 4.13 in part I , See also Fig. 4.12 in part I . 

These values imply that yielding is relatively strongly inhibited and that the springback is 
lowered very rapidly after the occurrence of yielding. The deviation values obtained after the 
second trimming exhibit compliance to this prospect, Fig. 4.73. 

The effective plastic strain along path 2 is plotted versus the distance from the panel centre in 
Fig. 4.74. A small and positive strain gradient was predicted in part I . Fig. 4.74 shows that the 
strain gradient is positive and large along the entire path 2 on all panels, except the panels 
pressed without drawbeads. On these latter panels, the strain gradient is positive up to 140 
mm from the panel centre, after which the strain level drops somewhat, Fig. 4.74. 
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Fig. 4.74. Effective plastic strain as function of the distance from the panel centre. Material = 
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were used. 

Note too the small difference in strain level between the panels pressed with drawbeads, Figs. 
4.71 and 4.74. In spite of this small strain difference, the deviation values obtained on the 
panel pressed with drawbeads at BHF = 30 tonnes are drastically smaller than those attained 
on the panel pressed with drawbeads at BHF = 5 tonnes, Figs. 4.69-4.70 and 4.72-4.73. 

Ah, increases on all panels after the second trimming, the panel pressed with drawbeads at 
BHF = 30 tonnes excluded, Figs. 4.69 and 4.70. On this latter panel, Ahj remains unchanged 
after the second trimming, Figs. 4.69 and 4.70. 

Ah2 decreases on all panels after the second trimming, except on the panel pressed with 
drawbeads at BHF = 30 tonnes, Figs. 4.72 and 4.73. On this latter panel, Ah2 remains 
practically unchanged after the second trimming, Figs. 4.72 and 4.73. 

This implies that the panel pressed with drawbeads at BHF = 30 tonnes exhibits neither 
springback nor spring-forward along paths 1 and 2. However, all other panels display 
springback along path 1 and spring-forward along path 2. 

4.1.4.2 Sheet thickness = 2.0 mm 

BHF in all of the figures shown henceforth indicates the blank holding force in metric tonnes 
(•10 kN). db in these figures denotes the use of drawbeads. 

Let us first look at the panels pressed with punch No. 1 (Rpi = 665 mm and Rp2 = 2000 mm). 
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were used. 

Figs. 4.75 and 4.76 exhibit the z-deviation from the punch shape along path 1 (7? ;̂), Ah,, as 
function of the distance from the panel centre after the first and the second trimming 
respectively. M ; decreases, as shown in Figs. 4.75 and 4.76, with increasing binder force. 

In chapter 4 in the first part of this report, the significance of the position of the neutral axis, 
a,/(t/2), and the springback reduction rate, Ah', I h,, at the elastic limit was discussed. For the 
2.0 mm thick sheet of material 6111 pressed with punch No. 1, it was found that a,/(t/2) = 
0.5340 and Ah', I h, = -2.28 at the yield point, Table 4.1 and Fig. 4.10 in part I . These medium 
range values indicate that it should be possible to reduce the springback by applying higher 
binder forces. This prediction is verified by Figs. 4.75 and 4.76. 

Fig. 4.77 displays the effective plastic strain along path 1 as function of the distance from the 
panel centre. Note in this figure the small strain differences between all three panels. Despite 
these small strain differences, the springback is drastically reduced by applying higher binder 
forces, Figs. 4.75 and 4.76. 

Figs. 4.78 and 4.79 show the z-deviation from the punch shape along path 2 (Rp2), Ah2, as 
function of the distance from the panel centre after the first and the second trimming 
respectively. As exhibited in these figures, Ah2 decreases with increasing blank holder force. 

At the yield point, it was found in part I that a2/{t/2) = 0.5340 and Ah'2/h2 = -2.29 for the 2.0 
mm thick sheet of material 6111 pressed with punch No. 1, Table 4.1 and Fig. 4.11 in Part I . 
These medium range values imply that it should be possible to lower the springback by 
applying higher binder forces. This prediction is confirmed by Figs. 4.78 and 4.79. 
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Fig. 4.80. Effective plastic strain as function of the distance from the panel centre. Material = 
6111, sheet thickness = 2.0 mm, punch No. 1, path 2. BHF in the legend = blank 
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The effective plastic strain along path 2 is plotted as function of the distance from the panel 
centre in Fig. 4.80. It was predicted in the first part of this report that the strain gradient (the 
panel centre being the origin) would be small and positive along paths 1 and 2. Looking at 
Figs. 4.77 and 4.80, the strain gradient seems to be positive only along the entire path 2 on the 
panel pressed at BHF = 55 tonnes. 

Let us look at the influence of trimming on the z-deviation. Considering the mean values of 
Ahj, the z-deviation increases as a result of the second trimming, Figs. 4.75 and 4.76. 
However, Ah2 decreases after the second trimming, Figs. 4.78 and 4.79. This implies that 
panels of 2.0 mm thick sheet of material 6111 pressed with punch No. 2 exhibit springback 
along path 1 and spring-forward along path 2. 

Let us now examine the panels pressed with punch No. 2 (Rpl = 450 mm and Rp2 = 1340 
mm). 

Figs. 4.81 and 4.82 exhibit the z-deviation from the punch shape along path 1 (Rpi), Ahj, as 
function of the distance from the panel centre after the first and the second trimming 
respectively. A considerable reduction in springback is, as displayed in Figs. 4.81 and 4.82, 
obtained by applying higher blank holder forces. 

The significance of the position of the neutral axis, a,l(t/2), and the springback reduction rate, 
Ah', I h;, at the yield point was discussed in chapter 4 in part I . For the 2.0 mm thick sheet of 
material 6111 pressed with punch No. 2, it was found that a;/(t/2) = 0.0374 and Ah', I h, = -
1.53, Table 4.2 and Fig. 4.12 in part I . In theory, these values imply that yielding occurs very 
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rapidly and that the springback is reduced at a medium range pace after the initiation of plastic 
deformation. Figs. 4.81 and 4.82 show that the springback is reduced drastically from a 
surprisingly high level as the magnitude of the binder force is increased. 

The unexpectedly large springback obtained along path 1 on the panels pressed with BHF = 
20 and 30 tonnes, Figs. 4.81 and 4.82, may have to do with the warping of these panels along 
path 2, Figs. 4.84 and 4.85. 

The effective plastic strain along path 1 is plotted as function of the distance from the panel 
centre in Fig. 4.83. Note in Fig. 4.83 that the strain values along path 1 are severely dispersed. 

Figs. 4.84 and 4.85 display the z-deviation from the punch shape along path 2 (Rpi), Ah2, as 
function of the distance from the panel centre after the first and the second trimming 
respectively. 

After the first trimming, the mean value of Ah2 appears to increase with increasing binder 
force, Fig. 4.84. Ah2 obtained after the second trimming decreases as the binder force is 
increased from 20 to 30 tonnes, after which Ah2 seems to increase with increasing blank 
holder force, Fig. 4.85. This peculiar behaviour along path 2 may be an outcome of the 
warping which, in turn, has led to large deviation values along path 1 on the panels pressed at 
BHF = 20 and 30 tonnes, Figs. 4.81 and 4.82. 

In chapter 4 in part I , it was found that a2l(tlT) = 0.0374 and bh'2lh2 = -1.56 at the yield 
point, Table 4.2 and Fig. 4.13 in part I . In theory, these values mean that yielding occurs very 
rapidly and that the springback is reduced at a medium range pace after the initiation of plastic 
deformation. However, such a relationship cannot be established confidently, Figs. 4.84 and 
4.85. 
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Fig. 4.86. Effective plastic strain as function of the distance from the panel centre. Material = 
6111, sheet thickness = 2.0 mm, punch No. 2, path 2. BHF in the legend = blank 
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Recall, though, that the deviation values along path 2 seem to be strongly dependent upon the 
deviation values along path 1. The large deviation values obtained along path 1, Figs. 4.81 and 
4.82, appears to force Ah2 down. See also the influence of trimming discussed below. 

The effective plastic strain along path 2 is plotted as function of the distance from the panel 
centre in Fig. 4.86. It was predicted in the first part of this report that the strain gradient (the 
panel centre being the origin) along paths 1 and 2 would be small and positive. The strains 
obtained along paths 1 and 2, Figs. 4.83 and 4.84, do not seem to comply with this prediction. 

Compared to the first trimming, Ahj increases after the second trimming, Figs. 4.81 and 4.82. 
This increase is, though, very small on the panel pressed at BHF = 50 tonnes. Comparing Fig. 
4.85 with Fig. 4.84, one can see that Ah2 decreases after the second trimming. However, this 
decrease is small on the panel pressed at BHF = 50 tonnes. 

This implies that all the panels exhibit springback along path 1 and spring-forward along path 
2. Note, though, that the springback obtained along path 1 and the spring-forward obtained 
along path 2 are very small on the panel pressed at BHF = 30 tonnes. 

4.2 Panels deformed to the same strain level at the centre 

It is common to examine the springback behaviour of different sheet materials by comparing 
the deviation values obtained on panels pressed in these materials and deformed to the same 
strain level at the panel centre, [7]. 
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In the present report, it has been selected to focus this examination on the springback 

behaviour of the panels which are deformed to ej? = 0.01 at the centre. The effective plastic 

strain at the centre of all these panels is, in other words, approximately equal to 0.01. 

The experiments have been conducted in such a manner that it is also possible to examine the 

springback behaviour of the materials in this investigation by comparing the deviation values 

obtained on the panels deformed to e£ = 0.015,0.02 and 0.04 respectively at the centre. 

To prevent this report from taking unreasonable proportions, solely the panels which are 

deformed to e£ = 0.01 at the centre are examined here. This strain level has been chosen, 

since an examination at this strain level covers all of the sheet materials and thicknesses in 

this investigation. This examination is, furthermore, focused on solely the deviation values 

obtained after the first trimming, since these values serve the purposes of this type of analysis. 

BHF in all of the figures shown henceforth denotes the applied blank holding force in metric 
tonnes (»10 kN). db in these figures means that drawbeads were used. 

Let us first examine the deviation values obtained on the panels pressed with punch No. 1 (Rpi 

= 665 mm, Rp2 = 2000 mm). 

Fig. 4.87 exhibits the z-deviation from the punch shape along path 1, Ah,, after the first 

trimming as function of the distance from the panel centre. e£ = 0.01 at the centre of all of the 

panels in Fig. 4.87. 

The panels pressed in 1.2 and 2.0 mm thick sheets of material 5182 display, as shown in Fig. 
4.87, the largest springback. Ahj is also large on the panels pressed in 1.2 and 2.0 mm thick 
sheets of material 6111, Fig. 4.87. 

Note in Fig. 4.87 that the deviation values obtained on the panel pressed in 1.2 mm thick 6016 
are in the same range as those obtained on the steel panel. Note, furthermore, that the 1.2 mm 
thick sheets of all aluminium grades exhibit smaller Ah, than the 2.0 mm thick sheets of the 
same materials, Fig. 4.87. 

The mean value of the effective plastic strain obtained along path 1 is shown in Fig. 4.88. 
Comparing this figure with Fig. 4.87, it is not possible to establish a logical relationship 
between the springback and the mean value of the effective plastic strain. 

The mean value of the effective plastic strain obtained on the panel pressed in 1.2 mm thick 
6111 is smaller than that obtained on the panel pressed in 1.2 mm thick 5182, Fig. 4.88. 
However, Ahj obtained on the panel pressed in 1.2 mm thick 5182 is twice as high as that 
obtained on the panel pressed in 1.2 mm thick 6111, Fig. 4.87. 

Observe, furthermore, in Fig. 4.88 that the mean value of the effective plastic strain obtained 
on the panel pressed in the 1.2 mm thick 6111 is smaller than that obtained on the panel 
pressed in the 2.0 mm thick sheet of the same material. The same notion is also valid for the 
two other aluminium qualities, Fig. 4.88. In spite of this, the panel pressed in the 1.2 mm thick 
sheet of each of all these three aluminium qualities exhibits smaller springback than that 
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pressed in the 2.0 mm thick sheet of the same material, Fig. 4.87. 

Fig. 4.89 exhibits the z-deviation from the punch shape along path 2. Ah2, after the first 

trimming as function of the distance from the panel centre. e£ = 0.01 at the centre of all of the 

panels, Fig. 4.89. 
I 

Comparing the deviation values obtained along path 1, Fig. 4.87, with those obtained along 
path 2, Fig. 4.89, one can see that Ah2 is generally smaller than Ah,. 

The panel pressed in the 1.2 mm thick 5182 exhibits, as displayed in Fig. 4.89, the largest Ah2. 
Ah2 is also relatively large on the panels pressed in 1.2 and 2.0 mm thick sheets of material 
6111, Fig. 4.89. 

Note in Fig. 4.89 that the deviation values obtained on the panel pressed in the 1.2 mm thick 
sheet of material 6016 is in the same range as Ah2 obtained on the steel sheet. A phenomenon, 
which was observed also along path 1, Fig. 4.87. 

The mean value of the effective plastic strain obtained along path 2 is exhibited in Fig. 4.90. 
Comparing this figure with Fig. 4.89, it is not either feasible to find a logical relationship 
between the springback and the mean value of the effective plastic strain along path 2 
obtained on the aluminium panels. 

The mean value of the effective plastic strain along path 2 obtained on the panel pressed in the 
1.2 mm thick 5182 is slightly larger than that obtained on the panel pressed in the 2.0 mm 
thick sheet of the same material, Fig. 4.90. In spite of this, Ah2 obtained on the panel pressed 
in the 1.2 mm thick 5182 is larger than that on the panel pressed in the 2.0 mm thick sheet of 
the same material, Fig. 4.89. 

The mean value of the effective plastic strain along path 2 obtained on the panel pressed in the 
1.2 mm thick 6016 is slightly smaller than that obtained on the panel pressed in the 2.0 mm 
thick 6111, Fig. 4.90. In spite of this, Ah2 obtained on the panel pressed in the 1.2 mm thick 
6016 is substantially smaller than that on the panel pressed in the 2.0 mm thick 6111, Fig. 
4.89. 

Let us now examine the deviation values obtained on the panels pressed with punch No. 2  
{Rp, = 450 mm, Rp2 = 1340 mm). 

Fig. 4.91 displays the z-deviation from the punch shape along path 1. Ah,, after the first 

trimming as function of the distance from the panel centre. zv

e = 0.01 at the centre of all of the 
panels, Fig. 4.91. 

Observe in Fig. 4.91 that the only aluminium panels available with zp

e = 0.01 at the centre are 

those pressed in the 1.2 mm thick sheets of the aluminium qualities in this investigation. 

The panel pressed in the 1.2 mm thick sheet of material 5182 exhibits, as shown in Fig. 4.91, 
drastically larger deviation values than all other panels. On these latter panels, the magnitude 
of Ah, is practically the same. 
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Fig. 4.91. z-deviation from the punch shape along path 1, Aft;, obtained for the materials in 
this study as function of the distance from the panel centre. Punch No. 2, first 
trimming. Effective plastic strain at the panel centre ~ 0.01. BHF = blank 
holding force in metric tonnes («10 kN). db = drawbeads were used. 

Fig. 4.92 displays the mean value of the effective plastic strain along path 1. Comparing Fig. 
4.92 with Fig. 4.91, one could explain the large Aft; obtained on the panel pressed in the 1.2 
mm thick 5182 by referring to the small mean value of the effective plastic strain obtained 
along path 1 on this panel. 

6111,1.2 mm, 

BHF=100 

6016,1.2 mm, 

BHF=20, db 

5182,1.2 mm, 

BHF=10, db 

Steel, 0.8 mm, 

BHF=25, db 

. 

1 i 1 P n n r h Nn 7 
i jath 1 
i jath L 

1 TTT I 1 

I urn i n r Effective plastic 

I stra in at the panel 

entre = 0.01 A 

I 
i 'TtTTl V c 

in at the panel 

entre = 0.01 A 

i i 
. i i l ü 

1 

0.006 0.008 0.01 0.012 0.014 0.016 

Mean value of the effective plastic strain 

0.018 0.02 

Fig. 4.92. Mean value of the effective plastic strain along path 1. Punch No. 2. Effective  
plastic strain at the panel centre = 0.01. BHF = blank holding force in metric 
tonnes (»10 kN). db = drawbeads were used. 
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Fig. 4.93. z-deviation from the punch shape along path 2, Ah2, obtained for the materials in 
this study as function of the distance from the panel centre. Punch No. 2, first 
trimming. Effective plastic strain at the panel centre = 0.01. BHF = blank 
holding force in metric tonnes (»10 kN). db = drawbeads were used. 

However, such an explanation would not be consistent. The mean value of the effective 
plastic strain obtained when the 1.2 mm thick 5182 is pressed with punch No. 1, Fig. 4.88, is 
slightly larger than that obtained when the same sheet is pressed with punch No. 2, Fig. 4.92. 
In spite of this, 1.2 mm thick 5182 pressed with punch No. 1 exhibits much larger Ahj than 
the same sheet pressed with punch No. 2. Compare Fig. 4.87 with Fig. 4.91. 
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Fig. 4.94. Mean value of the effective plastic strain along path 2. Punch No. 2. Effective  
plastic strain at the panel centre ~ 0.01. BHF = blank holding force in metric 
tonnes (»10 kN). db = drawbeads were used. 
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Fig. 4.93 exhibits the z-deviation from the punch shape along path 2. Ah2, after the first 

trimming as function of the distance from the panel centre. e£ =0.01 at the centre of all of the 

panels in Fig. 4.93. 

In Fig. 4.94, the mean value of the effective plastic strain along path 2 obtained on each of the 
panels in question is presented. Comparing Fig. 4.93 with Fig. 4.94, it is, once again, 
impossible to find a logical relationship between the springback behaviour and the mean value 
of the effective plastic strain. 

In other words, Figs. 4.87-4.94 show that it is not possible to evaluate the impact of the 
material properties, sheet thickness and punch shape on the springback by comparing the 
deviation values obtained on the panels pressed to the same level at the centre. 

The examination above would naturally be more fruitful, i f the mean values of the minor and 
major plastic (surface) strains along paths 1 and 2 were also accounted for. Since many of the 
acquired strain levels are very small, the principal angles obtained from the strain 
measurement system are not completely trustworthy. These angles are required for calculation 
of the major and minor plastic (surface) strains (* the minor and major principal plastic 
(surface) strains). See also Figs. 4.7 and 4.20 . 

Even i f completely reliable principal angles had been obtained, a comparison of the deviation 
values and the mean values of the minor, major and effective plastic strains would have led to 
the same kind of result as above or, in the best case, an indication of how the strain 
distribution affects the springback. 

In any case, such a comparison would not yield answers to questions of the type which follow, 
Figs. 4.87-4.94: 

Why does 1.2 mm thick 5182 exhibit large springback along both paths 1 and 2, regardless of 
the punch shape? Does this large springback depend on the material properties or the punch 
shape or the magnitude of the restraining force applied or a combination of these parameters? 

In the following section, an attempt is made to answer such questions. 

4.3 Impact of the material properties, sheet thickness and punch shape 

In chapter 4 in the first part of this report, the significance of the shift in the position of the 
neutral axis and the springback reduction rate at the elastic limit (yield point) was discussed. 
At this limit, it was found that, Eqn (4.4) in part I , 

a l _ a2 _ 2 C ' G y *K' t 

L L t.E 

2 2 

where ai = a2 = shift in the position of the neutral axis along paths 1 and 2 respectively, C is a 

constant which depends on the assumed strain ratio and Poisson's ratio (Eqn (3.27) in part I), 

Gy = yield strength of the sheet material ( = Rpo.2), t is the sheet thickness, E = Young's 

modulus, R*p] = Rpi + f/2, and Rpj is the minor punch (panel) radius. 
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a\l{tlT) = a2/(t/2) in the expression above is, in other words, the normalised shift in the 
position of the neutral axis at the yield point. 

In Figs. 4.95-4.100, the normalised mean absolute value of the springback (z-deviation from 
the punch shape) at the panel walls along paths 1 {r = 1) and 2 (r = 2), \Ahr\/hn is plotted as 
function of the normalised shift in the position of the neutral axis at the yield point - the 
expression above. See also Table 4.1 in the first part of this report. 

Note in Figs. 4.95-4.100 that 

I . the data indicating the springback after the first trimming are the normalised mean 
absolute values of the z-deviation obtained at x = ± 195 mm and y = ± 110 mm, Fig. 3.7. 

TJ. there are no panel walls left after the second trimming, for which reason the data showing 
the springback after the second trimming are the normalised mean absolute values of the 
z-deviation attained at the edges of the remaining double-curved surface, i. e. at x = ± 193 
mmandy = + 108, Fig. 3.10. 

HI. the normalised mean absolute values are plotted, since the z-deviation after the second 
trimming is negative particularly along path 2. This means that spring-forward is observed 
along path 2 after the second trimming. See section 4.1. 

IV. both the values obtained on panels pressed with punch No. 1 and those attained on panels 
formed with punch No. 2 are plotted. 

V. the magnitude of hr varies with the used punch shape and the position at which the z-
deviation is measured. This magnitude varies, in other words, with the punch shape and 
the trimming. See I and I I . 

V I . BHF denotes the applied blank holding force in metric tonnes (»10 kN). db signifies that 

drawbeads have been used. 

The springback obtained along path 1 increases with increasing normalised shift in the 
position of the neutral axis at the elastic limit, a//(f/2) (= a2/(t/2)). This increase can, as 
exhibited in Figs. 4.95-4.97, be observed after both the first and the second trimming. 

As shown in Fig. 4.95-4.96, the springback along path 2 obtained after the second trimming 
increases also with increasing a,/(t/2) (= a2l{tl2)). 

Neglecting the 1.2 mm thick 6016 pressed with punch No. 2, the springback increases with 
increasing a//(t/2) (= a2/(t/2)), Fig. 4.98. This increase can be seen along both paths after both 
the first and the second trimming. 

At relatively low binder force levels, it is, in other words, still possible to observe the 
influence of the normalised shift in the position of the neutral axis at the yield point, a//(f/2) 
(= a2/(t/2)), on the normalised mean absolute value of the springback at the panel walls, 
\Ahr)/hr. The larger ai/(t/2) (= a2/(t/2)) is at the yield point, the greater will be \Ahr\/hr or the 
springback in general (considering and comparing \Ahr\/hr obtained along both paths on 
different panels), Figs. 4.95-4.98. 

As the magnitude of the applied binder force is raised to a relatively high level, the influence 
of a j/(t/2) (= a2/(t/2)) at the elastic limit on \&hr\lhr cannot, however, be easily observed any 
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4.95. Normalised mean absolute value of the springback (z-deviation from the punch 
shape), \Ahr\/hr, along paths 1 (r = 1) and 2 (r = 2) at the panel walls versus 
normalised shift in the position of the neutral axis at the onset of plasticity. 
BHF (blank holding force) = 5 metric tonnes (50 kN). No drawbeads were 
used. 
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4.96. Normalised mean absolute value of the springback (z-deviation from the punch 
shape), \Ahr\/hr, along paths 1 (r = 1) and 2 (r = 2) at the panel walls versus 
normalised shift in the position of the neutral axis at the onset of plasticity. 
BHF (blank holding force) = 5 metric tonnes (50 kN). db = drawbeads 
were used. 
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Fig. 4.98. Normalised mean absolute value of the springback (z-deviation from the punch 
shape), \Ahr\/hr, along paths 1 (r = 1) and 2 (r = 2) at the panel walls versus 
normalised shift in the position of the neutral axis at the onset of plasticity. 
B H F (blank holding force) = 20 metric tonnes (200 kN). db = drawbeads 
were used. 
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. 4.99. Normalised mean absolute value of the springback (z-deviation from the punch 
shape), \Ahr\/hr, along paths 1 (r = 1) and 2 (r = 2) at the panel walls versus 
normalised shift in the position of the neutral axis at the onset of plasticity. 
BHF (blank holding force) = 25 metric tonnes (250 kN). db = drawbeads 
were used. 
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4.100. Normalised mean absolute value of the springback (z-deviation from the punch 
shape), \Ahr\/hr, along paths 1 (r = 1) and 2 (r = 2) at the panel walls versus 
normalised shift in the position of the neutral axis at the onset of plasticity. 
BHF (blank holding force) = 30 metric tonnes (300 kN). db = drawbeads 
were used. 
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longer, Figs. 4.99-4.100. 

As discussed and shown in Figs. 4.8-4.9 in chapter 4 in part I , the springback depends upon 

both the shift in the position of the neutral axis, a]/(t/2) (= a2/(t/2)), and the springback 

reduction rate, Ah'j I hs along path 1 and Ah'21 h2 along path 2, at the yield point. The 

springback reduction rate (the slope of Ahi/hj and Ah2/h2) varies with the shift in the position 

of the neutral axis, Figs. 4.8-4.9 in part I . However, the springback reduction rate at the elastic 

limit seems to be an adequate measure of the springback reduction rate also after the initiation 

of plastic deformation, Figs. 4.8-4.9 in part I . 

At relatively higher binder force levels, the influence of the springback reduction rate at the 

elastic limit on the springback becomes increasingly significant. Therefore, the influence of 

fl//(f/2) (= a2/{t/2)) on \Ahr\Jhr cannot be distinguished from the impact of Ah'jlh, and 

Ah'21 h2 on the springback, Figs. 4.99-4.100. 

Figs. 4.101-4.104 display the normalised mean absolute value of the springback obtained 
along paths 1 and 2 after the first and the second trimming at the walls of the panels pressed 
with punch No. 1 versus the applied blank holding force. 

Note, once again, that there are no panel walls left after the second trimming, why the data 
showing the springback after the second trimming, Figs. 4.103 and 4.104, are the normalised 
mean absolute values of the z-deviation attained at the edges of the remaining double-curved 
surface - at x = ± 193 mm and y = ± 108, Fig. 3.10. 

The springback decreases as, displayed in Figs. 4.101-4.104, with increasing blank holding 
force. However, there are some exceptions such as 2.0 mm thick 5182 which after the first 
trimming exhibits a springback reduction along both paths as the BHF is increased from 20 to 
40 tonnes, and a springback increase along both paths as the BHF is increased from 40 to 60 
tonnes, Figs. 4.101 and 4.102. 

Note in Figs. 4.101-4.104 that such an increase should depend on two factors: 

• At relatively high binder force levels, the normalised springback in such exceptional cases 
is generally smaller than 0.05, which means that the springback is smaller than 0.5 mm 
(punch No. 1). For such small values, the measurement errors can play a significant role. 

• The z-deviation values along paths 1 and 2 are, as discussed in section 4.1, strongly 
interrelated. The significance of this interrelation may become greater, when the springback 
is very small. 

If it is assumed that the shift in the position of the neutral axis becomes larger as the blank 
holding force is increased, Figs. 4.101 and 4.103 in the present part can be compared to Fig. 
4.8 in the first part of this report. In all these three figures, the springback along path 1 is 
considered. 

The same assumption makes it possible to compare Figs. 4.102 and 4.104 in the current part 
with Fig. 4.9 in the first part of this report, all these three figures concerning the springback 
along path 2. 

Note, though, that Figs. 4.8 and 4.9 in part I display the springback reduction in the entire 
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4.101. Normalised mean absolute value of the springback along path 1, \Ahi\/h], obtained 
at the panel walls after the first trimming versus the applied blank holding force. 
The figure concerns the panels pressed with punch No. 1. Drawbeads were used. 
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4.102. Normalised mean absolute value of the springback along path 2, \Ah2\/h2, obtained 
at the panel walls after the first trimming versus the applied blank holding force. 
The figure concerns the panels pressed with punch No. 1. Drawbeads were used. 
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Fig. 4.103. Normalised mean absolute value of the springback along path 1, \Ahj\/h], obtained 
at the panel walls after the second trimming versus the applied blank holding 
force. The figure concerns the panels pressed with punch No. 1. Drawbeads used. 
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Fig. 4.104. Normalised mean absolute value of the springback along path 2, \Ah2\/h2, obtained 
at the panel walls after the second trimming versus the applied blank holding 
force. The figure concerns the panels pressed with punch No. 1. Drawbeads used. 
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range of a,l(tll) and a2/(
?/2) respectively. These figures show, in other words, how the 

magnitude of springback is reduced from 1, as ajl(tl2) and a2/(f/2) reach the value at which 
plastic deformation is initiated, to zero or almost zero, as ail(t/2) and ö2/(r/2) increase in 
magnitude in the plastic region. 

Figs. 4.101-4.104 in the current part depict, however, the springback reduction in only 
segments of a//(f/2)- and a2/(f/2)-ranges. Let us illustrate this by an example. 

Along path 1, the theoretically calculated springback of the 2.0 mm thick sheet of material 
6016 pressed with punch No. 1 is reduced from 1 at a//(f/2) = a2/(t/2) = 0 to approximately 
0.04 at a,l(tl2) = a2/(t/2) = 1.5, Fig. 4.8 in part I . 

Considering the experimentally obtained values along the same path on the same sheet 
pressed with the same punch, Fig. 4.101 in the present part, only the springback reduction at 
the large values of ajl(tl2) (= a2/(f/2)) are shown. Compare Fig. 4.101 in this part with Fig. 4.8 
in part I . 

Note, furthermore, that the extent of the assumed a//(f/2)- and a2/(f/2)-intervals in Figs. 4.101-
4.104 varies with the material and the sheet thickness. 

To discuss the impact of the material properties, sheet thickness and punch shape on the 
springback, Table 4.1 is required. This table displays the shift in the position of the neutral 
axis, a i (= a 2), the normalised shift in the position of the neutral axis, aj/(f/2) (= a 2/(f/2)), the 
springback reduction rate along path 1, Ah] / hj, the springback reduction rate along path 2, 
Ah'21 h2, the tension along path 1, Tj, and the tension along path 2, T2, at the yield point for 
the materials in this investigation when pressed with Punch No. 1. Tj and 7"2 in this table are 
calculated in accordance to Eqns (3.52) and (3.53) in part I . See also Table 4.1 and Figs. 4.1, 
4.5-4.7, and 4.10-4.11 in part I . 

Comparing the springback values plotted in Figs. 4.101-4.104 with the springback reduction 
rates displayed in Table 4.1, one can see that it is not possible to establish any logical 
relationship between Ahj I hj and Ah] I h, or between Ah21 h2 and Ah'21 h2. 

However, Figs. 4.101-4.104 show that the steel sheet and the 1.2 and 2.0 mm thick sheets of 
6016 exhibit a relatively small springback in the entire blank holding force range. Consulting 
Table 4.1, one can see that (at the elastic limit) the ajl(tl2)- (= a2/(f/2)-) values of these sheets 
are small or very small. 2.0 mm thick 6016 exhibits, in fact, the smallest a//(f/2)- (= a2/(f/2)-) 
value amongst the materials in this investigation, Table 4.1. 

To explain the relatively small springback values obtained for the steel sheet and the 1.2 and 
2.0 mm thick sheets of 6016 in the entire blank holding force range by referring to the small 
ajlitl2y (= a2l(t/2)-) values of the same sheets at the yield point would, though, be 
inconsistent. 

The 2.0 mm thick sheet of material 5182 display also a relatively small ajl{tl2)- (= a2/(f/2)-) 
value at the yield point (0.2445), Table 4.1. The same sheet exhibit, however, a large 
springback at BHF = 20 tonnes, Figs. 4.101,4.103-4.104. 

In Figs. 4.5-4.7 in the first part of this report, it was shown that plastic deformation is initiated 
at different tension levels depending on the material properties and the punch shape. See also 
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Table 4.1. The shift in the position of the neutral axis, a, (= a2), the normalised shift in 
the position of the neutral axis, aj/(t/2) (= a2/(t/2)), the springback 
reduction rate along path 1, Ah] I h,, the springback reduction rate along 
path 2, Ah'2 I h2, the tension along path 1, Tj, and the tension along path 2, 
T2, at the yield point for the materials in this investigation when pressed 
with Punch No. 1. 

Material 
t 

(mm) 
E 

(MPa) 
Oy © 

(MPa) 
aj=a2 

(mm) 
ailtø) = 

a2/W) 

Ah'j / h j 

(mm 1 ) 

Ah'2 lh2 

(mm 1 ) 

Ti 
(N/mm) 

T2 

(N/mm) 

Steel (FeP04) 0.8 205000 172 0.1314 0.3285 -4.95 -4.97 39.2 22.5 

5182-0 1.2 71000 149 0.6870 1.1450 -5.32 -5.35 109.4 65.3 

2 71000 144 0.2445 0.2445 -1.85 -1.86 64.9 38.7 

6016-T4 1.2 70000 95 0.2323 0.3872 -3.44 -3.46 36.5 21.8 

2 70000 113 -0.0094 -0.0094 -1.15 -0.89 0 0 

6111-T4 1.2 70000 167 0.8631 1.4385 -6.05 -6.08 135.5 80.9 

2 70000 175 0.5340 0.5340 -2.28 -2.29 139.7 83.4 

CD ay = Rpo.2. 

Eqns (3.52) and (3.53) in part I . 

Comparing the springback values plotted in Figs. 4.101-4.104 with the values of T, and T2 at 
the yield point shown in Table 4.1, it can be seen that 

• the springback is small in the entire blank holding force range, if the tensions required to 
initiate yielding are low. 

• the springback is large at low blank holding force levels, i f the tensions required to initiate 
yielding are high. 

• although the tensions at the yield point are high, the springback is reduced drastically i f the 
blank holding force is sufficiently high. 

There is, in other words, an explicit relationship between the magnitude of the experimentally 
obtained springback and the sizes of the tensions at the elastic limit calculated in accordance 
to Eqns (3.52) and (3.53) in part I . The lower the tensions, Tj and T2, are at the elastic limit, 
the more likely it is to obtain a small springback along both paths at relatively low binder 
force levels. 

Therefore, it is essential (as far as the springback reduction is concerned) that the restraining 
tensions exerted in the flange area create tensions which exceed those required to initiate 
plastic deformation on the double-curved surface of the panel. This issue will be discussed in 
more detail later on in this section. 

The normalised mean absolute value of the springback obtained along paths 1 and 2 after the 
first and the second trimming at the walls of the panels pressed with punch No. 2 are plotted 
as function of the applied blank holding force in Figs. 4.105-4.108. 

Note again that there are no panel walls left after the second trimming. Therefore, the data 
showing the springback after the second trimming, Figs. 4.107 and 4.108, are the normalised 
mean absolute values of the z-deviation at the edges of the remaining double-curved surface -
at* = ± 193 mm andy = ± 108 mm, Fig. 3.10. 
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4.105. Normalised mean absolute value of the springback along path 1, |M/|//z/, obtained 
at the panel walls after the first trimming versus the applied blank holding force. 
The figure concerns the panels pressed with punch No. 2. Drawbeads were used. 
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4.106. Normalised mean absolute value of the springback along path 2, I A A 2 I / / 1 2 , obtained 
at the panel walls after the first trimming versus the applied blank holding force. 
The figure concerns the panels pressed with punch No. 2. Drawbeads were used. 
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Fig. 4.107. Normalised mean absolute value of the springback along path 1, \Ah]\/hj, obtained 
at the panel walls after the second trimming versus the applied blank holding 
force. The figure concerns the panels pressed with punch No. 2. Drawbeads used. 
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Fig. 4.108. Normalised mean absolute value of the springback along path 2, \Ah2\/h2, obtained 
at the panel walls after the second trimming versus the applied blank holding 
force. The figure concerns the panels pressed with punch No. 2. Drawbeads used. 
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Table 4.2. The shift in the position of the neutral axis, a; (= a2), the normalised shift in 
the position of the neutral axis, a;/(r72) (= a2/(t/2)), the springback 
reduction rate along path 1, Ah', I h,, the springback reduction rate along 
path 2, Ah'21 h2, the tension along path 1, J,, and the tension along path 2, 
T2, at the yield point for the materials in this investigation when pressed 
with Punch No. 2. 

Material 
t 

(mm) 
E 

(MPa) 
Oy ( D 

(MPa) 
ai =a2 

(mm) 
fli/(«/2) = 

a2l(tl2) 

Ah, / h , 

(mm 1 ) 

Ah'2/h2 

(mm 1 ) 
Tf 

(N/mm) 
T2 

(N/mm) 

Steel (FeP04) 0.8 205000 172 -0.0407 -0.1018 -2.18 -1.87 0 0 

5182-0 1.2 71000 149 0.2701 0.4502 -3.56 -3.62 63.6 38.2 
2 71000 144 -0.1584 -0.1584 -0.79 -0.71 0 0 

6016-T4 1.2 70000 95 -0.0373 -0.0622 -1.43 -0.74 0 0 
2 70000 113 -0.3301 -0.3301 -0.66 -0.33 0 0 

6111-T4 1.2 70000 167 0.3892 0.6486 -4.05 -4.12 90.4 54.2 
2 70000 175 0.0374 0.0374 -1.53 -1.56 14.4 8.7 

® Oy = Rp0.2-

As displayed in Figs. 4.105, 4.107 and 4.108, the springback decreases with increasing blank 
holding force. However, there are some panels on which the springback increases with 
increasing binder force. See, for instance, Fig. 4.106. 

As mentioned previously, such an increase should depend on two factors: 

• the normalised springback in such cases is smaller than 0.05. The springback is, in other 
words, smaller than 0.75 mm (punch No. 2). The measurement errors can play a significant 
role in these cases. 

• The z-deviation values along paths 1 and 2 are, as discussed in section 4.1, strongly 
interrelated. The significance of this interrelation may become greater, when the springback 
is small. 

Table 4.2 shows the shift in the position of the neutral axis, a, (= a2), the normalised shift in 
the position of the neutral axis, a//(f/2) (= a2/(t/2)), the springback reduction rate along path 1, 
Ah', I h,, the springback reduction rate along path 2, Ah'21 h2, the tension along path 1, T,, 
and the tension along path 2, T2, at the yield point for the materials in this investigation when 
pressed with Punch No. 2. T, and T2 in this table are computed in accordance to Eqns (3.52) 
and (3.53) in part I . See also Table 4.2 and Figs. 4.2 and 4.12-4.13 in the first part of this 
report. 

Comparing the springback values plotted in Figs. 4.105-4.108 with the springback reduction 
rates displayed in Table 4.2, one can see that it is not possible to establish any logical 
relationship between Ah, I h, and Ah', I h, or between Ah2 I h2 and Ah'2 I h2. 

The panels pressed with punch No. 2 in the sheets for which T, and T2 are zero at the yield 
point, Table 4.2, exhibit, however, a relatively small or very small springback along both 
paths in the entire binder force range, Figs. 4.105-4.108. A phenomenon which was observed 
also on the panels pressed with punch No. 1. 
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There is an interesting feature in Figs. 4.105 and 4.107 which must be discussed. Although Tj 
and 7*2 at the yield point are larger for the 1.2 mm thick 6111 than for the 2.0 mm thick sheet 
of the same material (both sheets being pressed with punch No. 2), Table 4.2, the thinner sheet 
exhibits a smaller springback along path 1 at BHF = 30 tonnes, Figs. 4.105 and 4.107. 

Note, therefore, that applying the same binder force to 1.2 and 2.0 mm thick 6111 does not 
mean that these two sheets are subject to the same restraining force in the flange area. 

It is assumed in this investigation that the shift in the position of the neutral axis becomes 
larger as the blank holding force is increased. As mentioned previously, figures such as Figs. 
4.105-4.108 display the springback reduction in only segments of a//(f/2) and a2/(t/2)-ranges. 
The extent of these assumed a//(t/2)- and a2/(?/2)-intervals varies, furthermore, with the 
material and the sheet thickness. 

Therefore, a blank holder force which is larger than 30 tonnes is theoretically needed to 
"initiate plastic deformation" and drastically reduce the springback on panels of the 2.0 mm 
thick 6111 pressed with punch No. 2. 

Comparing Table 4.1 with Table 4.2, it can be seen that a,l{t/2), a2/(t/2), Tj and 7/2 are 
smaller, when punch No. 2 is used. Therefore, the springback is generally smaller when the 
sheets are pressed with punch No. 2. Compare Figs. 4.101-4.104 with Figs. 4.105-4.108. 

So far, the impact of a//(t/2), a2/(t/2), Tj and T2 - and thereby the influence of the material 
properties, the sheet thickness and the punch shape - on the springback have been discussed. It 
has been shown that the springback reduces drastically, i f the binder force level is sufficiently 
high. 

As far as the minimisation (practical elimination) of springback is concerned, the following 
question must, therefore, be discussed and answered: 

• Can the material properties, the sheet thickness, and the punch shape be neglected, as long 
as the binder force level is as high as possible? 

The question above can also be rephrased as: 

• Do the material properties, the sheet thickness and the punch shape have any influence on 

the springback also at the highest possible blank holding force level? 

In the following figures, the influence of the shift in the position of the neutral axis at the yield 
point on the springback obtained on the panels pressed with the highest possible blank holding 
force is examined. Applying a higher binder force than that given for each material and sheet 
thickness in these figures would result in fracture (fracture limit). 

Fig. 4.109 exhibits the mean absolute value of the springback (z-deviation from the punch 
shape) along path 1. \Ah,l, obtained at the panel walls and at the highest possible blank hold
ing force versus the shift in the position of the neutral axis at the yield point, a; (see the 
expression above or Eqn (4.3) in part I). The values shown in Fig. 4.109 are obtained after the 
first trimming on the panels pressed with punch No. 1 (Rp/ = 665 mm, Rp2 = 2000 mm). 

As exhibited in Fig. 4.109, \Ah/\ increases with increasing a;. 
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walls and at the highest possible binder force versus the shift in the position of 
the neutral axis at the yield point. Punch No. 1, second trimming. BHF = 
blank holding force in metric tonnes (»10 kN). db = drawbeads were used. 
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Fig. 4.113. Effective plastic strain as function of the distance from the panel centre. 
Punch No. 1, path 1. BHF = blank holding force in metric tonnes 
(•10 kN). db = drawbeads were used. 
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Fig. 4.114. Effective plastic strain as function of the distance from the panel centre. 
Punch No. 1, path 2. BHF = blank holding force in metric tonnes 
(•10 kN). db = drawbeads were used. 
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Fig. 4.110 displays the mean absolute value of the springback (z-deviation from the punch 
shape) along path 1, IM/1, obtained at the panel walls and at the highest possible blank 
holding force as function of the shift in the position of the neutral axis at the yield point, aj. 
The mean absolute deviation values shown in Fig. 4.110 are obtained after the second  
trimming on the panels pressed with punch No. 1. 

Neglecting the value obtained on the panel pressed in 1.2 mm thick 5182, IM/ I increases, as 

shown in Fig. 4.110, with increasing a/. 

Fig. 4.111 shows the mean absolute value of the springback (z-deviation from the punch 
shape) along path 2, \Ah2\, obtained at the panel walls and at the highest possible blank 
holding force versus the shift in the position of the neutral axis at the elastic limit, a2 (see the 
expression above or Eqn (4.3) in part I). The mean absolute deviation values shown in Fig. 
4.111 are obtained after the first trimming on the panels pressed with punch No. 1. 

I M j l increases, as exhibited in Fig. 4.111, with increasing a2. 

Fig. 4.112 depicts the mean absolute value of the springback (z-deviation from the punch 
shape) along path 2, I M 2 I , obtained at the panel walls and at the highest possible blank 
holding force versus the shift in the position of the neutral axis at the yield point, a2. The 
mean absolute deviation values shown in Fig. 4.112 are obtained after the second trimming on 

the panels pressed with punch No. 1. 

Looking at Fig. 4.112, one cannot see any certain pattern or trend. 

Note, once again, that there are no panel walls left after the second trimming. Therefore, the 
data showing the springback after the second trimming, Figs. 4.110 and 4.112, are the mean 
absolute values of the z-deviation attained at the edges of the remaining double-curved surface 
- at x - ± 193 mm and y = ± 108, Fig. 3.10. 

Figs. 4.113 and 4.114 show the effective plastic strain along paths 1 and 2 respectively as 
function of the distance from the panel centre. These strains are obtained on the panels pressed 
with punch No. 1 at the highest possible binder force level (fracture limit). 

Having all of the figures necessary for examination of the springback behaviour of the panels 
pressed with punch No. 1, Figs. 4.109-4.114, let us now look at the following interesting 
features in these figures: 

• The panels pressed in the steel sheet and the sheets of materials 6016 and 6111 exhibit 
springback along path 1 and spring-forward along path 2 after the second trimming. 
However, the panel pressed in 1.2 mm thick 5182 at BHF = 40 tonnes exhibits spring-
forward along path 1 and springback along path 2 after the second trimming. Compare also 
Fig. 4.14 with Fig. 4.15 and Fig. 4.17 with Fig. 4.18. 

This explains why IM/I obtained after the second trimming on the panel pressed in 1.2 mm 
thick 5182 does not conform to the general pattern in Fig. 4.110. See also Fig. 4.109. 

It is worth noting that also the panel pressed in the 2.0 mm thick sheet of 5182 displays a 
very small spring-forward along path 1 after the second trimming, Figs. 4.109 and 4.110. 
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• The mean absolute value of the springback along path 1, \Ah,\, and the mean absolute value 
of the springback along path 2, IA/i 2l, are strongly dependent upon each other, particularly 
after the second trimming. However, it is possible to discern that \Ah2\ increases with 

increasing a2, Fig. 4.111 

Any kind of pattern seems, though, to be indiscernible when looking at Fig. 4.112. Let us, 
therefore, examine the panels pressed in the 1.2 mm thick sheet of material 5182 and both 
sheets of material 6111 (both thicknesses), i. e. the sheets with the largest a2. 

As mentioned previously, the panel pressed in 1.2 mm thick 5182 at BHF = 40 tonnes 
exhibits (in contrast to the panels pressed in the steel sheet and the sheet of 6016 and 6111) 
spring-forward along path 1 and springback along path 2 after the second trimming. 

This spring-forward along path 1, Figs. 4.14 and 4.15, seems to force the z-deviation along 
path 2 to decrease from negative levels towards zero, Figs. 4.17 and 4.18. Thus, \Ah2\ 
decreases as a consequence of the second trimming, Figs. 4.111 and 4.112. 

The deviation values obtained after the first trimming on the panels pressed in 1.2 mm 
thick 6111 are relatively large, Fig. 4.66. After the second trimming, the mean deviation 
values along path 1 on all panels, except the panel pressed at BHF = 30 tonnes, increase 
drastically, Figs. 4.63 and 4.64. This drastic increase in the mean Ah; forces apparently Ah2 

on all panels, except the panel pressed at BHF = 30 tonnes, to change signs, but maintain 
approximately the same magnitude as after the first trimming, Figs. 4.66 and 4.67. 

However, My obtained after the second trimming on the panel pressed at BHF = 30 tonnes 
does not increase as drastically as the deviation values on the other panels, Figs. 4.63 and 
4.64. This smaller springback along path 1 after the second trimming leads to a spring-
forward after the second trimming along path 2, which is not as large as the spring-forward 
along path 2 obtained on the other panels, Figs. 4.66 and 4.67. As exhibited in Fig. 4.67, 
Ah2 does not change signs. 

Thus, \Ah2\ obtained after the second trimming on the panel pressed in 1.2 mm thick 6111 
at BHF = 30 tonnes decreases as an outcome of the second trimming, Figs. 4.111 and 
4.112. 

The relatively (compared to the panels pressed in the same sheet at lower binder force 
levels) small Ah, obtained after the second trimming on the panel pressed in 2.0 mm thick 
6111 at BHF = 55 tonnes, Figs. 4.75 and 4.76, results in a relatively (compared to the 
panels pressed in the same sheet at lower binder force levels) small spring-forward along 
path 2 on the same panel after the second trimming, Figs. 4.78 and 4.79. 

This relatively small spring-forward along path 2 (obtained after the second trimming on 
the panel pressed in 2.0 mm thick 6111 at BHF = 55 tonnes) happens, apparently, to 
decrease the deviation values to approximately zero, Figs. 4.78 and 4.79. See also Figs. 
4.111 and4.112. 

• As discussed in section 4.2, it is not applicable to evaluate the springback behaviour of 
different sheet materials by comparing the magnitude and the distribution of the strains 
obtained on panels pressed in these materials, Figs. 4.113-4.114. 

Let us now examine the panels pressed with punch No. 2 (Rpl = 450 mm, Rp2 = 1340 mm). 
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Figs. 4.115 and 4.116 display the mean absolute value of the springback (z-deviation from the 
punch shape) along path 1. IM/I , obtained at the panel walls and at the highest possible blank 
holding force as function of the shift in the position of the neutral axis at the yield point, a/. 
The mean absolute deviation values shown in Figs. 4.115 and 4.116 are attained on the panels 
pressed with punch No. 2 after the first and the second trimming respectively. 

As exhibited in Fig. 4.116, IM/I increases with increasing a,. 

In Figs. 4.117 and 4.118, the mean absolute value of the springback (z-deviation from the 
punch shape) along path 2. I M 2 I , obtained at the panel walls and at the highest possible blank 
holding force is plotted versus the shift in the position of the neutral axis at the elastic limit, 
a.2- The mean absolute deviation values shown in Figs. 4.117 and 4.118 are attained on the 
panels pressed with punch No. 2 after the first and the second trimming respectively. 

Figs. 4.119 and 4.120 exhibit the effective plastic strain along paths 1 and 2 respectively as 
function of the distance from the panel centre. These strains are obtained on the panels pressed 
with punch No. 2 at the highest possible binder force level (fracture limit). 

Having all of the figures required for examination of the springback behaviour of the panels 
pressed at the highest possible binder force with punch No. 2, Figs. 4.115-4.120, let us look at 
some interesting features in these figures: 

• Al l of the panels exhibit springback along path 1 after the second trimming. With one 
exception, all of the panels display spring-forward along path 2 after the second trimming. 
The exception is the panel pressed in 1.2 mm thick 6111 at BHF = 30 tonnes. The mean 
M 2 obtained on this latter panel remains unchanged after the second trimming, Figs. 4.72 
and 4.73. Compare also Fig. 4.117 with Fig. 4.118. 

• As mentioned previously, 1.2 mm thick 5182 pressed with punch No. 1 at BHF = 40 tonnes 
exhibits, in contrast to all other sheet materials pressed with the same punch, spring-
forward along path 1 and springback along path 2 after the second trimming. Compare Fig. 
4.14 with Fig. 4.15 and Fig. 4.17 with Fig. 4.18. See also Figs. 4.109-4.112. 

The same sheet pressed with punch No. 2 at BHF = 40 tonnes behaves, as far as the 
trimming is concerned, in the same fashion (neglecting the formerly mentioned exception -
1.2 mm thick 6111) as the other sheet materials pressed with the same punch. It exhibits 
springback along path 1 and spring-forward along path 2 after the second trimming. 
Compare Fig. 4.21 with Fig. 4.22 and Fig. 4.24 with Fig. 4.25. See also Figs. 4.115-4.118. 

Judging from the available experimental data, one can, therefore, consider the different 
trimming behaviour of 1.2 mm thick 5182 pressed with punch No. 1 at BHF = 40 tonnes as 
an isolated case. 

• The influence of the punch shape is expressed by the values of a, (= ai). The magnitude of 
this parameter is smaller when punch No. 2 is used compared to if punch No. 1 is utilised. 
Compare Figs. 4.109-4.112 with Figs. 4.115-4.118. 

To examine the impact of the punch shape on the springback, let us examine IM/I and I M 2 I 
obtained on the panels pressed in the 1.2 mm thick sheets of materials 5182 and 6111. 
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These sheets are selected, since they exhibit the largest a/ (= a2) when pressed with both 

punches, 4.109-4.112 and Figs. 4.115-4.118. 

At the yield point, a, (= a2) = 0.8631 mm i f 1.2 mm thick 6111 is pressed with punch No. 
1, Table 4.1, whilst a/ (= a2) = 0.3892 mm when the same sheet is pressed with punch No. 
2, Table 4.2. Comparing Figs. 4.109-4.112 with Figs. 4.115-4.118, one can see a large 
overall springback reduction due to the smaller a/ (= a2), when utilising punch No. 2. 

Comparing the effective plastic strains obtained along path 1 on the panel pressed in 1.2 
mm thick 6111 with punch No. 1 to those attained when the same sheet is pressed with 
punch No. 2, one can see that the difference in the mean strain level is very small, Figs. 
4.113 and 4.119. 

Comparing the effective plastic strains obtained along path 2 on the panel pressed in 1.2 
mm thick 6111 with punch No. 1 to those obtained when the same sheet is pressed with 
punch No. 2, the difference in strain level is very small up to 140 mm from the panel 
centre. In the zone close to the panel wall, the strain on the panel pressed with punch No. 2 
is twice as high as the strain obtained on the panel pressed with punch No. 1, Figs. 4.114 
and 4.120. 

At the elastic limit, a, (= a2) = 0.6870 mm when 1.2 mm thick 5182 is pressed with punch 
No. 1, Table 4.1, whilst aj (= a2) = 0.2701 mm i f the same sheet is pressed with punch No. 
2, Table 4.2. 

Comparing Fig. 4.109 to Fig. 4.115, one can see a large reduction in IM/I after the first 
trimming. That is due to the smaller a; (= a2), when using punch No. 2. After the second 
trimming, IM/I is practically the same, regardless of the punch used, Figs. 4.110 and 4.116. 

Comparing Fig. 4.111 with Fig. 4.117, IM 2 I after the first trimming reduces due to the 
smaller a2 (= a/) as punch No. 2 is used. After the second trimming, l M 2 l obtained on the 
panel pressed with punch No. 2 is higher, in spite of the smaller a2 when this punch is 
utilised, Figs. 4.112 and 4.118. 

Recall, though, that 1.2 mm thick 5182 pressed with punch No. 1 exhibits, as opposed to 
the other sheet materials pressed with punch No. 1, spring-forward along path 1 and 
springback along path 2. A phenomenon, which judging from the available experimental 
data, seems to be non-recurrent. 

Comparing the effective plastic strains obtained along paths 1 and 2 on the panel pressed in 
1.2 mm thick 5182 with punch No. 1 to those acquired when the same sheet is pressed with 
punch No. 2, one can see that the difference in strain level is small, Figs. 4.113-4.114 & 
4.119-4.120. 

• Figs. 4.119 and 4.120 confirm, once again, that it is not appropriate to evaluate the 
springback behaviour of different sheet materials by comparing the magnitude and the 
distribution of the strains acquired on panels pressed in the same materials. 

Figs. 4.121 and 4.122 display the normalised mean absolute value of the springback (z-
deviation from the punch shape) along path 1, IM/l/7i/, obtained after the first and the second 
trimming respectively at the panel walls and at the highest possible binder force versus the 
normalised shift in the position of the neutral axis at the yield point, lajlt (= 2a2lt). 
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I M / I / Ä ; obtained after the first trimming increases, as exhibited in Fig. 4.121, with increasing 
laj/t. \khj\lhi is dependent upon the magnitude of the elastic moment released upon 
unloading, Mel, which is equal to the moment applied before unloading, Mj. See Eqn (Cl) in 
section 3.3 in the first part of this report. The latter moment is, in turn, a cubic function of ah 

Eqn (C3.59) in section 3.3 in part I . 

A polynomial of the third degree is, therefore, fitted to the experimentally obtained values in 
Fig. 4.121. R in Fig. 4.121 is a correlation factor and a measure of the how well the fitted 
curve corresponds to the experimental values. The closer to 1 the value of R is, the better is 
the agreement between the curve and the experimental values. Note that the correlation value 
given in Fig. 4.121 concerns R 2. R is closer to 1 than R . 

Neglecting the experimentally found value at about 2a]/1 = 1.145, which was obtained on the 
panel pressed in 1.2 mm thick 5182 with punch No. 1 (Fig. 4.110), one can see that \Ah]\/h, 
attained after the second trimming increases with increasing 2a,/f, Fig. 4.122. 

Recall that 1.2 mm thick 5182 pressed with punch No. 1 exhibited, in contrast to the other 
sheet materials pressed with punch No. 1, spring-forward along path 1. A phenomenon, which 
judging from the experimental data available, seems to be non-recurrent. 

Neglecting I M / I / Z J / obtained after the second trimming on the panel pressed in 1.2 mm thick 
5182 with punch No. 1 and fitting a polynomial of the third degree to all other experimental 
values, the curve shown in Fig. 4.122 is obtained. Including this value in the polynomial 
fitting, the obtained curve becomes S-formed (more S-formed than the curve in Fig. 4.121) 

and R 2 reduces to 0.8146. 

Figs. 4.123 and 4.124 depict the normalised mean absolute value of the springback (z-
deviation from the punch shape) along path 2, \Ah2\/h2, obtained after the first and the second 
trimming respectively at the panel walls and at the highest possible binder force as function of 
the normalised shift in the position of the neutral axis at the yield point, 2a2/t (= 2aj/t). 

\Ah2\/h2 is dependent upon the magnitude of the elastic moment released upon unloading, Me2, 
which is equal to the moment applied before unloading, M2. See Eqn (C2) in section 3.3 in the 
first part of this report. The latter moment is, in turn, a cubic function of a2, Eqn (C3.60) in 

section 3.3 in part I . 

A polynomial of the third degree is fitted to the experimental values in Fig_. 4.123. Note that 
the correlation value given in Fig. 4.123 concerns R . R is closer to 1 than R . 

It has, furthermore, been selected not to fit a curve to IA/i2!/7i2-values attained after the second 

trimming, Fig. 4.124. 

Neglecting the panels on which I M / W i ; and \Ah2\/h2 < 0.05, Figs. 4.121-4.123 show that the 
material with the largest 2aj/t (= 2a2/t) at the yield point exhibit the largest springback - = 
20% along path 1. Note once again that this large springback has been obtained at the highest 
possible binder force (fracture limit). 

In other words, the influence of the material properties, the sheet thickness and the punch  
shape cannot be neglected even if the highest possible binder force is applied. 
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U2C*ay'R*p,)/(t'E)]-l 

4.121. Normalised mean absolute value of the springback (z-deviation from the punch 
shape) along path 1, \Ah]Vhi, obtained at the panel walls and at the highest 
possible binder force versus the normalised shift in the position of the neutral 
axis at the yield point. Both punches, first trimming. R in the legend = 
correlation factor. 
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4.122. Normalised mean absolute value of the springback (z-deviation from the punch 
shape) along path 1, \AhjVh], obtained at the panel walls and at the highest 
possible binder force versus the normalised shift in the position of the neutral 
axis at the yield point. Both punches, second trimming. R in the legend = 
correlation factor. 
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4.123. Normalised mean absolute value of the springback (z-deviation from the punch 
shape) along path 2, \Ah2Vh2, obtained at the panel walls and at the highest 
possible binder force versus the normalised shift in the position of the neutral 
axis at the yield point. Both punches, first trimming. R in the legend = 
correlation factor. 
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4.124. Normalised mean absolute value of the springback (z-deviation from the punch 
shape) along path 2, \M2Vh2, obtained at the panel walls and at the highest 
possible binder force versus the normalised shift in the position of the neutral 
axis at the yield point. Both punches, second trimming. R in the legend = 
correlation factor. 
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In this section, it has been shown that 

• at low binder force levels, the influence of the shift in the position of the neutral axis 
required to initiate yielding on the springback can still be observed. The smaller this shift 
is, the smaller wil l be the springback, Figs. 4.95-4.97. 

• the springback decreases with increasing blank holding force, Figs. 4.101-4.104 & 4.105-
4.108. 

• applying a higher binder force is not a sufficient measure, as far as the minimisation 
(practical elimination) of springback is concerned. A high blank holding force might result 
in fracture (at the panel corners), before the springback is minimised. 

• the impact of the material properties, the sheet thickness and the punch shape (expressed as 
the magnitude of the shift in the position of the neutral axis at the yield point) on the 
springback can be traced, even i f the highest possible binder force (fracture limit) is 
applied, Figs. 4.121-4.124. 

At the elastic limit, some of the sheet materials used in this investigation exhibit a negative 
aj- (= a2-) value, Tables 4.1 and 4.2. As discussed in chapter 4 in part I , a negative a,- (a2-) 
value implies that plasticity is theoretically initiated by the bending moments in the first step 
of the assumed loading sequence. 

In this study, these negative values were used to check whether a negative a, (= a2) leads to a 
smaller springback compared to a a, (= a2) which is positive and very close to zero. Judging 
from the figures shown in this section, it is not possible to see such a tendency. That is 
particularly since the springback (\AhUh) obtained in the cases, where a\ (= a2) is negative or 
very close to zero, is usually very small - < 0.05. Measurement errors (for instance) might be 
the origin of differences observed in these cases. 

It is, therefore, suggested that all of the negative a,- (= a2-) values in Tables 4.1 and 4.2 are 
replaced by zero. Note that i f a/ = a2 = 0, also 7> = T2 = 0 at the yield point, Eqns (3.52)-
(3.53) and (4.3) in part I . 

Note finally that all of the sheet materials, for which ay = a2 = Tj = T2 = 0 at the yield point, 
exhibit a very small springback already at relatively low binder force levels, Figs. 4.101-4.104 
and 4.105-4.108. 

4.4 Complete theory versus experiments 

In Fig. 4.125-4.128, the deviation values calculated according to the complete analytical 
model derived in part I (see section 3.3 in part I) are compared to the experimental deviation 
values attained after the first and the second trimming on panels pressed in the steel sheet and 
the 2.0 mm thick sheet of material 6016. These figures concern pressing with punch No. 1. 

There are three efficiency factors in the derived analytical model - D b h , D d b and D M . When 
comparing the theoretical and experimental values, D b h and D M were kept constant, whilst 
Ddb was allowed to vary. 

In a single bending-unbending operation, D d b (= I/t], Eqns (3.112) & (3.115) in part 1) > or = 1. 
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4.125. Theoretical and experimental z-deviation from the punch shape, Ahj, as function 
of the distance from the panel centre. Material = steel (FeP04), sheet thickness 
= 0.8 mm, punch No. 1, path 1. BHF in the legend = applied binder force in 
metric tonnes (»10 kN). db = drawbeads were used. Concerning D b h , Ddb and 
D M , see section 3.3 in the first part of this report. 
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. 4.126. Theoretical and experimental z-deviation from the punch shape, A/i2, as function 
of the distance from the panel centre. Material = steel (FeP04), sheet thickness 
= 0.8 mm, punch No. 1, path 2. BHF in the legend = applied binder force in 
metric tonnes (»10 kN). db = drawbeads were used. Concerning Dbh, Ddb and 
D M , see section 3.3 in the first part of this report. 



B u m 

Punch No. 1, 
B H F = 5 5 , db, 

oath 1 

r — ' 1
 1 i 1 ' 

- | Material = 6016,2.0 mm Punch No. 1, 
B H F = 5 5 , db, 

oath 1 

r — ' 1
 1 i 1 ' 

- | Material = 6016,2.0 mm 
i 

Punch No. 1, 
B H F = 5 5 , db, 

oath 1 

Punch No. 1, 
B H F = 5 5 , db, 

oath 1 

( 5 i 
A o 

-

© E xn.. first 1 rimmi 

- A Exp., second trimming 
— ~ ~ Theoretical 

- A Exp., second trimming 
— ~ ~ Theoretical 

D B H = 20, D D B = 0.19, - A Exp., second trimming 
— ~ ~ Theoretical 

D B H = 20, D D B = 0.19, 1 - A Exp., second trimming 
— ~ ~ Theoretical D M = 0.1 1 - A Exp., second trimming 
— ~ ~ Theoretical D M = 0.1 

I l 

-120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120 

Distance from the panel centre (mm) 

. 4.127. Theoretical and experimental z-deviation from the punch shape, Ahj, as function 
of the distance from the panel centre. Material = 6016, sheet thickness = 2.0 
mm, punch No. 1, path 1. BHF in the legend = applied binder force in metric 
tonnes (»10 kN). db = drawbeads were used. Concerning Dbh, Ddb and D M , see 
section 3.3 in the first part of this report. 
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. 4.128. Theoretical and experimental z-deviation from the punch shape, Ah2, as function 
of the distance from the panel centre. Material = 6016, sheet thickness = 2.0 
mm, punch No. 1, path 2. BHF in the legend = applied binder force in metric 
tonnes (»10 kN). db = drawbeads were used. Concerning Dbh, D d b and D M , see 
section 3.3 in the first part of this report. 
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Ddb < 1. when several bending-unbending operations are conducted (/. e. pressing with 
drawbeads), Figs. 4.125-4.128 (see also Fig. 3.6 in part I). The theoretically obtained values 
correspond, in other words, well to the intentions of the analytical modelling. 

Ddb is larger along path 1 than along path 2, Figs. 4.125-4.128. Assuming that aj = a2 at the 

panel centre (a, = a2 in every sheet element on the double-curved surface of the panel), the 
tension (at the panel centre) acting along path 1 cannot be equal to the tension (at the panel 
centre) acting along path 2, since the punch curvature along path 1 differs from the punch 
curvature along path 2. 

This implies, in turn, that the restraining force (in the flange area) along path 1 differs from 
the restraining force (in the flange area) along path 2, although the drawbead cross section 
shape and the applied binder force level are the same along both paths. See also Fig. 4.20 in 
part I . 

This phenomenon is in practice characterised by different amounts of material flow along 
paths 1 and 2. In the flange area, more material is drawn towards the die cavity along path 1 
than along path 2. 

This implies, in turn, that the obtained difference in Ddb-values along paths 1 and 2 has 
practical relevance. 

Note, furthermore, that the values of Dbh, Ddb, and D M shown in Figs. 4.125-4.128 are 
acquired in an attempt to relate the complete analytical model to the conducted experiments. 
The actual values of specially Dbh and D d b must be determined by experiments in drawbead 
simulators. 

In such simulators, D b n and Ddb are determined by drawing a strip over a drawbead. This kind 
of experiments can be conducted under the action of a binder force or without applying any 
binder force. The discussion above implies that also the punch curvature affects the developed  
restraining force and must, therefore, be taken into consideration when experiments in  
drawbead simulators are designed. 

5. DISCUSSION 

In part I , it was shown that the tensions acting on the double-curved surface of the panel 
interact with the restraining forces developed in the flange area. The higher the restraining 
forces, the higher the tensions acting on the double-curved surface of the panel. 

The tensions acting on the double-curved surface affect the shift in the position of the neutral 
axis, a, and a 2 ( a j - a2 in the same sheet element). The higher the tensions, the larger is aj (= 

a2). The larger a/ (= a2) is, the smaller will be the moments acting on the double-curved 
surface and, finally, the smaller the moments, the smaller will the springback be. 

It was, in other words, shown that the higher the restraining forces developed in the flange 
area, the smaller the springback. The experimental data presented in sections 4.1 and 4.3 in 
the current report verify this prediction. 
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The restraining forces can be increased by increasing the blank holding force and/or by using a 
more "severe" drawbead shape. In this study, the restraining forces were increased by 
increasing the binder force. 

It was also shown in part I that the shift in the position of the neutral axis at the yield point 
(elastic limit), theoretically determined by 

C « O v « r v * , t 

a,=a2 = 1 p~ — , (Eqn (4.3) in part I) 
E 2 

should play a significant role in minimisation (practical elimination) of the springback. The 
experimental results presented in section 4.3 in the current part verify this theoretical 
prediction. 

It was also pointed out in part I that also the springback reduction rate at the elastic limit, 
theoretically determined by 

3./? Co v 

Ah, - - D M • —j- • y- along path 1 (Eqn (4.20) in part I) 
t E 

and 
3.;? ß n C a v 

Ah'2 = - D M . . i -2— y - along path 2 (Eqn (4.21) in part I) 
t E 

(valid in case a, = a2 > 0), should be important, as far as the springback reduction is 
concerned. Judging from the available experimental data, it is not possible to verify this 
influence. Ideally, one would prefer that a, (= a2) = 0 and Ah', & Ah'2 —> -°° at the yield point. 

Applying a higher binder force reduces the springback. However, the experimental results 
show that increasing the binder force is not a sufficient measure, as far as the minimisation 
(practical elimination) of springback is concerned. A higher binder force might lead to 
fracture (at the panel corners), before the springback is minimised. 

The experimental results show, furthermore, that the influence of the material properties, the 
sheet thickness and the punch shape (expressed as the magnitude of the shift in the position of 
the neutral axis at the yield point; a, (= a2)) on the springback can be traced, even if the 
highest possible (fracture limit) blank holding force is applied. 

It was shown in section 4.3 in the current part that all of the sheet materials, for which a, = a2  

= 0 at the onset of plasticity, exhibit a very small springback already at relatively (in 
comparison to the sheets with the same thickness) low binder force levels. 

In case a, = a2 = 0, also the tensions acting on the double curved surface T, = T2 = 0 at the 
elastic limit. 

Al l this signifies that if the sheet material and the punch shape are selected in such a fashion 
that 
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the springback can be minimised (practically eliminated) at moderate restraining force levels. 
This is an important conclusion, particularly for those practical cases, in which the restraining 
force is created solely by the aid of drawbeads. 

It is commonly held that sheet aluminium exhibits larger springback than steel sheet in 
industrial applications. Eqn (5.1) shows that the springback can be minimised with an 
appropriate punch design and sheet material (particularly yield strength and sheet thickness) 
selection, regardless of the material category. 

It was, furthermore, shown in part I that even i f the entire cross section is plastic in tension (a 
condition which results in a very small springback), the emerging plastic strains on the 
double-curved surface might be very small. The strain level obtained on a panel which 
exhibits a small springback might, therefore, differ only slightly from the strain level attained 
on a panel (pressed in the same material and thickness) which shows a large springback. 

This prediction was verified by the experimental data presented in section 4.1 in the present 
part. Compare, for instance, Fig. 4.1 with Fig. 4.3 or Fig. 4.78 with Fig. 4.80. 

This prediction is also verified by Figs. 5.1 and 5.2 which display the normalised mean 
absolute value of the springback along path 1 obtained at the panel walls after the first 
trimming, lA/i/l/Tz/, on panels pressed with punch No. 1 and punch No. 2 respectively versus 
the effective plastic strain at the panel centre. In these figures, the panel centre is defined as 
the centroid indicated in Fig. 3.6. 

The difference in strain level can, as exhibited in Figs. 5.1 and 5.2, be very small, although the 
difference in springback is large or very large. See, for instance, the values obtained for the 
1.2 mm thick sheet of material 6111, Figs. 5.1 and 5.2. 

The springback reduces with increasing binder force. The double-curved surface of the panel 
is stretched as the binder force is increased. As the springback is minimised, increasing the 
binder force leads, as shown in Figs. 5.1 and 5.2, only to larger strains. See, for instance, the 
values plotted for the steel sheet, Figs. 5.1 and 5.2. 

In section 4.3 in the present part of the report, the complete analytical model, derived in part I , 
was compared with the experimental results. In this section, it was shown that not only the 
drawbead shape and the magnitude of the applied binder force, but also the punch shape affect 
the developed restraining force. 

Even i f the drawbead shape and the magnitude of the applied binder force are the same along 
both paths, the developed restraining force along path 1 differs from the restraining force 
developed along path 2. 

Among all of the material, geometrical and process parameters affecting the restraining force 
(see the first part of this report), there is one, which should be commented specifically here -
the coefficient of friction (p b in the derived model). 

The portion of the total restraining force, which depends on the applied binder force, is 
theoretically highly dependent upon the magnitude of p b . See, for instance, Eqn (3.132) in part 
I . This should be examined experimentally. 
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Fig. 5.1. Normalised mean absolute value of the springback along path 1, \Ah]\/h], obtained 
at the panel walls after the first trimming versus effective plastic strain at the 
panel centre. Punch No. 1 and drawbeads were used. 
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Fig. 5.2. Normalised mean absolute value of the springback along path 1, \Ahi\/hi, obtained 
at the panel walls after the first trimming versus effective plastic strain at the 
panel centre. Punch No. 2 and drawbeads were used. 
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It is also known that the surface topography of the sheet along the rolling direction differs 
from that in the perpendicular direction. Some material suppliers produce, furthermore, sheets 
with specific surfaces qualities. This together with the knowledge about the influence of 
friction mentioned above should make it possible to deliberately increase the tensions along 
paths 1 and 2 and decrease the friction at the panel comer, where the risk of fracture is high. 

Concerning the double-curved surface of the panel, there is one parameter which should be 

commented specifically here - the strain ratio ß p . In derivation of elastic and plastic stresses 

and strains in section 3.1 in part I , it was assumed that ß p = £ 2 / 8 1 = R*pl I R*2 is constant in 

both elastic and plastic regimes. See Eqn (3.15) in the first part of this report. 

It would be interesting to examine this assumption by auditing the strain ratios obtained in 
practice. For this examination, some panels pressed in the steel sheet and the sheets of 
material 6016 are selected. 
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Fig. 5.3. Minor/major principal plastic strain, z\ I e f , as function of the distance from 

the panel centre. Both theoretical, Eqn (3.15) in part I , and experimental 

values are plotted. The figure concerns path 1 on panels pressed with punch 
No. 1. db in the legend signifies that drawbeads were used. 

Figs. 5.3 and 5.4 exhibit the strain ratio, z\ I e [ , as function of the distance from the panel 

centre along paths 1 and 2 respectively. These figures, which concern the panels pressed with 

punch No. 1. display both theoretical and experimental values. 

Comparing the mean values of experimentally acquired data along paths 1 and 2 on the panels 
pressed with punch No. 1, Figs. 5.3 and 5.4, one can see that the experimental values are 
larger than the theoretical. 

Figs. 5.5 and 5.6 show the strain ratio, z\l z\, as function of the distance from the panel 
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Fig. 5.4. Minor/major principal plastic strain, e | / e [ , as function of the distance from 

the panel centre. Both theoretical, Eqn (3.15) in part I, and experimental 

values are plotted. The figure concerns path 2 on panels pressed with punch 
No. 1. db in the legend signifies that drawbeads were used. 

centre along paths 1 and 2 respectively. These figures, which concern the panels pressed with 
punch No. 2. exhibit both theoretical and experimental values. 
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Fig. 5.5. Minor/major principal plastic strain, t\ I z\, as function of the distance from 

the panel centre. Both theoretical, Eqn (3.15) in part I, and experimental 

values are plotted. The figure concerns path 1 on panels pressed with punch 
No. 2. db in the legend signifies that drawbeads were used. 
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Fig. 5.6. Minor/major principal plastic strain, e\ I z\, as function of the distance from 

the panel centre. Both theoretical, Eqn (3.15) in part I , and experimental 

values are plotted. The figure concerns path 2 on panels pressed with punch 
No. 2. db in the legend signifies that drawbeads were used. 

Comparing the mean values of experimental data along paths 1 and 2 obtained on the panels 
pressed with punch No. 2, one can see that 

• the experimental strain ratio obtained along path 1 on the panel pressed without drawbeads 
in 1.2 mm thick 6016 is smaller than the theoretical, whilst the experimental strain ratio is 
larger than the theoretical in all other cases, Fig. 5.5. 

• The experimental strain ratio obtained along path 2 on the panel pressed without 
drawbeads in 1.2 mm thick 6016 is smaller than the theoretical, whilst the experimental 
strain ratios attained on the steel panel and the panel pressed 2.0 mm thick 6016 are larger 
than the theoretical. In the remaining case, the experimental strain ratio is nearly equal to 
the theoretical, Fig. 5.6. 

Note that the experimental values in Figs. 5.3-5.6 are based on measured principal (surface) 

strains. The ratio of the minor (path 2) to the major (path 1) strain differs from the ratio of the 

minor to the major principal (surface) strain, this difference being small or very small. On the 

other hand, it is assumed in part I that paths 1 and 2 coincide with the principal directions. 

Considering these facts and the obtained experimental values plotted in Figs. 5.3-5.6, ß p = 

8 2 / 6 1 = Rpj I R*p2 seems therefore to have been a reasonable assumption for analytical  

modelling. 

The magnitude of the springback at the panel walls (edges of the double curved panel surface) 
is another feature which also must be commented here. Theoretically, Fig. 4.17 in part I shows 
that Ah2 > Ahj at the walls of a panel pressed in 2.0 mm thick 6061 using punch No. 1. 
Considering the mean values of Ahj and Ah2 at the panel walls, this prediction is verified by 
Figs. 4.51 and 4.52 which show the deviation values obtained after the first trimming. How-
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ever, the same prediction cannot be verified by Fig. 4.52 and 4.55 which show the deviation 
values obtained after the second trimming. 

The conducted experiments (see section 4.1) show that M ; and M 2 are strongly 
interdependent and that a balance is reached after unloading and trimming - particularly the 
second trimrning. See Figs. 4.52 and 4.55 and compare them to Figs. 4.51 and 4.54. 

In chapter 1 in part I , it was mentioned that the following two factors initiate springback: 

• The non-uniform distribution of the stress during the forming. 
• The plastic bending moments released upon unloading. 

The plastic bending moments and their impact on the springback have been thoroughly 
accounted for in this study. Concerning the non-uniform stress distribution, which in turn 
leads to a non-uniform strain distribution, the discussion was restricted to Fig. 1.3 in part I . 
This figure shows that a non-uniform stress distribution actually follows with the type of 
forming (pressing of a double-curved panel) encountered. 

Figs. 4.109-4.112 & 4.115-4.118 indicate that IM/I and I M 2 I are in the absolute majority of 
the cases shown less than 0.6 mm, if a, (= a 2) at the yield point is < 0.35 and the binder force 
is the highest possible. A deviation which is smaller than 0.6 mm implies that the springback 
should, in practice, be considered as vanished. 

The non-uniform stress distribution during forming has perhaps a major impact on the 
springback, when very large panels (on which there may be zones which are not stretched at 
all) are considered. The non-uniform stress distribution should have a major role in warping of 
the panels pressed in this study. See the deviation figures in section 4.1. However, the non
uniform stress distribution and its influence on springback or warping are a subject for another 
investigation. 

Some remarks are finally due, concerning the strain hardening behaviour of the studied 
materials. The strain hardening exponent, n, is usually used to describe the strain hardening 
behaviour. It is also used as a measure of how evenly the strains are distributed during the 
deformation. See also section 3.5.1 in the present part of this report. 

The strain hardening capacity, (l/o")5cr/5e, is used as a measure of how much more load the 
material can carry before failure. See also section 3.5.1 in the present part of this report. 
According to some researchers, the strain hardening capacity is a better measure of the strain 
hardening behaviour of materials. 

Fig. 5.7 exhibits the incremental strain hardening exponent, n, as function of the effective 
plastic strain in tensile testing along the rolling direction. The figure concerns the 1.2 mm  
thick sheets of the aluminium grades and the steel sheet. 

Usually, the surface of the autobody panels are not deformed more than 10% at the most. In 
this investigation: 

• the panels pressed in materials 6016 and 6111 are, at the most, deformed = 2% at the centre 
and = 4% at the corners, and 

• the panels pressed in the steel sheet and material 5182 are, at the most, deformed = 5% at 
the centre and = 8-9% at the corners. 
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Fig. 5.7. The incremental strain hardening exponent, n, versus the effective plastic strain in 
tensile testing along the rolling direction. The figure concerns the 1.2 mm thick 
sheets of the aluminium grades. 

This implies that a n-value, which is determined at a larger strain than 10%, is generally not 
quite relevant, i f forming of autobody panels is considered. 

Fig. 5.7 shows the n-values obtained up to = 15% plastic extension. Looking at the interval 

(effective plastic strain) e£ = 0-4% in Fig. 5.7, one can see that 6016 exhibits a better strain 

hardening behaviour than 6111. This does not comply with the conventionally determined n-

values of these materials shown in Table 2.1. 

Looking at the interval z\ = 2-4% in Fig. 5.7, the steel sheet exhibits a larger n-value than all 

other materials. A property, which is difficult to capture, when the n-value is determined 

conventionally, Table 2.1. 

In the interval e£ = 5-9%, the steel sheet exhibits a stable n-value. While larger than the n-
value of the steel sheet, the n-value of 5182 exhibits a serrated behaviour in the studied 

interval. See Fig. 5.7 and Table 2.1. 

The incremental strain hardening capacity, (l/c)5o75e, obtained along the rolling direction is 
plotted versus the effective plastic strain in Fig. 5.8. Also this figure concerns the 1.2 mm  
thick sheets of the aluminium grades and the steel sheet. 

In the interval 3% <E£ < 16%, the strain hardening capacities of materials 5182 and 6016 are 

larger than those of materials 6111 and FeP04, which the latter are almost identical, Fig. 5.8. 

This does not comply with the ranking given by the n-values shown in Table 2.1 (specially as 

far as materials 6016 and 6111 are concerned), i f (1/O*)5O78E is used as a measure of the strain 

hardening behaviour of materials. 
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Fig. 5.8. The Incremental strain hardening capacity, (l/a)8o"/5£, versus the effective plastic 
strain in tensile testing along the rolling direction. The figure concerns the 1.2 mm 
thick sheets of the aluminium grades. 

In the interval 0% <e£ < 3%, it is difficult to classify the strain hardening capacities of the 
materials in this study in a certain manner, Fig. 5.8. However, i f (l/ø)8o78e is used as a 
measure of the strain hardening behaviour of materials, the values plotted in Fig. 5.8 in the 
interval 0% <e£ < 3% do not correspond with the ranking given by the n-values in Table 2.1. 

Al l this indicates that the conventionally determined n-values do not describe the strain 
hardening behaviours of these material in the relevant strain intervals properly. 

In order to obtain a better description of the strain hardening behaviour of sheet materials, 
which are to be formed to autobody panels, it is therefore suggested that the n-value is 
determined at 1, 2, 4, 6, 8, and 10% plastic extension and that also the strain hardening 
capacity, (l/o~)So7Se, is calculated at these extensions in tensile testing. 

6. CONCLUSIONS 

The conclusions drawn in this investigation can be summarised in the following manner: 

• Utilising the analytical model derived in part I , it was predicted that the springback of a 
double-curved panel decreases with increasing restraining force (in this investigation varied 
by changing the binder force) in the flange area. 

This prediction was verified by the experimental results attained both after the first and  
after the second trimming presented in section 4.1 in this part of the report. 

• It was shown in part I that the shift in the position of the neutral axis at the yield point, 
theoretically determined by 
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C'Oy 'Rpl t 
a,=a2= ' , 

1 2 E 2 

should play a significant role in minimisation (practical elimination) of the springback. The 
experimental results presented in section 4.3 in the current part verify this prediction. 

It was also shown in part I that the springback reduction rate, theoretically determined by 

3./? Ca v 

Ahj = - D M • — ^ - . — y - along path 1 
t E 

and 

Ah'2 = - D M • . ^ p C G y along path 2 

(valid in case a; = a2 > 0 at the yield point), should also be important, as far as the 
springback reduction is concerned. Judging from the available experimental data, it is not 
possible to verify this influence. Ideally, one would prefer that a; (= a2 ) = 0 and Ah) and 
Ah'2 —»-oo at the yield point. 

Applying a higher binder force reduces the springback. However, the experimental results 
show that increasing the binder force is not a sufficient measure, as far as the minimisation 
(practical elimination) of springback is concerned. A higher binder force may lead to 
fracture (at the panel corners) before the springback is minimised. 

The experimental results show, furthermore, that the impact of the material properties, the 
sheet thickness and the punch shape (expressed as the magnitude of the shift in the position 
of the neutral axis at the yield point (a; (= a2)j on the springback can be traced, even i f the 
highest possible (fracture limit) blank holding force is applied. 

It was shown in section 4.3 in the current part that all of the sheet materials, for which a ; = 
0 2 = 0 at the yield point, exhibit a very small springback already at relatively (in 
comparison to the sheets with the same thickness) low binder force levels. 

If a; = a2 = 0, also the tensions acting on the double curved surface Tj = T2 = 0 at the yield 
point. 

Al l this signifies that i f the sheet material and the punch shape are selected in such a 
fashion that 

Rp0.2 _ ° y _ 

2C.R;, 

the springback can be minimised (practically eliminated) at moderate restraining force 
levels. This is an important conclusion, particularly for those practical cases in which the 
restraining force is created only by the aid of drawbeads. 

It is commonly held that sheet aluminium exhibits larger springback than steel sheet in 
industrial applications. The expression above shows that the springback can be minimised 
with an appropriate punch design and sheet material (particularly yield strength and sheet 
thickness) selection, regardless of the material category. 

It was, furthermore, shown in part I that even if the entire cross section is plastic in tension, 
the emerging plastic strains on the double-curved surface are very small. The strain level 
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obtained on a panel, which exhibits a small springback, may therefore differ only slightly 
from the strain level attained on a panel (pressed in the same material and thickness), 
which shows a large springback. 

This prediction was verified experimentally, Figs. 4.1, 4.3, 4.78, 4.80, 5.1-5.2. 

It is not possible to evaluate the springback behaviour of different sheet materials by 
comparing the z-deviation values obtained on panels pressed (in the same sheet materials) 
to the same strain level at the centre, Figs. 4.87,4.89,4.91 and 4.93. 

It is also impossible to find a logical relationship between the springback behaviour of 
different sheet materials and the mean value of the effective plastic strains obtained on the 
double-curved panels pressed in the same sheet materials, Figs. 4.88,4.90,4.92 and 4.94. 

Theoretically, the restraining force (in the flange area) along path 1 differs from the 
restraining force (in the flange area) along path 2, although the drawbead cross section 
shape and the applied binder force level are the same along both paths. 

This phenomenon is, in practice, characterised by different amounts of material flow along 
paths 1 and 2. In the flange area, more material is drawn towards the die cavity along path 
1 than along path 2. 

This implies that, besides the drawbead shape and the binder force level, also the punch 
curvature affects the developed restraining force and must therefore be taken into 
consideration, when experiments in drawbead simulators are designed. 

The complete analytical model, derived in the first part of this report, is a valuable tool in 
determination of the influence of all major process and material parameters on the 
springback, Figs. 4.125-4.128. 

An experimental determination of specially the influence of the binder force, Dbh, and the 

impact of the drawbead, D^b, on the total restraining force in the flange area, particularly i f 
the punch curvature is taken into consideration in these experiments, wil l help improving 
the accuracy and applicability of the derived model. 

Compared to the first trimming, the second trimming leads to springback along path 1 and 
spring-forward along path 2. However, there are a few exceptions to this general 
behaviour: 

^ 1 . 2 mm thick 5182 pressed with punch No. 1, drawbeads and the binder force set at 
40 tonnes. This panel exhibits a small spring-forward along path 1 and a small 
springback along path 2 after the second trimming. 

^ 2.0 mm thick 6016 pressed with punch No. 1, drawbeads and the binder force set at 
55 tonnes. This panel displays solely spring-forward along path 2 after the second 
trimming. 

^ 2.0 mm thick 6016 pressed with punch No. 2, drawbeads and the binder force set at 
20 tonnes. This panel displays solely springback along path 1 after the second 
trimming. 

O 1.2 mm thick 6111 pressed with punch No. 2, drawbeads and the binder force set at 
30 tonnes. This panel exhibits neither springback nor spring-forward along paths 1 
and 2 after the second trimming. 
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The major exception to this general behaviour after the second trimming is the first panel -
the panel pressed in material 5182. 

However, the behaviour of the panels above can be considered as exceptions which prove 
the rule (judging from the available data). 

• The non-uniform stress/strain distribution during the forming should play a major role in 
warping of the panels pressed in this study. This influence is suggested to be studied in 
another investigation, 

• Usually, panels of the type pressed in this study are not deformed more than 10% at the 
most. The conventionally determined n-values do not describe the strain hardening 
behaviour of the material in the relevant strain interval (up to 10%) properly. 

To obtain a better description of the strain hardening behaviour of sheet materials, which 
are to be formed to autobody panels, it is therefore suggested that (in tensile testing) the n-
value is determined at 1,2, 4, 6, 8, and 10% extension and that also the strain hardening 
capacity, (l/o)5o/5e, is calculated at these extensions. 
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ABSTRACT 

In this investigation, vertical stretch and shrink flanging of sheet aluminium by fluid forming 
is studied experimentally and theoretically. The theoretical part comprises constructed 
analytical models for prediction of the fracture limit in stretch flanging, wrinkling limit in 
shrink flanging, and flange length/height, strain distribution along the flange and the hoop 
strain at the flange edge in both flanging operations. 

The experimental and analytical values are compared to those attained by finite element 
simulations. The finite element simulations were conducted at the Institute of 
Technology/Linköping University. 

The obtained results show that the constructed analytical models can with good accuracy 
predict the strain distribution along the flange, the flange length, the flange height, the 
circumferential strain at the flange edge, and the level of the fracture/wrinkling limit in 
stretch/shrink flanging by fluid forming. 

In both stretch and shrink flanging, the process parameters, i. e. the die radius, Rd, the die 
profile radius, r^, and the initial blank radius, Ri, are the most influential parameters, as far as 
the length, L, and the height, H, of a vertical flange are concerned. 

The fracture limit in stretch flanging is determined by the plastic strain ratio, R, the strain 
hardening exponent, n, and the uniform strain (tensile testing), £Umform- The larger the 
magnitude of these parameters, the higher will the fracture limit be. It is essential to note that 
R and, particularly, n must be determined at large strains in tensile test. 

As far as the stress state along the flange, the fracture limit, and the flange length/height are 
concerned, there should be no major differences between stretch flanging by fluid forming and 
that conducted conventionally with rigid punch and die (the clearance between the punch and 
die in conventional forming should cause some minor differences). 

Concerning the wrinkling limit in shrink flanging, the initial sheet thickness, t0, the die radius, 
Rd, the strain hardening exponent, n, the strength coefficient, K, and Young's modulus, E, are 
all important parameters, n, K and R must be determined at small strains in tensile test. 

The maximum available pressure must, however, be characterized as the unambiguously most 
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significant parameter, which determines the magnitude of the wrinkling strain. That is i f the 
shrink flanging is, as in this study, conducted at the maximum available pressure (70 MPa or 
700 bar in this investigation). 

The wrinkling limit in shrink flanging by fluid forming conducted at the maximum pressure 
set at 70 MPa is certainly several times larger in magnitude than that in shrink flanging by 
conventional tools (rigid punch and die). 

The wrinkling limit in shrink flanging by fluid forming is dependent upon the maximum 
available press pressure. The larger the press capacity, the larger (in magnitude) wrinkling 
limit should be expected. 

Lot size neglected, fluid forming conducted at high pressure should be the best method to 
produce high wrinkle-free shrunk flanges. 

Pages: 95 
Equations: 128 
Figures: 79 
Tables: 5 
References: 18 
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P R E F A C E 

The present report is an account of a theoretical and experimental study conducted at the 
Swedish Institute for Metals Research on stretch and shrink flanging of sheet aluminium by 
fluid forming. The purpose of this study has been to construct and experimentally verify 
simple analytical models (mathematical expressions) which can be used at Saab Military 
Aircraft to easily calculate 

• the fracture limit in stretch flanging, 
• the wrinkling limit in shrink flanging, and 
• the initial blank radius and the flange length/height in both flanging operations. 

The results obtained by finite element simulations of stretch and shrink flanging by fluid 
forming are also included in this report. These simulations were, though, conducted at the Div. 
of Solid Mechanics, Dept. of Mechanical Engineering, Institute of Technology, Linköping 
University. 
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NOTATION 

A Current cross section area of the tensile specimen. 
Ao Initial cross section area of the tensile specimen. 
A 5 0 Total extension. 
Au„if0rm Uniform extension. 
E Young's modulus. 
Eo Plastic buckling modulus. 
H Flange height; H = L + r^. 
K Strength coefficient in the Ludwik-Hollomon hardening relationship. 
/ Current gauge length in tensile test. 
lo Initial gauge length in tensile test. 
L Flange length; L = H- rj. 
n Strain hardening exponent in the Ludwik-Hollomon hardening relationship. 
p Forming pressure. 
pe Forming pressure at the flange edge. 
P Tensile load. 
Pm Tangent modulus; the slope of the tensile stress/strain curve in the plastic region. 
rc Current radius of an arbitrary sheet element. 
r<i Die profile radius. 
r; Initial radius of an arbitrary sheet element. 
R Plastic strain ratio determined along (Ro), 45° (R45) and 90° (Rgo) to the rolling 

direction by tensile test. 
R1 Initial blank radius. 
R2 Final flange radius; = (RD - (t/2)) in stretch flanging; = (RD + (t/2)) in shrink 

flanging. 
RD Die radius. 
Re = (RD + rj) in stretch flanging; =(RD - rj) in shrink flanging. 
t Current/final sheet thickness. 

to Initial sheet thickness. 

T, Tension along the tensile specimen. 

Tr 
Radial tension. 
Circumferential tension. 

Greek and mixed letters 

a Flange angle. 

ß Strain ratio; = £ 2 / 6 1 -

Y Strain ratio; = £ r /£ e . 

E l Length strain in tensile test. 
* Considére strain; = n. 
* The strain at local necking; = (1 + R)n. 

e2 
Width strain in tensile test. 

Radial strain. 
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Thickness strain. 

Total strain/fracture strain in tensile test. 

^-uniform Uniform strain in tensile test. 
ee Circumferential strain. 
E6cr Total critical (wrinkling) circumferential strain. 
fc6cr Elastic portion of the total critical (wrinkling) circumferential strain. 
t6cr Plastic portion of the total critical (wrinkling) circumferential strain. 

Maximum circumferential strain obtained at the flange edge. 
K Stress ratio; = 0"r/o"9. 

G?l Tensile stress. 

O r 
Radial stress. 

°e Circumferential stress. 

<Secr Critical (wrinkling) circumferential stress. 
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1. INTRODUCTION 

Flanging, a major sheet metal forming operation, is used to give the component a smooth 
rounded edge, a higher rigidity, or a higher strength. It is also common to form flanges in 
order to provide hidden joints. Flanging can be divided into several sub-operations, Fig. 1.1. 
This study is focused on stretch flanging and shrink flanging, Fig. 1.1. 

Stretch Hange Straight flange 

Shrink flange 

Reverse flange 

Jogged flange 

Hole flange 

Fig. 1.1. Different flange types, [1 ]. 

In shrink flanging, the flange shrinks during the forming, Fig. 1.2(a). Each radial zone, shaded 
region in Fig. 1.2(a), is folded 90° along a radial line to form the flange or the wall. Since the 
arc length of the final flange is smaller than the arc length of the original element, 
compression must take place in the circumferential direction. The greater the flange height, 
the greater is the amount of compression. 

In shrink flanging, the compression is the largest at the top of the flange and (~) zero at the 
transition between the flange and die profile radius, Fig. 1.2(a). 

Stretch flanging, Fig. 1.2(b), is the opposite to shrink flanging. Here, tension is required to 
generate the increase in the arc length, Fig. 1.2(b). Hole expansion is a common type of 
stretch flanging under axisymmetrical conditions, Fig. 1.1. 

Flanging, particularly shrink flanging, has not been subject to extensive studies. The author 
has, furthermore, not found more than one published investigation carried out on shrink or 
stretch flanging by fluid forming, [3]. 

The dominant deformation in flanging is hoop tension (stretch flanging) or compression 
(shrink flanging). The flange radius is usually much greater than the sheet thickness. The 
bending moment along the hoop direction is, therefore, negligible. 

Local bending at the die profile radius does not have any significant influence on the overall 
flanging deformation. If, however, the die profile radius is very small in relation to the sheet 
thickness, fracture might occur in the bending zone at the die shoulder - a failure type which is 
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Fig. 1.2. Flanging: (a) shrink flanging, and (b) stretch flanging, [2]. 

not of interest in this study. 

Different failure types in flanging, /. e. necking, tearing and wrinkling, are chiefly caused by 
an excess in-plane membrane strain/stress at the flange edge. A membrane analysis is, 
therefore, justified. 

With this assumption, membrane approximation, in mind, analytical models for stretch and 
shrink flanging respectively will be derived in the following chapter. It must be noted that this 
study deals with shrink and stretch flanging by fluid forming, Fig. 1.3. 

As far as the peak strains, fracture/necking limits, and wrinkling limits (derived in the 
following chapter) are concerned, the expressions for these strains and limits can also be used 
for a study of stretch and shrink flanging by rigid tool parts. A circumstance which is not 
valid, concerning the expressions (also derived in the next chapter) for the fluid pressure 
required to form a stretched and a shrunk flange respectively. 

(a) Prior to fluid forming. (b) At the end of fluid forming. 

Fig. 1.3. Fluid forming: (a) prior to and (b) at the end of forming. 
The figure is from [3] and strongly modified. 

The theoretical part of this investigation consists of analytical modelling, mentioned above, 
and finite element simulation. The finite element simulations have been conducted at the 
Institute of Technology/Linköpings university, [4]. 

In the experimental part of this study, the fracture limit in stretch flanging and the wrinkling 
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limit in shrink flanging were determined. In these experiments, different dies with different 
radii were used. 

In this report, the results obtained by comparing the theoretical (both analytical and finite 
element) values and those found experimentally are accounted for. The purpose of this study 
was to find simple mathematical expressions for quick estimations of the formability of sheet 
aluminium in stretch and shrink flanging by fluid forming. 

2. A N A L Y T I C A L MODELLING 

2.1 Stretch flanging 

The geometry and notation of axisymmetric stretch flanging are shown in Fig. 2.1. Consider 
an arbitrary point, A, in the undeformed condition and the corresponding point at the deformed 
configuration, A', Fig. 2.1. The deformation at this point on the flange can be described by the 
logarithmic radial, circumferential and thickness strains respectively 

e r = l n — , e e = l n —, and e r = l n — (2.1) 
dr rt t0 

in which t is the sheet thickness at rc. Assume plastic incompressibility and neglect elastic 
strains, so that 

e r + e e + e r = 0 (2.2) 

The flange can be divided into two regions separated by the point B in Fig. 2.1. The first 

region is the bending zone at the die profile radius, rd. The second zone consists of the straight 
portion of the flange, Fig. 2.1. 

The first region - the bending zone at the die profile radius - is not at the focus in the study. 
However, it is assumed that the ratio of the die profile radius to the sheet thickness is selected 
in such a fashion that failure does not occur in this region. 

Here, the second region is at the focus and the following expression can be written for rc in 
terms of s from the geometry in Fig. 2.1: 

rc = Re-(rd - r - l . s i n a - i . c o s a (2.3) 

2.1.1 Assumptions 

Fig. 2.1 exhibits an axisymmetric stretch flanging operation, i. e. hole expansion, Fig. 1.1. It is 
assumed that an axisymmetric model can be used, even i f forming of solely a portion, Fig. 
1.2(b), of the circular flange is considered. This assumption is proved to be reasonable, 
particularly for prediction of the peak strains and stresses, by the experimental results present-
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ed in [5] and [6]. 

Axisymmetric stretch flanging can analytically be modelled based on total strain theory. 
Utilizing this theory, Wang et. al, [7], have shown that for the two regions mentioned above 
(the zone at the die profile radius and the straight portion of the flange, Fig. 2.1), the 
deformation mode can be calculated by the following expression, 

^ = ^~»(4l + 2R' cot ty-Il) (2.4) 
£Q 1 + 7? 
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in which R is the plastic strain ratio. Let us now look at the parameter $ in Eqn (2.4). 

Utilizing appropriate boundary conditions and conducting time consuming calculations, Wang 
et. al, [7], found the typical distribution of parameter (j) displayed in Fig. 2.2. In this figure, ø 
(dimension = radians) in the deformed condition is plotted against the non-dimensional 
variable 

y =—£ '-
Re-R, 

for different flange angles, a (see Fig. 2.1). y is, in other words, a measure of the position of 
each sheet element in the undeformed condition, Fig. 2.1. The smaller y is, the closer is the 
sheet element to the region around the die profile radius - region I . 

3.0 rr,, + V 2 ) « e = -0373 

RjtRc=m 
n = .218 

| a = 180° Ä = 1.5 

2.0 A N a = 135° 
X £ C - _ _ _ _ / a = 93.4° 

1.0 

.2 .4 .6 .8 1.0 
y 

Fig. 2.2. Distribution of (j) in regions I and I I . n = the strain hardening exponent in 
the Ludwik-Hollomon hardening relationship, a = flange angle. The 
figure is from [7] and somewhat modified. See also Fig. 2.1. 

Note in Fig. 2.2 how the value of ()> at y = 0 (r, = Re) changes as a passes through the critical 

value of 93.4°. In the straight portion of the flange, the region this study is focused on, the 
value of (j> does not vary much from Tt/2. That is regardless of the value of a. At the flange 

edge, y = 1, <|) = 7t/2 for all flange angles. Note finally that in the straight portion of the flange 
(|> can be considered to be exactly equal to TC/2, i f the flange is vertical, Fig. 2.2. 

Assuming that <j> = 7t/2 everywhere along the straight portion of the flange and utilizing Eqn 
(2.4), one obtains 

£, = . £ f i (2.5) 
l + R 8 

Eqn (2.5) means that the state of stress in the straight portion of the flange can be assumed to 

be uniaxial. In other words, ar (radial stress) = 0 and a e (hoop stress) ^ 0. 

Summarizing this section, the intention is to make the following assumptions: 
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• An axisymmetric model can be used to predict the emerging strains and stresses, even if 
solely a segment of the circular flange is considered. 

• The state of stress is uniaxial everywhere along the straight portion of the flange. 

Recall too that in the previous chapter it was assumed that necking or tearing in stretch 
flanging are mainly caused by an excess in-plane membrane strain/stress at the flange edge. 
Looking at Fig. 2.2, all of these assumptions seem to be highly justifiable. 

2.1.2 Flange length 

Substituting the first two expressions in Eqn (2.1) into Eqn (2.5) yields 

R 

dr 

r . \ l+R 
(2.6) 

in which rc is a function of s, Eqn (2.3). Eqn (2.6) can be integrated over the entire flange 

R Re -[rd+^ j»sin a 
l+R 

r„) 'ds 
f — dr (2.7) 

Substituting Eqn (2.3) into Eqn (2.7) and integrating yields 

Rj 
R. 

1 -

V v 

1 

cos a 

t > \ 
+-

2 
• sina 

Re 
J ) 

f f t \ 

1 - 2 

Re 
V J 

1+2R 

l+R 

1 - -
cosa 

1+2R 

l+R 

• sin a • cos a 
R„ 

l+R 

1+2R 

(2.8) 

If the flange angle a = 90 , Eqn (2.8) can be rewritten as 

R 

R, 
l _ 1 - -

1 + 27?^ L 

l + R )' RP 

l+R 

1+2R 

(2.9) 

Utilizing Eqn (2.3), the radial distance to the final flange edge, R2, can be denoted as, Fig. 2.1, 
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R. 
1 -

( t \ 
rd+: 

"RV 
v J 

• sm a • cos a 
R„ 

I f the flange is vertical, Eqn (2.10) can be rewritten as 

* 2 

R. 

Eqn (2.11) can, in turn, be rewritten as 

^ 2 

Re 
V J 

(2.10) 

(2.11) 

Re =R2 + 2+rd =RD

 + rd (2.12) 

in which RD = die (tool) radius, Fig. 2.1. 

Eqns (2.8)-(2.12) provide a relationship between the initial blank size, tool dimensions and the 
flange geometry. 

Combining Eqn (2.12) with Eqn (2.9), the length, L, of a vertical flange is obtained 

R 

l + R 

1 + 2R 
R D - - - R r 

R, 

RD- 2) 

l+R 

Utilizing the third expression in Eqn (2.1), Eqn (2.2) and Eqn (2.5), one can write 

(2.13) 

\ R i J 

l+R 
(2.14) 

which in combination with Eqn (2.12) becomes 

t 
RD-, 

R, 

l+R 

yRj J 

l+R ( r ^ 

\ R D ) 

l+R 
(2.15) 

since t/2 is very much smaller than Rp and Rj. 

Substituting Eqn (2.15) into Eqn (2.13) yields 
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L = 
l + R 

1 + 2R 
Rn~^ 

KRDJ 

i+R 
-R 1' 

Rn-

R, 
i 

2 

(2.16) 

Eqn (2.16), valid only for vertical flanges, shows that the flange length, L, is mainly 
dependent upon the initial blank radius, R,, the tool (die) radius, RD, and the plastic strain 
ratio, R. The initial sheet thickness, to, (or the whole thickness expression) is very much 
smaller than R, and Rp, why thickness is predicted to have a minor influence on the flange 
length, Eqn (2.16). 

2.1.3 Peak strain - necking and tearing 

The maximum strain in the flange is obtained at the flange edge and is (in the circumferential 
direction) equal to 

R2 

~"%max = ln-
R, 

where R; and R2 are given by Eqns (2.8) and (2.10), and which in combination with Eqns 
(2.12) and (2.15) can for a vertical flange be rewritten as 

£ < W = m — = ln 
R l 

RD-, 

In 

R D -
\RDJ 

l+R 

(2.17) 

It has been assumed that the state of stress is uniaxial and that the deformation mode is 
characterized by Eqn (2.5) along the straight portion of the flange. This assumed condition is 
identical to the prevailing stress and strain mode in tensile testing. Both in stretch flanging and 
in tensile testing, the failure is caused by necking and tearing. 

In tensile testing, the uniform extension, A u n i f o r m , and the total extension, A50, are measures of 
the onset necking and tearing respectively. Using A u n i f o r m , A50 and the maximum strain at the 
flange edge, e 6 m a x in Eqn (2.17), necking and tearing criteria for stretch flanging are 
obtained. In other words, 

~&max = ln 1 + 
A -f N 
^uniform 

100 
and 

A 
£øm<rc = l n | 1 + ^ I -tearing. 

, onset of necking, (2.18) 

(2.19) 
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The onset of diffuse necking and local necking can also be found theoretically. To find the 
theoretical limit for diffuse necking, let us look at the conditions at maximum load in tensile 
testing, Fig. 2.3 (see also [8]). The deforming load is, Fig. 2.3, 

P = rj] • A = a, • AQ • — (2.20) 

Differentiation of Eqn (2.20) yields 

dP _ dp, | dA _ do~, 

P a, A a, 
-de. 

A - wt, Ag-l0 = A'l 

dE I = di//=-(L4/^; 

Fig. 2.3. Gauge area in tensile testing of a perfect strip test-piece. 

At the load maximum, dP = 0, and Eqn (2.21) can be rewritten as 

J L Ä - 1 
o, de, 

(2.21) 

(2.22) 

Assume that the material obeys the following stress-strain relationship (Ludwik-Hollomon), in 
which the stress is a smoothly increasing monotonic function of the strain, 

Derivation of Eqn (2.23) yields 

a, = Kzt 

1 do, _ n 

a, de, e, 

Equating Eqns (2.22) and (2.24), one obtains 

in which z\d = the theoretical strain at maximum load/onset of diffuse necking. 

(2.23) 

(2.24) 

(2.25) 

It has been observed experimentally that there is a considerable scatter in the maximum 
uniform strain - the strain at maximum load - and that the maximum uniform strain is less 
than the so-called Considére strain, Eqn (2.25), [8]. 
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This scatter is caused by inhomogeneity and an easy way to overcome this difficulty is to 
measure the strain at some lower load , say 95% of the maximum. It is found that this strain is 
less influenced by inhomogeneity, [8]. 

To find the theoretical limit for local necking, it is assumed that the tension which is 
transmitted through the sheet, Fig. 2.3, is defined by 

T,=csx.t (2.26) 

A necessary condition for local necking is postulated as 

dT, < 0 (2.27) 

For the tensile specimen is Fig. 2.3, the principal stresses and strain increments are 

ay, o 2 = a 3 = 0 (2.28) 

der, de2/de3 = r?,de2 = ßdei; de3 (det) = -(l+ß)dei (2.29) 

ß = -7?/(l+/?) (2.30) 

Eqn (2.26) can be differentiated as 

dT, T, dø, dt dø, , dø, ,, „. , 
J - = — L + — = — L + de3 = — L - ( l + ß ) d e , 

T; 0 , t 0 , 0 , 

(2.31) 

When the tension reaches a maximum, dT; = 0 (Eqn (2.27)) and Eqn (2.31) can be rewritten as 

• = l + ß (2.32) 
o, de. 

Equating Eqns (2.24) and (2.32), we obtain 

(2.33) 
' (1 + ß) 

Substituting Eqn (2.30) into Eqn (2.33) yields 

e » = ( l + Ä)»n (2.34) 

in which e,/ = the theoretical strain at maximum tension/local necking. 

Eqns (2.26)-(2.34) are derived in accordance to the concept presented in [8]. The same result 
(Eqn (2.34)) can, however, be obtained by another approach. See, for instance, S. L. Semiatin 

& J. J. Jonas: Formability & Workability of Metals - Plastic Instability & Flow Localization, 

American Society for Metals, Ohio, U.S.A., 1984, pp. 191-193. 
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Equating Eqns (2.17) and (2.25) and (2.17) and (2.34), the theoretical limits for diffuse and 
local necking in stretch flanging are obtained 

eQmax = £\d = n a t diffuse necking, (2.35) 

and 

£&max = e u =(1 + Æ)»« at local necking. (2.36) 

2.1.4 Forming pressure 

Fig. 2.4 exhibits the hoop forces and their resultant and the normal forces acting on an 
arbitrary shell element in stretch flanging. Recall that it is assumed that the stress state is 
uniaxial along the straight portion of the flange, for which reason there are not any meridional 
forces acting on the element, Fig. 2.4. 

Note in Fig. 2.4(a) that the hoop tension, 7"e, gives rise to a radial inward force component 

r e — — T d B . 

sm a — 
2 

Resolving the forces along the surface normal, Fig. 2.4(b), one obtains (see also [8]) 

df dr 
prcd% — 7 - Z — ^ - 7"e — j S . — - dQ sin = 0 (2.37) 

sin a sin a  
V 2) \ 2) 

in which p = forming pressure, § = Tt - a, Fig. 2.4. Simplifying Eqn (2.37) yields 

sin<)> sin(7t-a) sina 
p = / g . = l d • = l e . (Z.lX) 

V 'c c 

Tg = 0"g«?, in which t = current sheet thickness, why Eqn (2.38) can be rewritten as 

p = rse.t' (2.39) 
rc 

Assume that the stress and strain are related by 

o = K.zn 

in which a = equivalent stress, £ = equivalent plastic strain, K = material constant, n — strain 
hardening exponent. Since the stress state in the straight portion of the flange is assumed to be 
uniaxial, this equation can be rewritten as 

oe=K.zn

Q (2.40) 
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sin(a-rt/2) 

T0drr 

sin(oMt/2) 

(b) Forces acting along the surface normal. 

.dB 

Fig. 2.4. Hoop tension and its resultant (a) and normal forces (b) acting on an arbitrary shell 
element in stretch flanging. 

Substituting Eqn (2.40) and the second expression in Eqn (2.1) into Eqn (2.39), one obtains 

p = K 

Utilizing Eqns (2.1), (2.2) and (2.5), one can write 

, rc sina 
In— . f . (2.41) 

(r \ 

Si, 
t-t0* 

Substituting Eqn (2.42) into Eqn (2.41), one obtains 

(2.42) 



C13 

p = K. 
f r X 

l n ^ 
i 

i + R sin a 

which can be rewritten as 

p = K, 
f \ 

l n ^ •tr,'-

r ) /(l + R) 
±  

r(2 + R)l(l + R) >sina (2.43) 

Eqn (2.43) gives the pressure distribution along the straight portion of the flange. At the 
flange edge, r,• = R; and rc = R2, why Eqn (2.43) can be rewritten as 

pe -K:\ln 
R; 

V J 

p}'0 + « 

• f 0 ' ~ ( 2 l R ) / ( l + R ) ' S ' m a  

n2 

(2.44) 

in which R, and R2 are given by Eqns (2.8) and (2.10) respectively. 

4000 
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r4 
= 
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= 

2000 -

c 

C 
1500 

1000 

500 

0 < 

1 ; 1 
R e = 95 mm, R ; = 45 mm, 

r j - 4 mm, f o - 1 mm, 

n =0.25, A =350 MPa, 

Ä =0.6 

R e = 95 mm, R ; = 45 mm, 

r j - 4 mm, f o - 1 mm, 

n =0.25, A =350 MPa, 

Ä =0.6 

R e = 95 mm, R ; = 45 mm, 

r j - 4 mm, f o - 1 mm, 

n =0.25, A =350 MPa, 

Ä =0.6 

R e = 95 mm, R ; = 45 mm, 

r j - 4 mm, f o - 1 mm, 

n =0.25, A =350 MPa, 

Ä =0.6 )-©-< >-< 

R e = 95 mm, R ; = 45 mm, 

r j - 4 mm, f o - 1 mm, 

n =0.25, A =350 MPa, 

Ä =0.6 

V i 
N i 

S 
s s 

s 
—s 

15 30 45 60 75 

a( ) 

90 105 120 135 150 

Fig. 2.5. Forming pressure at the flange edge, pe, as function of flange angle, a. The figure 
is based on Eqn (2.44) and valid for the case shown in the legend. 

Fig. 2.5, which is based on Eqn (2.44), displays the forming pressure at the flange edge, pe, as 

function of the flange angle, a, for an arbitrary case (see the legend in this figure). As 

exhibited in Fig. 2.5, the theoretically calculated pe reaches its highest value at a = 60°. 

2.2 Shrink flanging 

The geometry and notation of axisymmetric shrink flanging are displayed in Fig. 2.6. Consider 
an arbitrary point, A, in the undeformed condition and the corresponding point at the deformed 
configuration, A', Fig. 2.6. The deformation at this point on the flange can be described by the 
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Fig. 2.6. Geometry and notation of axisymmetric shrink flanging. 

logarithmic radial, circumferential and thickness strains respectively 

e r = ln 
ds 

e 9 = In —, and e, = In (2.1) 
dr rt iQ 

As previously, plastic incompressibility is assumed and elastic strains are neglected, so that 

£ r + £ e + £ ; = 0 (2.2) 

The flange can be divided into two regions separated by the point B in Fig. 2.6. The first 
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region is the bending zone at the die profile radius, rd. The second zone consists of the straight 
portion of the flange, Fig. 2.6. Here, this second region is at the focus and the following 
expression can be written for rc in terms of s from the geometry in Fig. 2.6: 

rc = Re +(rd + -l»sm<X + ,s«cosa (2.45) 

2.2.1 Assumptions 

Fig. 2.6 exhibits an axisymmetric shrink flanging operation. It is assumed that an 
axisymmetric model can be used, even i f forming of only a portion, Fig. 1.2(a), of the circular 
flange is considered. 

Considering the strain/stress state along the straight portion of the flange, two different 
assumptions will be utilized. These two different assumptions are henceforth referred to as 
mode I and mode I I : 

• Model 

It is assumed that the stress state in the straight portion of the shrunk flange is uniaxial and 
consists of compression in the hoop direction. At the outmost edge of the flange, where the 
risk of wrinkling is highest, the hoop strain, £ e , and stress, o~e, reach their maximum values. 
Assuming that £,/£, = R and utilizing Eqn (2.2), one can find the following relationship 
between £ r and £ e 

e ^ - ^ . e e (2.5) 

E8 

R 
69 * l+R 

\ 
- A 

Stretch flanging 

rV Shrink flanging 

\ 

l+R 

Fig. 2.7. Two different deformation modes are assumed. 

This means that the strain ratio is assumed to be the same in both stretch and shrink 
flanging, Fig. 2.7. Eqn (2.5) also implies that the relationship between the three strain 
components is assumed to be the same in both uniaxial tension and uniaxial compression. 
This assumption has successfully been used in [9], which deals with shrink flanging. 
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• M o d e l l 

The change in thickness is neglected,e. e, = 0. This assumption and Eqn (2.2) yield, Fig. 
2.7, 

e r = - e e (2.46) 

Regardless of the mode, it is finally assumed that sheet material behaves similarly in 
compression and tension. 

2.2.2 Mode I 

2.2.2.1 Flange length 

Substituting the first two expressions in Eqn (2.1) into Eqn (2.8) yields 

R 

ds_ 

dr 

l+R 
(2.6) 

in which rc is a function of s, Eqn (2.45). Eqn (2.6) can be integrated over the entire flange 

R 

f i+R 

>ds= Ur^i+R'dr 

Substituting Eqn (2.45) into Eqn (2.47) and integrating yields 

R, 

R» 

1+2R 
r 

1 + 

( t 
+ -

2 
Re 

• sina 

l+R 

• ( ' " ' > 
V cosay V J j 

( C 

1 
1 + r" + 2 \ 

L 
• sin a H • cos a 

Re 
cos a 

1 + 
Re 

L 
• sin a H • cos a 

Re 
\ ) J 

1+2R 

l+R 

l+R 

1+2R 

I f the flange angle a = 90 , Eqn (2.48) can be rewritten as 

R. 
1 + 

r ' + 2 1 + -
R* 

1+2R} L 

l + RJ R. 

l+R 

1+2R 

(2.47) 

(2.48) 

(2.49) 
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Utilizing Eqn (2.45), the radial distance to the final flange edge, R2, can be denoted as 

^ = 1 + 

f t~\ 

V J 

>sinoc + — »cosa 
R„ 

(2.50) 

At a = 90 , Eqn (2.50) can be rewritten as 

R„ 
= 1 + 

r r^ 

"RV 
V J 

(2.51) 

Eqn (2.51) can, in turn, be rewritten as 

Re = R2 - \ rd + j I ~ RD * rd (2.52) 

in which RD = die (tool) radius, Fig. 2.6. 

Eqns (2.48)-(2.52) provide a relationship between the initial blank size, tool dimensions and 
the flange geometry in shrink flanging in accordance with the assumptions made for the so 
called mode I . 

Combining Eqn (2.52) with Eqn (2.49), the length, L, of a vertical flange is obtained 

L = 
l + R \ 

1 + 2R) 

R, 

Rn+-
2) 

R 

l+R 

Rr (2.53) 

Utilizing the third expression in Eqn (2.1), Eqn (2.2) and Eqn (2.5), one can write 

1 

(2.14) 
\ R i J 

\+R 

which in combination with Eqn (2.52) becomes 

l 

t 

to 

RD + -, 

R, 

\+R 
fR, A 

\ R i J 

\+R 

KRDJ 

l+R 
(2.54) 

since t/2 is very much smaller than RD and R;. 

Substituting Eqn (2.54) into Eqn (2.53) yields 
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L = 
l + R 

1 + 2R 
R i * 

R, 

Rn+-
\ R D J 

l+R 

R 

R, 

2 R 

l+R 

DJ 

(2.55) 

Eqn (2.55), valid only for vertical flanges, shows that the flange length, L, is mainly 
dependent upon the initial blank radius, Rj, the tool (die) radius, RD, and the plastic strain 
ratio, R. The initial sheet thickness, to, (or the whole thickness expression) is very much 
smaller than Rj and RD, why thickness is predicted to have a minor influence on the flange 
length, Eqn (2.55). 

2.2.2.2 Peak strain - wrinkling criterion 

The maximum compressive strain in the flange is obtained at the flange edge and is equal to 

In — (2.56) 

in which Rj and R2 are given by Eqns (2.48) and (2.50) respectively. For a vertical flange, Eqn 
(2.56) can be rewritten as 

-Qmax I In 
R-, 

= l n ^ = ln-
R, 

RD + 2 

= ln-
R, 

RD + t2 
( u \ 

\ R D J 

1 / (l + R) 
(2.57) 

in which R2 and t are defined by Eqns (2.52) and (2.54) respectively. 

i£ e m Æ C ! must not exceed a limit strain, at which wrinkling occurs. This limit strain has to be 
found in order to be able to predict the initial and final shape of a wrinkleless shrunk flange. 

Wang et. al. have proposed a general wrinkling criterion for an elastic-isotropic and plastic-
anisotropic shell with compound curvatures, [10]. For wrinkling in shrink flanging under a 
uniaxial stress state, this general wrinkling criterion can be adapted and simplified to 

'9cr + e P - " f o r 
6cr 

1 

R-> 
• sin a 

J 

' M 

E - v z P , 
+ e 9cr 

M 

1 r t > 
2 n+l 

'K1 
l 

n +1 , 1 ( t > 
2 

E»n 
— • — • sin a • n • — • — • sm a • 
3 KR2 J _E_ 3 ^ 2 ; K 

1 

n+l 
(2.58) 

in which |e e c r | = the total critical hoop strain at which wrinkling occurs, |e| c rJ = elastic 

portion of the total critical hoop strain, le^ I = plastic portion of the total critical hoop strain, 
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0 " 6 C R = critical hoop stress, R2 is given by Eqn (2.50), t = current sheet thickness, a - flange 
angle, E = Young's modulus, and v = Poisson's ratio, n and K in Eqn (2.58) are strain 
hardening exponent and strength coefficient respectively in the Ludwik-Hollomon hardening 
relationship (see, for instance, Eqn (2.40)). 

PM in Eqn (2.58) is the slope of the stress/strain curve in the plastic region in simple tension 
(tensile testing) at a particular value of strain. Assuming that the Ludwik-Hollomon hardening 
relationship is valid and since the stress state is assumed to be uniaxial (and it is assumed that 
the material behaves similarly in tension and compression), one obtains 

dEP I e) c P 

H 0 E 

(2.59) 

At the end of forming of a vertical flange, substituting R2 by (RQ + t/2), Eqn (2.52), into Eqn 
(2.58) yields 

! £ 6 c 
KRD (t/2) 

n+l I 
n + l 

RD+(t/2) 

E*n 
l 

n+l 

which can be rewritten as 

£ 9cr! = 
yRD 

n+l 
I 

n + l 

KRDJ 

E»n 

I 
n+l 

(2.60) 

since t/2 is very much smaller than RD. t in Eqn (2.60) is given by Eqn (2.54). 

Equating Eqns (2.57) and (2.60), the critical working condition is found for a vertical flange in 
accordance to the assumptions made for the so called mode I . 

2.2.2.3 Forming pressure 

Fig. 2.8 displays the hoop and normal forces acting on an arbitrary shell element in shrink 
flanging. Comparing Fig. 2.8 with Fig. 2.4 shows that Eqns (2.37)-(2.39) are also valid, when 
shrink flanging is considered. Since the hoop strain in shrink flanging is negative, Eqn (2.40) 
is rewritten as 

oe = K.\ee 
(2.61) 

This means that Eqns (2.41) and (2.43) must be rewritten as 

sina 
In ^ 

and 

p = K. ln-
rl /(l + R) 
j  

r (2 + R) I (1 + R) 
• sin a 

(2.62) 

(2.63) 
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sin(7t/2-a) 

(a) Hoop forces and their radial resultant 

T*drc dB 

prt<Bdrc 

sin(n/2-a) 

sin(7i/2-a) 

Cb) Forces acting along the surface normal. 

Fig. 2.8. Hoop compression and its resultant (a) and normal forces (b) acting on an arbitrary 
shell element in shrink flanging (mode I). 

Eqn (2.63) gives the pressure distribution along the straight portion of the flange. At the 
flange edge, rt = Ri and rc = R2, why Eqn (2.63) can be rewritten as 

Pe=K' h 3 
R, 

•tn • 
R U(l + X) 

1 
ß ( 2 + R) t (1 + R) >sma 

which, in turn, can be rewritten as 
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Pe=K' l n ^ -
V R2J 

r.1 / (1 + R) 

r / 2 + R) I (1 + R) 
rt2 

>sma (2.64) 

in which R; and R2 are given by Eqns (2.48) and (2.50) respectively. 

2.2.3 Mode II 

2.2.3.1 Flange length 

Substituting the first two expressions in Eqn (2.1) into Eqn (2.46) yields 

ds [ rt 

dr I r , 
(2.65) 

in which rc is a function of s, Eqn (2.45). Eqn (2.65) can be integrated over the entire flange 

L -7 

\rc.ds= J 
• dr (2.66) 

o RA r d + f l , s i n a 

Substituting Eqn (2.45) into Eqn (2.66) and integrating yields 

\ 2 

R„ 

( r 

1 + 

v v 

1 

cos a 

rd + 

R„ 

( f 

• sin a 
1 

cos a 

1 + 

rd 

R„ 
• sinocH «cosa 

R. 

(2.67) 

If the flange is vertical, Eqn (2.67) can be rewritten as 

R I _ 1 + 
rd+- r* + 

1 + - + 2. (2.68) 

Utilizing Eqn (2.45), the radial distance to the final flange edge, R2, can be denoted as 
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r d + 2 
• sin a H • cos a 

R, 
(2.69) 

At a = 90 , Eqn (2.69) can be rewritten as 

Ri 

R„ 
= 1 + . 2_ (2.70) 

Eqn (2.70) can, in turn, be rewritten as 

Re = R 2 - \ r d + ^ \ = R D - r d (2.71) 

Eqns (2.67)-(2.71) provide a relationship between the initial blank size, tool dimensions and 
the flange geometry in shrink flanging in accordance with the assumptions made for the so 
called mode JJ. 

Combining Eqn (2.71) with Eqn (2.68), the length, L, of a vertical flange is obtained 

2 

R 

Rr 

(2.72) 

2.2.3.2 Peak strain - wrinkling criterion 

The maximum compressive strain in the flange is obtained at the flange edge and is equal to 

LQmax l l n -
R, 

hv (2.56) 

in which R] and R2 are given by Eqns (2.67) and (2.69) respectively. For a vertical flange, Eqn 
(2.56) can be rewritten as 

-Qmax] In 

KD+ 2 

(2.73) 

in which R2 is given by Eqn (2.71). |e 9 m t u . j must not exceed a limit strain, at which wrinkling 

occurs. 

Kawai has proposed a wrinkling criterion for deep drawing operations, in which a blank 
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holder is not used, [11]. This wrinkling criterion was derived by using the equilibrium of 
moments acting on a half-wave segment of the wrinkled flange in deep drawing operations. 

The critical dimensions of a deep-drawn flange and the number of waves into which it will 
collapse on wrinkling were modelled by Senior, [12]. Considering an annular plate rigidly 
constrained around the inner edge and uniformly loaded around its mean radius, Senior 
constructed a wrinkling criterion by use of the energy method. He assumed that at the onset of 
buckling the energy released by the hoop stress is equal to the sum of bending energy stored in 
the flange and the energy due to the clamping of the inner flange edge. 

Comparing different wrinkling limits in deep drawing operations, Kleemola et al, [13], found 
that the limit strains calculated in accordance to the method proposed by Kawai were higher 
than those computed by using the method proposed by Senior. 

Adopting Kawai's wrinkling criterion to the present case would lead to errors which are out of 
control. The wrinkling criterion proposed by Senior can more easily be adopted to the current 
case and can adequately serve the purposes of this study (see the discussion chapter), why it 
wil l be used in this investigation (see [12] and the correction done in [13]): 

0.46. 
f t ^ 

yR,-RDj 

2 a < 
<^ecr <0.73. 

E0 

tn 

\ R 1 ~ R D J 
(2.74) 

in which R, and RD are the initial blank radius and die radius respectively, c 6 c r = critical 

hoop stress, to = initial sheet thickness (recall that the thickness change is neglected in mode 

II), and Eo, the plastic buckling modulus, [12], 

E0- * E P " (2-75) 
[ 4 E + ^ ) 

In Eqn (2.75), E = Young's modulus, and PM = the slope of the stress/strain curve in the 

plastic region in simple tension (tensile testing) at a particular value of strain. EQ is, in other 

words, a function of strain. 

It is assumed that the Ludwik-Hollomon hardening relationship 

a = K£n, (2.76) 

in which a = the equivalent stress and e - the equivalent plastic strain, can be applied. It has, 
furthermore, been assumed that 

£ r = y = - 1 (2.77) 
£ e 

Assume now that 

c R = K . a e (2.78) 

Utilizing the Levy-Mises flow rule and the deviatoric stresses, one obtains the following 
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relationship between y and K 

K = 
2y + l 

2 + y 
(2.79) 

Utilizing von Mises yield criterion and Eqn (2.78), one obtains 

Ø = V 1 - K + K . 0 e (2.80) 

in which a = equivalent stress. The equivalent plastic strain £ can, furthermore, be denoted as 

(2.81) e = ^3 (i + T + T 2 ) - ! ^ 

Combining Eqns (2.76)-(2.81), one obtains 

J3*a(i = K< 
xn 

which can be rewritten as 

o e = 
2" 

( V 3 ) 
n + l • A : . £ Q 

Utilizing Eqn (2.76), P in Eqn (2.75) can be denoted as 

da „_i no 
PM= — = n.K-E = — 

d£ £ 

Substituting Eqns (2.77) & (2.79)-(2.82) into Eqn (2.83) yields 

3»n«Oø 
M 2 . e 6' 

• n*K* £, 
in - 1 

e: 

(2.82) 

(2.83) 

(2.84) 

Combining Eqns (2.75), (2.82) and (2.84) with Eqn (2.74), one obtains 

0.46. 1 + . 
2 

l - n 

m - l 
(kr, 6n 

<0.73. 
\ R 1 - R D J 

(2.85) 

Eqns (2.73) and (2.85) give the working condition for shrink flanging of a vertical flange in 
accordance to the assumptions made for the so called mode n. Note that Eqn (2.85) must first 
be numerically solved. 

2.2.3.3 Forming pressure 

Fig. 2.9 exhibits the forces on an arbitrary shell element and their resultants in shrink flanging. 
Resolving the forces along the surface normal, Fig. 2.9, one can see that Eqns (2.37) & (2.38) 
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sin(;i/2-a) 
v 

(a) Forces acting on a shell element and 
their radial and normal resultants. 

(Tr+dTJ(re+drJde 

(b) Tangential and normal components 
of forces acting on a shell element. 

Fig. 2.9. Forces acting on a shell element in shrink flanging and their radial and 
normal resultants (mode II). 

are valid also in the present case. Thus 
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P = TQ-
sina (2.38) 

7/e = rje»fø (recall that the change in thickness is neglected in mode II), why Eqn (2.38) can be 

rewritten as 

sin a (2.86) 

Substituting the second expression in Eqn (2.1) into Eqn (2.82) yields 

2n 

cSo.-K' 
+1 

ln-

Substituting Eqn (2.87) into Eqn (2.86), one obtains 

2" 
p = K< 

( 7 3 ) n + l 
l n i | 

r. 

sin a 
0 r. 

(2.87) 

(2.88) 
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Fig. 2.10. Forming pressure at the flange edge, pe, as function of flange angle, a, in vertical 
shrink flanging. The figure is based on Eqns (2.64), mode L and (2.89), mode I I , 
and valid for the case shown in the legend. 

Eqn (2.88) gives the pressure distribution along the straight portion of the flange. At the 

flange edge, r,• = Rj and rc = R2, why Eqn (2.88) can be rewritten as 

Pe=K> 
2" 

( 7 3 ) ' n + l 
h A 

sin a 
to—RT 

which, in turn, can be rewritten as 
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K> 
2" 

( V 3 ) ' n + 1 
ln-

R 
2 7 

sina (2.89) 

in which R] and 7?2 are given by Eqns (2.67) and (2.69) respectively. 

Fig. 2.10 displays the forming pressure, pe, versus the flange angle, a in vertical shrink 
flanging. The figure is based on Eqns (2.64) and (2.89) - mode I and mode II respectively. At 
a = 90°, pe-mode I is approximately twice as high as pe calculated in accordance to mode n, 
Fig. 2.10. 

Note furthermore in Fig. 2.10 that in the interval 0° < a <90°, pe in shrink flanging reaches -
regardless of the selected mode - its highest value at a = 90°. However, pe in stretch flanging 
reaches its maximum at a = 60° in the same interval. Compare Fig. 2.10 with Fig. 2.5. 

3. M A T E R I A L 

1.0 and 1.6 mm thick AA2024 and 1.6 mm thick AA6061 were selected for this investigation. 
Both materials were in the annealed temper (-O). Table 3.1 displays the mechanical properties 
of these materials 0°, 45°, and 90° to the rolling direction. 

Table 3.1. Mechanical properties of the materials used in this investigation. 

Material 
to 

(mm) 

Direction 

(°) 

Rp0.2 

(MPa) 

Rm 

(MPa) 

^•uniform 

(%) 

A50 

(%) 

E® 

(MPa) 
2024-O 1.02 0 70.5 195.0 17.0 20.1 73000 

1.01 45 65.6 181.6 19.5 20.3 73000 
1.02 90 69.1 182.8 18.7 19.5 73000 

1.0© x © 68 185 18.7 20.0 73000 

1.58 0 63.9 183.8 16.7 23.4 73000 
1.58 45 58.1 170.4 22.8 27.3 73000 
1.58 90 59.1 169.3 19.1 19.6 73000 

1.6© X 60 173 20.3 24.4 73000 

6061-0 1.56 0 65.9 123.9 19.4 24.8 70000 
1.57 45 66.1 124.7 20.1 27.8 70000 
1.56 90 65.9 122.1 19.0 26.6 70000 

1.6© X 66 124 19.7 26.8 70000 

© Nominal sheet thickness. ® x = mean value. ® The values of E are extracted from [14]. 

In this table, to = initial sheet thickness, Rpo.2 = yield strength, Rm = ultimate tensile strength, 
^uniform = uniform elongation (the elongation at maximum load), A;o = total elongation, and E 
= Young's modulus. 
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It was, furthermore, assumed that Poisson's ratio v = 0.33 for both materials, [14]. 

Fig. 3.1 exhibits the tensile curves of these materials obtained along the rolling direction. Note 
in this figure (and in Table 3.1) that the tensile behaviour of 1.6 mm thick AA2024-O differs 
somewhat from that of 1.0 mm thick sheet of the same material. 
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3.1. Tensile testing along the rolling direction: true stress as function of 
effective plastic strain up to the maximum load. 

Fig. 3.2 displays the strain hardening exponent, n, as function of the effective plastic strain in 
tensile testing along the rolling direction. For better lucidity, a polynomial of the 6th order is 
fitted to each set of data. The curves represent these polynomials. CF in the legend denotes the 
correlation factor and the closer CF is to 1, the better is the agreement between the curve and 
the experimental data, Fig. 3.2. 

Note in Fig. 3.2 that the n-value of material 6061-O is fairly constant during the major part of 
the deformation. However, the n-values of 1.0 and 1.6 mm thick 2024-O drop significantly as 
the deformation proceeds, Fig. 3.2. 

The variation of the plastic strain ratio, R, with the effective plastic strain in tensile testing 
along the rolling direction is depicted in Fig. 3.3. In this figure, a polynomial of the 6th order 
is fitted only to the data attained for 1.0 mm thick 2024-O. 

As exhibited in Fig. 3.3, the Ä-values of all three sheets are constant within the strain interval 
0.05-0.1. The R-value of 1.6 mm thick 2024-O is, furthermore, equal to that of 1.6 mm thick 
6061-0 in the same strain interval, Fig. 3.3. 

At the beginning of the deformation, the R-values of the 1.6 mm thick sheets of both materials 
drop from a high value (> 2.2), whilst the R-value of the 1.0 mm thick sheet of 2024-O is 
raised from a relatively low level, Fig. 3.3. 

The variation of R with effective plastic strain obtained for 1.6 mm thick 2024-O is, in 
general, fairly similar to that attained for 1.6 mm thick 606 l-O. However, the variation of R 
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Fig. 3.2. Strain hardening exponent, n, versus effective plastic strain in tensile testing along 
the rolling direction. A polynomial of the 6th order is fitted to each set of data. 
The curves represent these polynomials. CF in the legend = correlation factor. The 
curve correlates best to the experimental data, when CF = 1. 
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Fig. 3.3. Plastic strain ratio, if, versus effective plastic strain in tensile testing along the rolling 
direction. A polynomial of the 6th order is fitted to the data obtained for 1.0 mm 
thick 2024-O. The curve represents this polynomial. The curve correlates best to the 
experimental data, when CF (correlation factor) in the legend = 1. 
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Table 3.2. n, A" and /? at 1-5% plastic extension (tensile testing) 
Material tp (mm) Direction ( ) R K (MPa) 

2024-O 1.02 0 0.879 0.333 496.6 
1.01 

.02 

1.0c 

45 

90 
1.243 

0.725 

1.02 

0.297 

0.287 

0.30 

395.6 

395.2 

421 

1.58 0 0.787 0.329 469.8 
1.58 45 0.853 0.331 432.3 
1.58 90 0.581 0.333 444.8 

1.6© X 0.77 0.33 445 

6061-O 1.56 0 0.749 0.170 179.8 
1.57 45 0.567 0.204 213.6 
1.56 90 1.083 0.169 181.4 

1.6© X 0.74 0.19 197 

© Nominal sheet thickness. X = mean value. 

with the deformation found for 1.0 mm thick 2024-O differs much from those obtained for the 
two other sheets, Fig. 3.3. 

As exhibited in Figs. 3.2 and 3.3, n and R vary with the deformation. This study is focused on 
stretch flanging in which the maximum deformation is large, and shrink flanging where the 
maximum deformation is small. The maximum deformation in stretch flanging is expected to 
exceed 20-25%, whilst the maximum deformation in shrink flanging is predicted to be less 
than 4-6%. Therefore, the values of n, K and R are determined in two different strain ranges: 
1-5% and 10-14% respectively. 

Table 3.3. n, K and R at 10-14% plastic extension (tensile testing). 
Material to (mm) Direction (°) R n K (MPa) 
2024-O 1.02 0 0.839 0.182 319.3 

1.01 45 1.024 0.185 299.0 
1.02 90 0.710 0.182 302.3 

1.0© x ® 0.90 0.18 305 

1.58 0 0.680 0.184 301.8 
1.58 45 0.874 0.191 282.2 
1.58 90 0.575 0.191 276.9 

1.6© X 0.75 0.19 286 

6061-O 1.56 0 0.746 0.185 203.6 
1.57 45 0.556 0.199 209.9 
1.56 90 0.938 0.183 199.8 

1.6© X 0.70 0.19 206 

© Nominal sheet thickness. x = mean value. 
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The values of n, K and R determined at 1-5% plastic extension in tensile testing are given in 
Table 3.2. The values of the same parameters determined at 10-14% plastic extension in 
tensile testing are displayed in Table 3.3. 

Comparing Table 3.2 with Table 3.3, one can see that the n- and ^-values of 1.0 and 1.6 mm 
thick 2024-O obtained at 1-5% plastic extension are significantly larger than those attained for 
the same sheets at 10-14% plastic extension. Looking at Fig. 3.2, this large difference was 
expected. 

Comparing the n-values determined in both strain ranges, Tables 3.2 & 3.3, with the values of 
the uniform extension, A u n i f o r m , in Table 3.1, the Considére strain, Eqns (2.18) & (2.25), can 
be regarded as fulfilled, i f the n-values obtained at 10-14% plastic extension are used. This 
concerns particularly 1.0 and 1.6 mm thick 2024-O, which exhibit notably different n-values 
in the studied strain ranges. 
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Fig.3 4. The flow curves obtained for 1.0 mm thick 2024-O. The figure is valid 
along the rolling direction. The Ludwik-Hollomon hardening 
relationship is used. 

To illustrate the significance of the discussion above, Fig. 3.4 is plotted. This figure, which 
concerns 1.0 mm thick 2024-O and is valid along the rolling direction, shows the flow curve 

• obtained in tensile testing (the experimental flow curve), 

• attained with the n- and ^-values determined at 1-5% plastic extension (n = 0.333 & K = 
496.6 MPa, Table 3.2), 

• obtained with n- and AT-values determined at 10-14% plastic extension (n = 0.182 & K = 
319.3 MPa, Table 3.3), and 

• acquired i f a curve is fitted to the experimental data in the entire deformation range (n -
0.292 & K = 416.0 MPa; CF = 0.99). 

Recall too that it is assumed that the Ludwik-Hollomon hardening relationship, Eqn (2.23), 
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can be used. For the sake of lucidity, all curves in Fig. 3.4 are elongated to = 17% plastic 
extension. 

In stretch flanging, the formability indices, Eqns (2.25) & (2.34), neither depend upon yield 
strength nor exhibit any relationship with the strength coefficient, K. However, these indices 
require a good description of the studied material's strain hardening behaviour, n, at large 
strains. 

This behaviour is described well, i f Eqn (2.19) is in parity with Eqn (2.25). Looking at Fig. 
3.4, one can see that the best description is obtained with n = 0.182. For stretch flanging, the 
n-values which exhibit parity with the Considére strain are therefore used. Observe that the 
large variation of n and R with the deformation exhibited by 1.0 and 1.6 mm thick 2024-O has 
given rise to this discussion. 

In shrink flanging, the formability indices, Eqns (2.58) & (2.85), require a good description of 
the actual flow curve at small strains. Looking at Fig. 3.4, one can see that n = 0.333 and K = 
496.6 MPa together with the Ludwik-Hollomon hardening relationship can provide such a 
good description. 

Let us, finally, mention that a detailed description of how R, n and their variation with the 
deformation, and K are determined is given in section 4.2.1. 

4. E X P E R I M E N T A L PROCEDURE AND EVALUATION METHODS 

4.1 Experiments 

The stretch and shrink flanging dies used in this investigation are shown in Figs. 4.1 and 4.2 
respectively. See also Fig. 1.3, which displays how the die is positioned in fluid forming. As 
exhibited in Figs. 4.1 and 4.2, two different dies were used in both stretch and shrink flanging. 

Fig. 4.1. The stretch flanging dies used in this investigation. 
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Fig. 4.2. The shrink flanging dies used in this study. 

Stretch flanging blanks 

" 1 1 — r 

90° ~Q * 
I J 

Orientation with respect 
to the rolling direction 

-Oi 

R2*RD-(t/2) 

(mm) 
r, 

(mm) 

r2 
(mm) 

e 
( ° ) 

W 
(mm) (mm) 

100 10 10 76 141.4 5 

200 10 15 84 282.8 5 

Fig. 4.3. The shapes of the stretch flanging blanks in this investigation. 
Concerning RD, see Fig. 4.1. 
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Shrink flanging blanks 
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Fig. 4.4. The shapes of the shrink flanging blanks in this study. 

Concerning RD, see Fig. 4.2. 

The shapes of the stretch flanging blanks used in this study are shown in Fig. 4.3. The flange 
angle was, as depicted in Fig. 4.3,90° in all stretch flanging operations. In these operations the 
magnitude of the initial radius, R;, was decreased gradually until fracture occurred at the 
flange edge. Note, therefore, that the central angle, 0, varied somewhat depending on the 
magnitude of the selected Rj. The 8-values given in Fig. 4.3 should, in other words, be 
considered as approximate. 

The shapes of the used shrink flanging blanks are shown in Fig. 4.4. As displayed in this 
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figure, the flange angle was 90° also in all shrink flanging operations. Wrinkling sets, as 
discussed in chapter 2, the limit in shrink flanging operations. The magnitude of the initial 
radius, /?/, Fig. 4.4, was therefore increased until wrinkles were formed on the flange. 
Concerning the critical wrinkle height, see below. 

Note too that, also in this case, the central angle, 9, varied slightly with the magnitude of the 
selected Ri. The 0-values given in Fig. 4.4 should, therefore, be considered as approximate. 

The scheme of the conducted experiments is shown in Table 4.1. Since the magnitude of Rj 
was varied until fracture/wrinkling occurred, each row in Table 4.1 comprised 5-7 blanks with 
different Rj. As double tests were performed, this number became 10-14 blanks/row. 

Table 4.1. The scheme of the conducted experiments 

Flange type Material 
Thickness, 

to, (mm) 
Die radius, 

RD, (mm) 

Orientation with respect to 

the rolling direction, ( ) 
Stretch 2024-O 

6061-0 

1.0 

1.6 

1.6 

100 

200 

200 

200 

90 

45 

90 

90 

90 

The blanks were machined. They were manufactured so that the influence of the orientation 
with respect to the rolling direction could be studied, Table 4.1. Figs. 4.3 & 4.4 display how 
this orientation was defined. 

The stretch and shrink flanging operations were conducted in a Quintus Fluid Cell Press at the 
maximum available pressure - 700 bar (= 70 MPa). The pressings were conducted at SAAB 
Military Aircraft. 

Figs. 4.5 exhibits two different stretched flanges formed in this study. In stretch flanging, 
failure is caused by necking/tearing at the flange edge. This is illustrated in Fig. 4.6. 

Fig. 4.7 displays two different shrunk flanges formed in this investigation. Concerning failure 
- wrinkling - in shrink flanging operations, a wrinkle criterion must be selected. 

At Saab Military Aircraft, hwc > 0.5 mm is used as the critical wrinkle height, Fig. 4.8. I f the 
height of the largest wrinkle hw > 0.5 mm, the pressed part is discarded, and i f hw < 0.5 mm, 
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Fig. 4.5. Two stretched flanges with differ- Fig. 4.6. Failure - tearing at the edge of a 
ent radii formed in this study. stretched flange. 

the wrinkles are straightened out in a special device, Fig. 4.8. 

hwc > 0.5 was, therefore, selected as the wrinkle criterion. To measure hw, the shrunk flange 
was placed on a piece of paper and the outer contour of the flange, C f / in Fig. 4.8, was traced 
(reproduced) on the paper. Rulers were then used to determine hw. This measurement method 
is exactly the same as that applied at Saab Military Aircraft. 

Fig. 4.7. Two shrunk flanges with different Fig. 4.8. The wrinkle criterion used 
radii formed in this investigation. in this study. 

A grid was etched electrolytically on the blanks prior to flanging. After the flanging operation, 
the part was placed on a x-y table and the radial and circumferential strain distribution along 
the straight portion of the flange was measured in a microscope, Fig. 4.9. 

The flange length, L, was measured in the microscope mentioned above, Fig. 4.9. The flange 
height, H, was measured by vernier callipers, Fig. 4.9. Al l the measurements - strain, flange 
length and flange height measurements - were conducted along the symmetry axis indicated in 
Figs. 4.3 and 4.4. 
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Fig. 4.9. Measurements of the strain distribution 
along the straight portion of the flange, 
the flange length, L, and the flange 
height, H. AU measurements were 
conducted along the symmetry axis 
indicated in Figs. 4.3 and 4.4. 

Strain, flange length and 
flange height measurements 

h 

f — HfY^ ' 
H 

E U f 

4.2 Evaluation methods 

4.2.1 K, n and R 

Assume that the sheet materials in this study obey the Ludwik-Hollomon hardening relation
ship 

<7e = * . ( £ ? ) " (4.1) 

in which oe = effective stress, zv

e = effective plastic strain, K = strength coefficient and n = 

strain hardening exponent. In tensile testing 

eS=ef and (4.2) 

where ef = the plastic strain along the length axis ("elongation") and a, = applied force 

divided by the instantaneous cross section area. 

Substituting Eqn (4.2) into Eqn (4.1) yields 

< J , = t f . ( e f ) " 

Assuming volume constancy, the plastic strain ratio is defined as 

/?=--§ = 

(4.3) 

(4.4) 

in which e£ = plastic width strain and £^ = plastic thickness strain in tensile testing. 

Utilizing Hooke's law, one can furthermore write 

- P _ c t o t c e - c t o t ° i 
- l _ t i - t i - E i ~ z 

E 
(4.5) 

and 
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,P _ „tot 
e 2 £ 2 = e 2 ; +v« (4.6) 

where £.\ot and £ 2

0 t are total length and width strains respectively, and ef are the elastic 

length and width strains respectively, E = Young's modulus, and v = Poisson's ratio. 

Substituting Eqns (4.5) and (4.6) into Eqns (4.3) and (4.4), one obtains 

a , = * . ( > -

1 

E 

and 

i f : 

1 + 

c t o t 0"l 
t , 

E 

(4.7) 

(4.8) 

V 
2 E 

Logarithmation of Eqn (4.7) yields 

lnø ,= ln i i : + rc.ln(e;ot-^ (4.9) 

In tensile testing of the sheet materials in this study, the force and the changes in the 

specimen's length and width were registered continuously. Thus, O], e|ot and e 2

0 t could be 

calculated. 

Utilizing Eqn (4.9), a line was first fitted to all values obtained between 1-5% plastic 
extension, Thus, the n- and üT-values displayed in Table 3.2 were calculated. Eqn (4.9) was 
then used to fit a line to all values attained between 10-14% plastic extension. Thus, the n-
and TT-values displayed in Table 3.3 were calculated. The correlation factor was in all cases 
larger than 0.99 (the closer the correlation factor is to 1, the better is the agreement between 
the line and the experimental data). 

The variation of n with the effective plastic strain was determined by utilizing 

Aino, 
n = 

A l n i £ | o t -

(4.10) 

(which is based on Using Eqn (4.9)) stepwise, the step length being approximately 0.01 in 
terms of effective plastic strain. 

Utilizing Eqn (4.8), the value of if at 1, 2, 3, 4, and 5% plastic extension was first calculated. 
The mean value of these calculated if-values was then computed. The mean values obtained 
for different materials, sheet thicknesses and directions are displayed in Table 3.2. 

Eqn (4.8) was then used to calculate the value of if at 10, 11, 12, 13, and 14% plastic 
extension. The mean value of these calculated if-values was then computed. The mean values 
attained for different materials, sheet thicknesses and directions within this strain range are 
displayed in Table 3.3. 
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The variation of R with the effective plastic strain was determined by using Eqn (4.8) 
stepwise, the step length also in this case being approximately 0.01 in terms of effective 
plastic strain. 

4.2.2 Peak strains 

Since the grid used for strain measurements was etched on the outer surface of the blanks (the 
surface which did not contact the die surface at the end of forming), the peak strains were 
calculated as follows: 

• Stretch flanging 

-Qmax = h 3 = ln 
RJ 

= ln 

R 
f R ^ 

D l0 

R, 
(4.11) 

Compare Eqn (4.11) with Eqn (2.17). 

• Shrink flanging - mode I 

R2 

~'Qmax\ ln-
R, 

= l n ^ = ln- * ' 
RD+t 

= In fi, 

RD

 + to 

r R y / ( i + * ) 

\ R D j 

Compare Eqn (4.12) with Eqn (2.57). 

• Shrink flanging - mode I I 

l n ^ 
R, 

= l n ^ = ln 
Ri 

R, 

(4.12) 

(4.13) 

Compare Eqn (4.13) with Eqn (2.73). 

4.2.3 Finite element simulations 

The finite element simulations were conducted at the Institute of Technology/Linköping 
University using the FEM-code LS-DYNA3D, [4], The complete finite element model of 
shrink flanging is shown in Fig. 4.10. The model was, as shown in Fig. 4.10, symmetric. The 
stretch flanging was modelled in the same manner. 

The scheme of the conducted finite element simulations is displayed in Table 4.2. Compare 
Table 4.2 with Table 4.1, in which the scheme of the conducted experiments is given. 

As displayed in Table 4.2, the sheets used in the simulations were 1.0 and 1.6 mm thick 2024-
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Blank
holder 

Blank 

Fig. 4.10. The finite element model of shrink flanging, [3]. 

O. Both sheets were assumed to be elasto-plastic following the hardening relationship, [4], 

oy = K(Ee+ZP)" (4.14) 

P F 
in which n = strain hardening exponent, E = effective plastic strain, e = elastic strain to 
yield, and K = strength coefficient. For both sheet, it was assumed that n = 0.254 and K = 443 
MPa. It was, furthermore, assumed that Young's modulus E = 73000 MPa, [4]. Compare 
these values with those given in Tables 3.1-3.3. 

Table 4.2. The scheme of the conducted finite element simulations. 

Flange type Material 
Thickness, 

to, (mm) 

Die radius, 

RD, (mm) 

Stretch 2024-O 1.0 100 
200 

1.6 200 

Shrink 2024-O 1.0 200 
500 

1.6 500 

Since the magnitude of Ri, Figs. 4.3 & 4.4, was varied until fracture/wrinkling occurred, each 
row in Table 4.2 actually comprised 2-5 different simulations. 

In the simulations of fluid forming of the blanks in Table 4.2, the maximum applied pressure 
was set at 10 MPa in all cases. 

In stretch flanging, the failure is as mentioned in chapter 2 caused by necking and tearing. In 
the finite element simulations, the forming limit diagram of material 2024-O was used to 
predict the onset of failure in stretch flanging, [4]. 

In shrink flanging, the failure is as discussed in chapter 2 caused by wrinkling. Since an 
explicit code was used, there was no direct access to the stiffness matrix, which would make it 
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possible to predict the onset of instability by some traditional means, [3]. 

A parameter called Current Stiffness Parameter, CSP, was therefore calculated to predict the 
onset of wrinkling. CSP = 0 was an indication of wrinkling, whilst a negative CSP-value 
implicated the occurrence of unloading. In other words, the onset of instability - wrinkling -
was indicated by a drop in the CSP-value, [3]. 

5. RESULTS 

5.1 Stretch flanging 

5.1.1 Flange length 

Figs. 5.1-5.6 display the flange length, L, as function of the initial blank radius, R,, obtained 
after stretch flanging of the sheet materials in this study. See also Table 4.1. The flange angle 
is 90° in all cases. See also Fig. 4.3. The analytical values plotted in Figs. 5.1-5.6 are 
calculated in accordance to Eqn (2.16). The R-values used in these calculations are those 
given in Table 3.3. 

Note in Figs. 5.1-5.6 that the smaller the initial blank radius, Rj, the more severe is the 
forming operation. In stretch flanging, failure is caused by necking and tearing at the upper 
flange edge, Fig. 4.6. The initial radius, Rj, of the formed component on which a small slender 
crack first was obtained is therefore also marked in Figs. 5.1-5.6. However, crack formation is 
discussed in the next section, why it is not dealt with in the current section. 

As exhibited in Figs. 5.1-5.6, the correlation between the experimental values and those 
obtained analytically is good. This correlation can be characterized as very good, i f the initial 
blank radius, Rj, is relatively small and the die radius, RD, 200 mm, Figs. 5.2-5.6. 

Looking at Figs. 5.2-5.4 and comparing the magnitude of L obtained at Rj = 146 mm, one can 
see the analytical values lie within the interval 49.8-50.4 mm, whilst the experimental values 
at the same R, vary between 48.8 and 49.6 mm. 

The same phenomenon can be observed, i f the analytical and experimental values plotted at 
Rj = 144.4 mm in Fig. 5.5 are compared to those plotted at the same Rj in Fig. 5.6. The 
analytical values vary between 51.1 and 52.0 mm, whilst those obtained experimentally lie 
within the interval 49.6-50.5 mm, Figs. 5.5 & 5.6. 

In other words, the plastic strain ratio, R, does not seem to have any major impact on the 
flange length, L. However, the smaller R is, the larger is - generally - the magnitude of L both 
analytically and experimentally, Figs. 5.2-5.6. 

Comparing the magnitude of L at R, = 144 mm in Fig. 5.4 with that at R] — 144.4 mm in Fig. 
5.5, one can see that the analytical values lie in the interval 52.0-52.2 mm, whilst the values 
found experimentally at the same Rj vary between 50.5 and 51.2 mm. 
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Fig. 5.1. Flange length, L, versus initial blank radius, /?;, after 90° stretch flanging. 
Material = 2024-O. Initial sheet thickness = 1.0 mm. Orientation with 
respect to the rolling direction (Fig. 4.3) = 90°. Die radius (Fig. 4.1) = 
100 mm. Analytical values are computed in accordance to Eqn (2.16). 
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Fig. 5.2. Flange length, L, versus initial blank radius, Rj, after 90° stretch flanging. 
Material = 2024-O. Initial sheet thickness = 1.0 mm. Orientation with 
respect to the rolling direction (Fig. 4.3) = 0°. Die radius (Fig. 4.1) = 200 
mm. Analytical values are computed in accordance to Eqn (2.16). 
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Fig. 5.3. Flange length, L, versus initial blank radius, Rj, after 90° stretch flanging. 
Material = 2024-O. Initial sheet thickness = 1.0 mm. Orientation with 
respect to the rolling direction (Fig. 4.3) = 45°. Die radius (Fig. 4.1) = 
200 mm. Analytical values are computed in accordance to Eqn (2.16). 
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Fig. 5.4. Flange length, L, versus initial blank radius, Rj, after 90° stretch flanging. 
Material = 2024-O. Initial sheet thickness =1.0 mm. Orientation with 
respect to the rolling direction (Fig. 4.3) = 90°. Die radius (Fig. 4.1) = 
200 mm. Analytical values are computed in accordance to Eqn (2.16). 
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Fig. 5.5. Flange length, L, versus initial blank radius, /?/, after 90 stretch flanging. 
Material = 2024-O. Initial sheet thickness = 1.6 nun. Orientation with 
respect to the rolling direction (Fig. 4.3) = 90°. Die radius (Fig. 4.1) = 
200 mm. Analytical values are computed in accordance to Eqn (2.16). 

60 i 

40 

35 

J 1 1 1 i 1 1 1 
4 1 

t • I 

Necl 
crac 

il Necl 
crac k Material = 6061-O. 

t Q = 1.6 mm, 

R90 =0.938, 

? n = 200 mm 

t Q = 1.6 mm, 

R90 =0.938, 

? n = 200 mm 

t Q = 1.6 mm, 

R90 =0.938, 

? n = 200 mm 

t Q = 1.6 mm, 

R90 =0.938, 

? n = 200 mm 

t Q = 1.6 mm, 

R90 =0.938, 

? n = 200 mm 

—©—Analytical 

—O— Experiments 

—©—Analytical 

—O— Experiments 1 
—©—Analytical 

—O— Experiments 1 

1 ! 1 1 U 1 1 

130 135 140 145 150 155 160 165 

Initial blank radius, R j (mm) 

Fig. 5.6. Flange length, L, versus initial blank radius, Rh after 90° stretch flanging. 
Material = 6061-O. Initial sheet thickness =1.6 mm. Orientation with 
respect to the rolling direction (Fig. 4.3) = 90°. Die radius (Fig. 4.1) = 
200 mm. Analytical values are computed in accordance to Eqn (2.16). 
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Increasing the sheet thickness from 1.0 to 1.6 mm does not either seem to affect the flange 
length considerably. Note, though, that the experimental and analytical values plotted in Figs. 
5.4 and 5.5 are affected by both the sheet thickness, t0, and the plastic strain ratio, R, (and the 
slightly different 7?/-values). 

The most significant parameters, as far as the flange length L is concerned, are the initial 
blank radius, Rj, and the die radius, RD, Figs. 5.1-5.6. 

Although the difference is small or very small, the analytical values are larger than those 
found by experiments, Figs. 5.1-5.6. 

5.1.2 Peak strain, strain distribution and fracture limit 

Figs. 5.7-5.12 show the circumferential strain, ee, obtained at the flange edge as function of 
the initial blank radius, Rj, after stretch flanging of the sheet materials in this study (Table 
4.1). The flange angle was 90° in all cases, Fig. 4.3. 

The analytical values plotted in Figs. 5.7-5.12 are computed in accordance to Eqn (4.11). The 
/?-values used in these calculations are displayed in Table 3.3. 

The finite element values plotted in Figs. 5.7, 5.10 and 5.11 are extracted from [4]. The 
anisotropy was not considered in the finite element simulations. For consistency, the finite 
element values are plotted in the diagrams which show the analytical and experimental results 
obtained perpendicularly to the rolling direction. 

The die height which was 65 mm, Fig. 4.1, did not allow to decrease R/ beyond 136 mm. If 7?; 
was smaller than 136 mm, the blank tips - the sites on the blank at which the radius is denoted 
as r; in Fig. 4.3 - were bent over the press table at the end of forming, resulting in a 
component with undesirable small 'wings'. R; varies, therefore, within the interval 136-160 
mm in Figs. 5.8 and 5.9. 

An exception was, however, made for 1.6 mm thick 6061-O. As exhibited in Fig. 5.12, an 
appreciable neck/a small crack was formed at the flange edge when shaping a blank with the 
initial radius Rj = 134.4 mm. 

This circumferential strain, ee, measured at the edge of this stretched flange was plotted in Fig. 
5.12 and used in the upcoming evaluations, since 

• the formed 'wings' were very small ( = 1 x 2 mm), 
• the neck/crack was obtained along the symmetry axis (the axis along which all 

measurements were conducted, Fig. 4.3) far away from the 'wings', and 
• the fracture limit of 1.6 mm thick 606 l-O obviously is set by Ä; = 134.4, when RD = 200 

mm (due to the discernible neck/small crack obtained at the flange edge). 

Looking at Figs. 5.8-5.10 and comparing the magnitude of ee obtained Rj = 146 mm, it can 



C46 

0.5 

0.4 

0.3 

0.2 

0.1 

0 4 

M I M M I 1 1 1 1 1 M • 

— w Stretch flanging Material - 2024-O, 

to =1.0 mm, 

R90 =0.710, 

R r, = 100 mm 

— w Stretch flanging 
)) 

Material - 2024-O, 

to =1.0 mm, 

R90 =0.710, 

R r, = 100 mm 

Material - 2024-O, 

to =1.0 mm, 

R90 =0.710, 

R r, = 100 mm 

Material - 2024-O, 

to =1.0 mm, 

R90 =0.710, 

R r, = 100 mm 

Material - 2024-O, 

to =1.0 mm, 

R90 =0.710, 

R r, = 100 mm r i 

Material - 2024-O, 

to =1.0 mm, 

R90 =0.710, 

R r, = 100 mm 
V 'S 

| C r a c k | -

i k . 
s 3^ t 

--_ —-»K ——. 3 f -

—©—Analytical 

—D— Experimental 

— A — F E M 

—©—Analytical 

—D— Experimental 

— A — F E M 

—©—Analytical 

—D— Experimental 

— A — F E M 

—©—Analytical 

—D— Experimental 

— A — F E M 

M M 

60 65 70 75 80 

Initial blank radius, R j (mm) 

85 90 

Fig. 5.7. Circumferential strain, ee, at the flange edge versus initial blank radius, /?/, obtain
ed after 90° stretch flanging of 1.0 mm thick 2024-O. Orientation with respect to 
the rolling direction (Fig. 4.3) = 90°. Die radius = 100 mm. The analytical values 
are calculated in accordance to Eqn (4.11). FEM = finite element values. 
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Fig. 5.8. Circumferential strain, ee, at the flange edge versus initial blank radius, 7?/, obtain
ed after 90° stretch flanging of 1.0 mm thick 2024-O. Orientation with respect to 
the rolling direction (Fig. 4.3) = 0°. Die radius = 200 mm. The analytical values 
are calculated in accordance to Eqn (4.11). FEM - finite element values. 
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Fig. 5.10. Circumferential strain, ee, at the flange edge versus initial blank radius, R], obtained 
after 90° stretch flanging of 1.0 mm thick 2024-O. Orientation with respect to the 
rolling direction (Fig. 4.3) = 90°. Die radius = 200 mm. The analytical values are 
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5.12. Circumferential strain, ee, at the flange edge versus initial blank radius, Rj, obtained 
after 90° stretch flanging of 1.6 mm thick 6061-O. Orientation with respect to the 
rolling direction (Fig. 4.3) = 90°. Die radius = 200 mm. The analytical values are 
calculated in accordance to Eqn (4.11). FEM = finite element values. 
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be seen that the analytical values all are equal to 0.310, whilst the values found by 
experiments at the same R, vary between 0.286 and 0.296. 

The same feature can be observed, i f e e plotted at R, - 144.4 mm in Fig. 5.11 are compared to 
those plotted at the same R] in Fig. 5.12. The analytical values are all 0.319, whilst the 
experimental values lie between 0.284 and 0.288. This implies that the influence of the plastic 
strain ratio, R, on ee can be characterized as insignificant. 

Comparing the analytical and experimental values plotted at R, = 144 mm in Fig. 5.10 with 
those plotted at R} = 144.4 in Fig. 5.11, one can note that the analytical values lie within the 
interval 0.319-0.324. However, the experimental value at the same Rj decreases from 0.306 to 
0.284 (= 3%), as the sheet thickness is increased from 1.0 to 1.6 mm, Figs. 5.10 & 5.11. 

Note that this difference depends on both the sheet thickness, to, and the plastic strain ratio, R, 
(and the slightly different 7?;-values), Figs. 5.10 & 5.11. 

In spite of this relatively large difference (= 3%), the initial blank radius, and the die 
radius, RD, should be considered as the most influential parameters in this study, as far as the 
magnitude of the circumferential strain, e9, at the flange edge is concerned. See also Eqn 
(4.11). 

However, the plastic strain ratio, R, seems to have a major influence on the initial blank 
radius, R;, at which fracture occurs. If the blank is produced in such a fashion that the 
orientation with respect to the rolling direction (Fig. 4.3) is 90°, fracture occurs at Rj = 142 
mm, Fig. 5.10. 

If this orientation coincides with the rolling direction, fracture occurs at Rj = 136 mm, Fig. 
5.8. Fracture does not occur at all, i f this orientation is selected to 45°, Fig. 5.9. This 
substantial difference - 6 mm - in Rj is caused by the plastic strain ratio. As exhibited in Figs. 
5.8-5.10, R90 < R0<R4s- See also Table 3.3. 

This difference in R, makes it possible to obtain = 6 mm larger flange length without risking 
occurrence of fracture, i f the blank is manufactured so that the orientation with respect to the 
rolling direction is 45°. Compare Fig. 5.3 to Fig. 5.4. 

A comparison of Figs. 5.11 and 5.12 shows that 1.6 mm thick 2024-O cracks at Rj = 140.4 
mm, whilst the fracture limit of 1.6 mm thick 6061-O is set by R] = 134.4 mm. As the n-
values of these two sheets are quite alike, Table 3.3, this should be taken as another evidence 
of the positive impact of a large plastic strain ratio on the fracture limit. 

Let us now examine the strains obtained experimentally, analytically and by finite element 
simulations. 

The analytically calculated strains are in all cases larger than those acquired by experiments, 
Figs. 5.7-5.12. There are several sources of discrepancy between the analytical and 
experimental values: 

• the elastic strains are neglected in the analytical model, 
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• the deformation mode obtained in practice differs from that assumed in the analytical 
model (the state of stress is assumed to be uniaxial, Eqn (2.5)), and 

• it is assumed that an axisymmteric model can be used to predict the emerging strains, even 
if solely a segment of the circular flange is considered. 

Since the material is in practice allowed to be drawn in from the tips (the sites on the blank 
where the radius is denoted as r, in Fig. 4.3) towards the symmetry axis (the axis along which 
all measurements were conducted, Fig. 4.3), this latter assumption - an axisymmteric model 
can be used - should be considered as the most significant source of discrepancy between the 
analytical and experimental values. 

However, the discrepancy between the analytical and experimental values is relatively small 
and the calculated values could be considered as satisfying estimations of the strains attained 
in practice. 

Along the symmetry axis and at the flange edge, the finite element model underestimates the 
level of the circumferential strain, ee, Figs. 5.7, 5.10 & 5.11. 

As exhibited in Fig. 5.7, the finite element values are considerably lower than those obtained 
experimentally and analytically. Note in Fig. 5.7 that stretch flanging of the blank with the 
initial radius R, = 69 mm was not simulated. Notice too that fracture did not occur in any of 
the simulated cases, Fig. 5.7. 

Comparing the finite element values obtained on stretched flanges of 1.0 mm thick 2024-O, 
Fig. 5.10, with those found experimentally and analytically for the same sheet, Figs. 5.8-5.10, 
one can see that the finite element values correspond well to 

• the analytical and experimental values at Rj = 155 and 160 mm - regardless of the 
orientation with respect to the rolling direction. 

• the experimental values at R, = 142 (not tested; should however lie between the last two 
plotted values) and 152 mm on the blanks which are oriented 45° to the rolling direction. 
Since anisotropy was not considered in the finite element simulations (the plastic strain 
ratio R = 1) and as R45 = 1.024, this important observation indicates that the finite element 
model is able to predict the strains adequately, Fig. 5.9. 

A comparison of the finite element, experimental and analytical values obtained for the 
stretched flanges of 1.6 mm thick 2024-O shows that the finite element values are 
significantly lower than those found experimentally and analytically at "small" initial blank 
radii, 7?7, Fig. 5.11. 

Judging from the available data, anisotropy seems to be the major source of discrepancy 
between the finite element and experimental values. This issue will be discussed later on in 
this section. 

A satisfactory prediction of failure is another problem, as far as the comparison of finite 
element and experimental results is concerned, Figs. 5.7, 5.10 and 5.11. In finite element 
simulations of stretch flanging, the forming limit curve, FLC, of the studied material was used 
to predict the onset of failure (see also section 4.2.3). 

In other words, the strains obtained after completion of the simulation were compared to the 
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FLC to check i f these strains exceeded those permissible. This kind of comparison requires 
naturally reliable FLCs. 

According to the used FLC (not accessible to the author of this report), 1.0 mm thick 2024-O 
cracks at R; = 155 mm, Fig. 5.10. This does not comply with the experimental results, 
regardless of how the blank is oriented, Figs. 5.8-5.10. 

Looking at Fig. 5.11, this problem becomes more perceptible. Due to the large scatter in the 
acquired data for 1.6 mm thick 2024-O, two different FLCs were constructed (not accessible 
to the author of this report): a "lower" and a "mean", [4]. If the "lower" FLC is used, the sheet 
cracks at Rj = 144.4 mm, Fig. 5.11. However, the sheet does not crack at all in the studied 
interval, i f the "mean" FLC is used, Fig. 5.11. 

A reliable prediction of failure in stretch flanging by finite element simulation requires, in 
other words, FLCs which one can confide in. 

It was assumed in section 2.1.1 that uniaxial tension prevails everywhere along the straight 
portion of the flange and that the deformation mode, therefore, is given by Eqn (2.5). The 
strain distribution along the straight portion of the flange is, in other words, another feature 
which must be examined. 

The strain distribution obtained experimentally, analytically and by finite element simulation 
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on some stretched flanges are displayed in Figs. 5.13-5.15. The flange angle is 90° in all cases. 

The analytical values - the lines - in these figures are calculated in accordance to Eqn (2.5). 
The /f-values used in these calculations are those given in Table 3.3. The finite element values 
plotted in Figs. 5.14 and 5.15 are extracted from [4]. 

Note, once again, that Figs. 5.13-5.15 display the strain distribution along the straight portion 
of the flange and not the strain path. The closer the plotted value is to zero, the closer is the 
site at which this value is measured, to point B in Fig. 2.1. The higher the plotted value is, the 
closer is the site at which the value was measured, to the flange edge - at R2 in Fig. 2.1. 

Al l three figures show that Eqn (2.5) can be characterized as a reasonable assumption in 
analytical modelling. However, the experimental values are in all cases higher than those 
calculated analytically, Figs. 5.13-5.15. 

The finite element values in Figs. 5.14 and 5.15 pose a very interesting feature. The finite 
element values plotted in Fig. 5.14 coincide with the analytical values for the case, in which 
the orientation with respect to the rolling direction (Fig. 4.3) is 45°. R45 = 1.024 for 1.0 mm 
thick 2024-O, Table 3.3, and it is known that the plastic strain ratio R = 1 in the finite element 
simulations (anisotropy not considered in the finite element simulations). 

In Fig. 5.15, the finite element values are very close to the analytical values attained for the 
1.6 mm thick blank of 6061-O oriented perpendicularly to the rolling direction. Rgo = 0.938 
for 1.6 mm thick 6061-O, Table 3.3, and R = 1 in the finite element simulations. 

Al l this signifies that also the finite element simulations predict that uniaxial tension prevails 
everywhere along the straight portion of the flange. Since anisotropy is not taken into 
consideration in the finite element simulations, replacing R in Eqn (2.5) by 1 will yield the 
strain distribution in accordance to these simulations. 

Based on the experimental results and different failure criteria discussed in section 2.1.3, let 
us finally try to establish a fracture limit. 

In Fig. 5.16, which shows the strain versus the initial blank radius/die radius, Rj/Rp, the 
circumferential strain, e6, obtained at fracture, Figs. 5.7-5.12, are compared to different failure 
criteria. 

In this figure, £„ m y o m , , e t 0 /, n, and (\+R)m, are calculated in accordance to Eqns (2.18), (2.19), 
(2.25), and (2.34) respectively. The normal anisotropy, 7?, for sheet aluminium is normally 
less than 1. For such materials, some researchers believe that the anisotropy effect cannot be 
observed and that it is better to assume that R = 1 in all directions to ease the mathematical 
modelling. Replacing R by 1 in Eqn (2.34), one obtains In. The values of 2n are also plotted 
in Fig. 5.16. 

Note too that the values of A u n i f 0 r m and A5o are given in Table 3.1, whilst the values of R and n 
used to construct Fig. 5.16 are those displayed in Table 3.3. 

As exhibited in Fig. 5.16, (l+R)»n or Eqn (2.34) correlates best to the experimentally found 
fracture strains. According to the experimental values found in this investigation, it is, in 
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other words, possible to observe the anisotropy effect, although dealing with sheet aluminium. 

Since Auniform is determined at maximum load, Eqn (2.18) is theoretically equal to Eqn (2.25). 
Combining Eqns (2.18), (2.25) and (2.34) yields 

Eu = (l + R)*£uniform (5.1) 

In Fig. 5.17, which depicts the strain versus the initial blank radius/die radius, R/JRg, the 
experimentally obtained fracture strains (see Figs. 5.7-5.12), (l+R)*n or Eqn (2.34), and 
(l + R)* e u n i f o r m or Eqn (5.1) are compared. 

It is interesting to note that for the 1.6 mm thick blank of 6061-O on which the orientation 
with respect to the rolling direction (Fig. 4.3) is 90°, 2«, (1+7?)»«, and (l + R)'£uniform can all 
be used as fracture limit, Figs. 5.16 & 5.17. That is since R9o = 0.938 (close to 1), Table 3.3, 
and t m i f o r m = n , Tables 3.1 & 3.3. 

Utilizing Fig. 5.17, the following two fracture limits can be established for stretch flanging 

In 

xD~l0 
R lmin 

vimm 
< (1 + 1?). re, (5.2) 

which is obtained by equating Eqns (4.11) and (2.34), and 

ln RD 

l+R 

R lmin 

= (1 + Ä) .£ uniform < 

V J 

which is obtained by equating Eqns (4.11) and (5.1). 

(5.3) 

Rewriting Eqns (5.2) and (5.3) yields 

R-D ~?o 
R lmin 

J L ^ 
l+R 

XD J 

R lmin 
< e 

(l+R)-n (5.4) 

and 
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R D ~l0 
R lmin 1+fi 

Klmin 

(!+/?)•£ uniform (5.5) 

In the design stage, the die radius, RD, the initial sheet thickness, to, the plastic strain ratio, R, 
the strain hardening exponent, n, and the uniform strain, ^uniform are normally 
known/determined. The minimum value of the initial blank radius, Rimi„, can therefore be 
calculated by Eqn (5.4) or Eqn (5.5). Knowing R;, RD, t0, and R, Eqn (2.16) can be used to 
calculate the length, L, of a vertical flange. 

5.2 Shrink flanging 

5.2.1 Flange length 

Figs. 5.18-5.23 show the flange length, L, versus the initial blank radius, Rj, obtained after 
shrink flanging of the sheet materials in this study. See also Table 4.1. The flange angle is 90° 
in all cases, Fig. 4.4. The analytical values plotted in Figs. 5.18-5.23 are calculated in 
accordance to Eqn (2.55), mode I , and Eqn (2.72), mode I I , respectively. The Æ-values used in 
these calculations are those given in Table 3.2. 

In shrink flanging, the failure is caused by wrinkling. The larger the initial blank radius, R,, 
the higher is the risk of wrinkling. The initial blank radii, Rj, of the formed components on 
which wrinkles were observed are, therefore, marked in Figs. 5.18-5.23. The measured 
wrinkle height, hw, is also given in these figures. 

As mentioned in section 4.1, the pressed part is discarded i f the height of the largest wrinkle 
hw > 0.5 mm, whilst the wrinkles are straightened out i f hw < 0.5 mm. However, the wrinkling 
is dealt with in the next section, why it is not discussed in the present section. 

Comparing theory with practice, the values calculated in accordance to mode I , Eqn (2.55), 
exhibit the best correlation with the experimental values, Figs. 5.18-5.23. This correlation can 
actually be characterized as very good, since the percentage error is < 8.3% at hw « or < or = 
0.5 mm, Figs. 5.18-5.23. 

The difference between the values calculated in accordance to mode I , Eqn (2.55), and those 
computed in accordance to mode n, Eqn (2.72), grows with increasing initial blank radius, R,. 
However, this difference is very small, /. e. < 1.4 mm (< 4%) at hw « or < or = 0.5 mm, Figs. 
5.18-5.23. 

In other words, the calculated magnitude of the flange length, L, is not affected by the 
assumed deformation mode significantly. The geometry (the initial blank radius, 7?;, and the 
die radius, R Q ) has, though, a major influence on the (calculated and experimental) magnitude 
of the flange length, L, Figs. 5.18-5.23. 
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Fig. 5.18. Flange length, L, versus initial blank radius, Rj, after 90 shrink flanging of 1.0 mm 
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radius (Fig. 4.2) = 200 mm. Analytical values are computed in accordance to Eqn 
(2.55), mode I , and Eqn (2.72), mode n, respectively. 
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Let us now examine the magnitude of L obtained at R, = 538 mm, Figs. 5.19-5.21. The values 
calculated in accordance to mode I , Eqn (2.55), vary between 38.1 and 38.3 mm. The lower 
the plastic strain ratio, R, the smaller is the theoretical (mode I) magnitude of the flange 
length, L. 

The experimental values at the same /?/ lie, as shown in Figs. 5.19-5.21, in the interval 35.9-

36.0 mm, the highest value being found for the lowest plastic strain ratio, R90. However, it is 
not possible to establish any relationship between the experimentally attained L and the plastic 
strain ratio, R, as L0 (Fig. 5.19) < L45 (Fig. 5.20) < L90 (Fig. 5.21) at /?/ = 538 mm. 

A comparison of L at R, = 544.6 mm in Fig. 5.22 and that at the same R; in Fig. 5.23 shows 
that the values calculated in accordance to mode I , Eqn (2.55), vary between 44.5 and 44.8 
mm, the larger value being obtained for the larger R9Q. However, the experimentally found 
values at the same Rj lie in the interval 42.3-42.6 mm, the larger value being attained for the 

smaller R9n, Figs. 5.22 & 5.23. 

Al l this indicates that it is not possible to establish any relationship between the flange length, 

L, and the plastic strain ratio, R, at the selected initial blank radii, Rj, and that the influence of 
R on L seems to be practically insignificant. 

Increasing the sheet thickness from 1.0 to 1.6 mm does not either seem to affect the flange 
length considerably, Figs. 5.21 & 5.22. Observe, though, that the experimental and analytical 
values plotted in Figs. 5.21 and 5.22 are affected by both the sheet thickness, to, and the 
plastic strain ratio, R, (and the slightly different r?/-values). 

Note finally that although the difference is small, the values calculated in accordance to mode 
I , Eqn (2.55), (and the values computed in accordance to mode II, Eqn (2.72),) are in all cases 
larger than the experimental values, Figs. 5.18-5.23. 

5.2.2 Peak strain, strain distribution and wrinkling limit 

Figs. 5.24-5.29 display the circumferential strain, e6, obtained at the flange edge as function of 
the initial blank radius, Rj, after shrink flanging of the sheet materials in this investigation 
(Table 4.1). The flange angle was 90° in all cases (Fig. 4.4). 

The analytical values plotted in Figs. 5.24-5.29 are calculated in accordance to Eqn (4.12), 
mode I , and Eqn (4.13), mode I I , respectively. The /(-values used in the calculation of e e . m o d e i 
are those given in Table 3.2. 

The finite element values plotted in Figs. 5.24, 5.27 and 5.28 come from [4]. The anisotropy 
was not considered in the finite element simulations. For consistency, the obtained finite 
element values are plotted in the diagrams which show the analytical and experimental results 
attained perpendicularly to the rolling direction. 

As exhibited in Figs. 5.24-5.29, there is practically no difference between the circumferential 
strains, ee, calculated in accordance to mode I . Eqn (4.12), and those computed in accordance 
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5.27. Circumferential strain, ee, at the flange edge versus initial blank radius, Rj, obtained 
after 90° shrink flanging of 1.0 mm thick 2024-O. Orientation with respect to the 
rolling direction (Fig. 4.4) = 90°. Die radius (Fig. 4.2) = 500 mm. The analytical 
values are computed in accordance to Eqn (4.12), mode I , and Eqn (4.13), mode n, 
respectively. FEM = finite element values. 
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5.28. Circumferential strain, ee, at the flange edge versus initial blank radius, R], obtained 
after 90° shrink flanging of 1.6 mm thick 2024-O. Orientation with respect to the 
rolling direction (Fig. 4.4) = 90°. Die radius (Fig. 4.2) = 500 mm. The analytical 
values are computed in accordance to Eqn (4.12), mode I , and Eqn (4.13), mode II , 
respectively. FEM = finite element values. 
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5.29. Circumferential strain, ee, at the flange edge versus initial blank radius, Rj, obtained 
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rolling direction (Fig. 4.4) = 90°. Die radius (Fig. 4.2) = 500 mm. The analytical 
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to mode TJ, Eqn (4.13). This means that the influence of thickening (on the circumferential 
strain at the flange edge, ee) can theoretically be neglected. The fact that thickening can be 
neglected signifies, in turn, that the influence of the plastic strain ratio, R, on the strain level 
can theoretically be ignored. Compare Eqn (4.12) with Eqn (4.13) and the analytical values in 
Figs. 5.25-5.27. 

Experimentally, a comparison of Figs. 5.25-5.27 shows that 

• it is not possible to establish any relationship between the strain level, e8, and the plastic 

strain ratio, R, and 

• the magnitude of the initial blank radius, 7?;, at which wrinkling was encountered, cannot 
be ranked by the size of the plastic strain ratio, R. 

However, the magnitude of R; at wrinkling can be ranked by the sizes of the strain hardening 
exponent, n, and the strength coefficient, K, Figs. 5.25-5.27 and Table 3.2. The influence of n 
and K on the wrinkling limit will , though, be discussed later on in this section. 

Increasing the sheet thickness from 1.0 to 1.6 mm does not either seem to have any major 
impact on the obtained theoretical and experimental strains. Compare Fig. 5.27 with Fig. 5.28. 
However, the wrinkling limit (hw < 0.5 mm) is apparently affected positively by a thickness 
increase. When to = 1-0 mm, wrinkling occurs at 7?; = 545 mm, Fig. 5.27. Wrinkling is 
encountered at Rj « 547.5 mm, when to =1.6 mm, Fig. 5.28. A small but distinguishable 
increase. 

With two exceptions, the analytically calculated strains exhibit generally a very good 
correlation with the experimental values. These two exceptions concern blanks having a 
plastic strain ratio, R, which is larger than unity, Figs. 5.26 and 5.29. 

There are several sources of discrepancy between the analytical (both modes I and II) and 
experimental values: 

• the elastic strains are neglected in the analytical models (both modes I and II), 

• the deformation mode found in practice differs from those assumed in analytical modelling 
(both modes I and II), and 

• it is assumed that an axisymmtric model can be used to predict the strains, even i f only a 
segment of the circular flange is considered. This means that, during the deformation, there 
is theoretically no material movement towards the tips (the sites on the blanks where the 
radius is denoted as rj in Fig. 4.4). In practice, the material is, however, allowed to move 
towards the tips. 

There is also a fourth source of discrepancy between the analytical and experimental values. 
This fourth source of discrepancy wil l be discussed later on in this section. 

Wrinkling (hw < 0.5 mm) occurs at ee = -0.123 when the die radius RD = 200 mm, Fig. 5.24, 
whilst wrinkling is encountered at ee = -0.087 when RD = 500 mm, Fig. 5.27. This relatively 
large difference is chiefly caused by the change of die radius and corresponds, as shown later 
on in this section, well with the theory (mode I). Note too that such a dependence on tool 
dimensions could not be observed at crack formation in stretch flanging. Compare Fig. 5.7 
with Fig. 5.10. 
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Let us now compare the finite element values with those attained analytically and 
experimentally. 

Both of the finite element values plotted in Fig. 5.24 are in acceptable agreement with the 
analytical and experimental values. No blank with the initial radius Rj = 233 mm was formed, 
but the finite element value obtained at this Rj is in alignment with the experimental and 
analytical values attained at smaller Rj, Fig. 5.24. 

The difference in R, between the two finite element values plotted in Fig. 5.24 is large. If, 
however, it is assumed that the wrinkling limit lies at the middle of the studied interval, i. e. at 
Ri = 229.5 mm, it can be concluded that the wrinkling limit predicted by the finite element 
model is in correspondence with the experimentally obtained limit - hw< 0.5 mm at R] = 227 
mm. 

Three finite element values are plotted in Fig. 5.27. The finite element value obtained at Rj = 
538 mm does not differ much from the experimental and analytical values attained at the same 
7?;. However, the two other finite element values do not comply at all with the experimental 
and analytical values at the same Rj, Fig. 5.27. 

According to the finite element model, wrinkling occurs at 7?; = 544 mm. Experiments show 
that wrinkles are formed and that the wrinkle height is 0.4 mm at the same Rj, Fig. 5.27. The 
wrinkling limit predicted by the finite element model is, in other words, in a very good 
agreement with the experimentally attained limit. 

The circumferential strain obtained at the flange edge, ee, at Rj = 544 mm by finite element 
simulation is, though, almost twice as large (smaller in magnitude) as that found by 
experiments. This strain is also larger (smaller in magnitude) than the strain obtained by finite 
element simulation at 7?; = 538 mm, Fig. 5.27. 

There are four finite element values plotted in Fig. 5.28. The finite element values obtained at 
7?/ = 525.6 and 532.6 mm do not differ much from the experimental and analytical values at 
the same 7?;. However, the finite element values attained at 7?/ = 544.6 and 548.6 mm do not 
comply at all with the experimental and analytical values at the same Rj, Fig. 5.28. 

Wrinkling occurs at Rj = 532.6 mm according to the finite element simulations, whilst the 
experiments show that wrinkles are observed first at Rj = 546.6 mm, Fig. 5.28. In other 
words, the wrinkling limit obtained by finite element simulation does not correspond at all to 
that found by experiments. 

The sources of discrepancy between the finite element simulations and the experiments are: 

I . Anisotropy is not considered in the finite element simulations. 

I I . The flow curve used in the finite element simulations (Eqn (4.14) with n = 0.254, K = 443 
MPa and zE = unknown) differs from that found experimentally (Eqn (4.3) with n and K 
given in Table 3.2). 

This difference which is strongly interconnected with the discrepancy arising due to the 
anisotropy effects mentioned above should, however, primarily influence the obtained 
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finite element stresses. 

In the finite element simulations, the onset of instability - wrinkling - was predicted by 
calculating a parameter called Current Stiffness Parameter, CSP (see section 4.2.3). In 
these simulations, wrinkling occurs when the value of CSP drops to zero. 

CSP is, though, strongly influenced by the predicted stresses in the sheet elements, [3]. 
The discrepancy between the flow curve used in the finite element simulations and the 
actual flow curve affects, therefore, the calculated value of CSP and, thereby, the 
predicted level of the wrinkling limit. 

in. The applied pressure during shrink flanging. In the experiments, the maximum available 
pressure - 70 MPa (700 bar) - was used in all cases. In the finite element simulations, the 
maximum applied pressure was set at 10 MPa, [4]. 

I I and HI are believed to be the most significant sources of discrepancy between the 
experimental and finite element values. To study the impact of I I and HI, blanks with the same 
initial radius, Rj, were shrunk over the same die at different maximum pressures. 

Fig 5.30 displays four shrunk flanges formed at different pressures. This figure concerns 1.0 
mm thick blanks of 2024-O all with the initial radius 7?/ = 525 mm shrunk over a die with the 
radius RD = 500 mm. Orientation with respect to the rolling direction (Fig. 4.4) is 90° in all 
four cases. From the bottom to the top of Fig. 5.30, the maximum applied pressure is 5, 10, 
20, and 70 MPa respectively. 

Fig. 5.30. 1.0 mm thick blanks of 2024-O shrunk at different maximum pressures. Initial 
blank radius 7?/ = 525 mm and die radius RD = 500 mm in all four cases. 
Orientation with respect to the rolling direction (Fig. 4.4) = 90° in all cases. 
Applied maximum pressure from the bottom to the top of the figure = 5, 10, 
20, and 70 MPa respectively. 

Wrinkles are, as exhibited in Fig. 5.30, formed when the maximum applied pressure is 5 MPa. 



C67 

As the maximum applied pressure is increased, no wrinkles can be observed on the formed 
flanges, Fig. 5.30. This indicates that the wrinkling limit (the circumferential strain at the 
flange edge at which wrinkling occurs) in fluid forming must be characterized as pressure 
dependent. 

Fig 5.31 shows four shrunk flanges all with the same initial blank radius Rj - 538 mm formed 
at different pressures. This figure concerns 1.0 mm thick blanks of 2024-O all shrunk over a 
die with the radius R& = 500 mm. Orientation with respect to the rolling direction (Fig. 4.4) is 
90° in all four cases. From the bottom to the top of Fig. 5.31, the maximum applied pressure is 
5, 10, 20, and 70 MPa respectively. 

Fig. 5.31. 1.0 mm thick blanks of 2024-O shrunk at different maximum pressures. Initial 
blank radius 7?/ = 538 mm and die radius Rp = 500 mm in all four cases. 
Orientation with respect to the rolling direction (Fig. 4.4) = 90° in all cases. 
Applied maximum pressure from the bottom to the top of the figure = 5, 10, 
20, and 70 MPa respectively. 

As exhibited in Fig. 5.31, solely the flange formed at 70 MPa is wrinkle-free. Wrinkles are 
observed on all other flanges. Fig. 5.31 shows once again that the wrinkling limit is pressure 
dependent. 

Fig. 5.31 also shows that wrinkles are obtained on the flange formed with the maximum 
pressure set at 10 MPa. That is while the finite element simulation, in which the maximum 
applied pressure also is 10 MPa, predicts that the flange wil l be wrinkle-free. See the finite 
element value plotted at R] = 538 mm in Fig. 5.27. 

This difference between the experiment and the finite element simulation shows that the value 
of Current Stiffness Parameter, CSP, is not calculated in a proper manner. One major source 
of error in calculation of the CSP-value is the flow curve. I f the flow curve is not properly 
defined, the drop in the CSP-value - the wrinkling limit - wil l not correspond to what actually 
occurs in practice. 
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Figs. 5.30 and 5.31 show, in other words, that the differences between the finite element and 
experimental values plotted in Figs. 5.24,5.27 and 5.28 depend chiefly on two factors: 

• The finite element simulations are conducted at a significantly lower pressure (10 MPa) 
than the experiments (70 MPa). 

• The flow curve used in the finite element simulations differs from that (those) obtained by 
tensile testing. 

Fig. 5.30 displays, furthermore, that 10 MPa can in some cases be sufficient to form a 
wrinkle-free flange and that increasing the maximum applied pressure to 70 MPa does not 
change anything. This explains, in turn, why some of the obtained finite element values 
correspond relatively well to the experimental values. See the values plotted at 7?; = 226 mm 
in Fig. 5.24,7?; = 538 mm in Fig. 5.27, and Rj = 525.6 & 532.6 mm in Fig. 5.28. 

Note in Figs. 5.30 and 5.31 that the flange angle, a in Fig. 2.6 (see also Fig. 4.4), is = 90°, 
regardless of the magnitude of the maximum applied pressure. These figures also show that 
the wrinkles are straightened out, as the pressure is increased. 

Let us now focus on an arbitrary shrunk flange formed with the maximum applied pressure set 
at 70 MPa. The observations above (the flange angle ~ 90°, regardless of the magnitude of the 
maximum applied pressure, and the wrinkles are straightened out, as the pressure is 
increased) signify that this arbitrary flange is shrunk almost immediately and that the formed 
wrinkles (if a critical strain is exceeded) are straightened out during the rest of forming. 

This indicates, in turn, that during the forming the sheet is first subject to hoop compression 
and then 'pressurizing' (see the discussion chapter). In other words, the deformation mode is 
changed (strain path change) during the forming operation (Bauschinger effect). At the same 
time, the final strains are strongly affected by the die radius, RD. 

This phenomenon could be the fourth source of discrepancy between the analytical and 
experimental values plotted in Figs. 5.24-5.29. Note that the largest difference between the 
analytical and experimental values are obtained particularly when the magnitude of the plastic 
strain ratio, 7?, is larger than unity, Figs. 5.26 and 5.29. 

In section 2.2.1, two different deformation modes were discussed. In mode I , Eqn (2.5), it was 
assumed that uniaxial compression in the hoop direction prevails everywhere along the 
straight portion of the flange. I mode I I , Eqn (2.46), the thickness change was neglected and it 
was assumed that pure shear prevails everywhere along the straight portion of the flange. 

The strain distribution along the straight portion of the flange is therefore another feature 
which must be examined. 

The strain distribution obtained experimentally, analytically and by finite element simulation 
on some shrunk flanges are shown in Figs. 5.32-5.34. The flange angle is 90° in all cases (Fig. 
4.4). 

The analytical values - the lines - in Figs. 5.32-5.34 are computed in accordance to Eqn (2.5), 
mode I , and Eqn (2.46), mode I I , respectively. The finite element values plotted in Fig. 5.33 
are extracted from [4]. 

Note once again that Figs. 5.32-5.34 exhibit the strain distribution along the straight portion of 
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Fig. 5.32. Strain distribution along the straight portion of a (vertically) shrunk flange of 1.0 
mm thick 2024-O. Orientation with respect to the rolling direction (Fig. 4.4) = 
90°. Die radius = 200 mm. Initial blank radius = 226 mm. The analytical 
values are calculated in accordance to Eqn (2.5), mode I , and Eqn (2.46), mode 
I I , respectively. 
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mm. The analytical values are calculated in accordance to Eqn (2.5), mode I , and 
Eqn (2.46), mode I I , respectively. FEM = finite element values. 
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Fig. 5.34. Strain distribution along the straight portion of (vertically) shrunk flanges of 1.6 
mm thick 2024-O and 6061-O. Orientation with respect to the rolling direction 
(Fig. 4.4) = 90°. Die radius = 500 mm. Initial blank radius = 538.6 mm. The 
analytical values are calculated in accordance to Eqn (2.5), mode I , and Eqn 
(2.46), mode I I , respectively. 

the flange and not the strain path. The closer the plotted value is to zero, the closer is the site 
at which this value is measured to point B in Fig. 2.6. The lower the plotted value is, the 
closer is the site at which this value is measured to the flange edge - at R2 in Fig. 2.6. 

It is not possible to establish any relationship between the experimental strain distribution and 
the magnitude of the plastic strain ratio, R, Fig. 5.33. However, the experimental values 
obtained on the flange, on which the orientation with respect to the rolling direction (Fig. 4.4) 
is 45°, exhibit the largest deviation from mode I , Fig. 5.33. See also Fig. 5.26. 

The experimental values obtained on the flange, on which the orientation with respect to the 
rolling direction (Fig. 4.4) is 90°, pose another interesting feature, Fig. 5.33. In spite of the 
fact that wrinkles have been formed and straightened out during forming of this flange, Fig. 
5.31, the experimental strain distribution found on this flange exhibits a good correspondence 
to the analytical values calculated in accordance to mode I , Fig. 5.33. 

(The same observation should apply also for the flange, on which the orientation with respect 
to the rolling direction is 0°, Fig. 5.33). 

The finite element values plotted in Fig. 5.33 exhibit generally a good correlation to both the 
experimental values and those analytical values which are calculated in accordance to mode I . 
In the finite element simulations, R = 1, why Eqn (2.5) becomes ee = -2er. Fig. 5.33 shows that 
e e does not deviate much from -2er, both strains being found by finite element simulation. 
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Note in Fig. 5.34 that the experimental values attained on the shrank flange of material 6061-
0 form a curve. See also Fig. 5.29. Note too in Fig. 5.34 that the experimental values obtained 
on the shrunk flange of material 2024-O exhibit a good correspondence to the analytical 
values which are calculated in accordance to mode I . 

Figs. 5.32-5.34 show in fact all that mode I , Eqn (2.5), is a more reasonable assumption in 
analytical modelling than mode I I , Eqn (2.46). The rest of this section is. therefore, focused on  
mode I and the wrinkling criterion derived in accordance to this mode. Eqn (2.60). 

Fig. 5.35 displays the critical (wrinkling) strain, \secr\, versus the current sheet thickness at 
the flange edge/die radius, tlRD, for the sheet materials in this investigation. The values 
(curves) in this figure are calculated in accordance to Eqn (2.60). I e e < : r l computed by utilizing 
the mean values of E, R, K, and n, given in Tables 3.1 & 3.2, is sufficient for a theoretical 
comparative study, why these mean values were used in the calculations. 

In Fig. 5.36, the experimentally obtained critical ('wrinkling') strain, I e Q C r I , is plotted as 
function of the current sheet thickness at the flange edge/die radius, t/Rp, for the sheet 
materials in this investigation. These experimental values concern the flanges, on which the 
attained wrinkle height hw < 0.5 mm (see Figs. 5.24-5.29). 

A line was fitted to the experimental values, the mathematical expression of this line being 
1 e e C r l = 35.353-»X (see also the legend), Fig. 5.36. X in this mathematical expression is equal 
to the right hand side of Eqn (2.60). 

In other words, a line, in which X is calculated in accordance to the analytically derived 
wrinkling criterion, was fitted to the experimental values. As shown in the legend of Fig. 5.36, 
the obtained correlation factor (CF) was 0.87. (The closer CF is to 1, the better is the 
agreement between the line and the experimental values). 

A comparison of Fig. 5.35 and Fig. 5.36 shows that the analytical values, Eqn (2.60), are 
much smaller that those found experimentally. (For those interested, it should be mentioned 
that also Eqn (2.85), mode I I , yields very small critical strains). 

As shown in Fig. 5.35 and at tlRD > 0.001, wrinkling is analytically expected to occur sooner 
(at smaller strains) on 1.6 mm thick 6061-O than on the two other sheet materials used in this 
study. However, such a tendency could not be observed experimentally, Fig. 5.36. 

Note, though, that Fig. 5.35 displays the total (elastic + plastic) strains, whilst the 
experimental values plotted in Fig. 5.36 are plastic strains measured at the flange edge after 
unloading. In the latter case, the experimental values are relatively so large that elastic strains 
can be neglected. 

Recall that Eqn (2.60) consists of an elastic and a plastic portion (see also Eqn (2.58)). The 
second expression on the right hand side of Eqn (2.60) gives the plastic portion of the critical 
strain. This second expression can be used to calculate tlRr> at which the 0.2%-limit 
(conventionally accepted as the onset of plastic deformation) is exceeded. Doing so, one finds 
that tlRD = 0.0042, 0.0038, and 0.0052 for 1.0 mm thick 2024-O, 1.6 mm thick 2024-O, and 
1.6 mm thick 6061-O respectively. A large part of Fig. 5.35 exhibits, in other words, only 

elastic strains. 



C72 

0.006 

0.005 

_- 0.004 

0.003 

r 0.002 

0.001 

-

1 1 

-

TI 

— - TI 

leoretical, 2024-0,1.0 mm 

leoretical, 2024-0,1.6 mm 

leoretical, 6061-0,1.6 mm 

^ Shrink flanging ^ 

-
TI 

leoretical, 2024-0,1.0 mm 

leoretical, 2024-0,1.6 mm 

leoretical, 6061-0,1.6 mm Modt * 
* 

* 
* 

0.2%-limit 

* 

* 
i l i 1 
rf i 
o i 

1 

rf 
o 

C4 
© 

0.001 0.002 0.003 

t/RD 

0.004 0.005 0.006 

Fig. 5.35. Critical strain, I e e c r | , versus current sheet thickness at the flange edge/die radius, 
t/RD. The values (curves) are computed in accordance to Eqn (2.60). The mean 
values of E, R,K,&n given in Tables 3.1 & 3.2 were used in these calculations. 

0.14 

0.12 

0.1 

•£ 0.08 

0.06 

f^SluTnMlanging^\ 

2024-0,1.0 mm, 

Ä-/5,JR / = 544 mm, 

fin = 500 mm 

2024-0,1.0 mm, 

R<to,Ri = 544 mm, 
RD =500 mm 

2024-0,1.0 mm, 

R Q . R i = 538 mm, 

Rp =500 mm 

6061-O,1.6 mm, 

Rm,Ri =548.6 mm, 
fi B = 500 mm 

2024-0,1.0 mm, 

Rw,R 1 = 226 mm, 

fiD =200 mm 

2024-0,1.6 mm, 

Ä 90, fi / = 546.6 mm, 

R o = 500 mm 

• Experimental, hw < 0.5 mm 

A35.353X, C F = 0.87 

0.001 0.002 0.003 

t / R D 

0.004 0.005 0.006 

Fig. 5.36. Critical strain, I e e C r l , versus current sheet thickness at the flange edge/die radius, 
tlRD. X in the legend = Eqn (2.60). The values of E, R, K, and n in the 
corresponding direction given in Tables 3.1 and 3.2 were used in computation of 
X. CF in the legend = correlation factor (the closer CF is to 1, the better is the 
agreement between the theoretical and experimental values). 



C73 

Eqn (2.60) has been tested and verified for conventional shrink flanging (shrink flanging with 
rigid die and punch) of steel sheet at tIRp > 0.005, [9]. In spite of incremental loading and 
unloading, no elastic wrinkles could be observed in [9]. This implies, in turn, that in 
conventional (rigid tool parts) shrink flanging of the sheet materials in this study at tlRp below 
the 0.2%-limit, the level of the critical strain should be raised to = 0.0028. Note that this level 
is practically the same for all of these materials, Fig. 5.35. 

In spite of the fact that the value of t/Rp, at which plastic deformation theoretically is initiated, 
is larger for 1.6 mm thick 6061-0 (due to its mechanical properties - E, n, and K), this 
material should therefore behave in the same manner as the sheets of material 2024-O, as far 
as the wrinkling strain is concerned. That is i f the sheets of 2024-O and 6061-0 are all flanged 
at t/RD below the 0.2%-limits, (t/RD)Q2v, and formed conventionally, Fig. 5.35. 

This phenomenon was utilized in fitting a line to the experimental values in Fig. 5.36. At t/Rp 
< 0.0035, the value of X (the right hand side of Eqn (2.60)) used in the fitting procedure was 
calculated with the r/r?D-value set at that yielding the 0.2%-limit, (t/RD)o2P, Fig. 5.36. 

As shown in Fig. 5.36, the agreement between the fitted line and the experimental values is 
astonishingly good. If the analytically derived wrinkling criterion - Eqn (2.60), Fig. 5.35 and 
the discussion above - is multiplied by = 35, a critical working condition is obtained for shrink 
flanging by fluid forming. 

In shrink flanging with rigid punch and die, the emerged wrinkles grow in height and number 
during the forming. When the wrinkle height becomes equal to the magnitude of the clearance 
between the punch and the die, the wall wrinkles stop to grow in height and instead only 
expand in width. Scratches are also obtained on the sheet and, in very severe cases, also on the 
tool surfaces. At the end of forming, it is therefore possible to see, by just looking at the 
formed flange, i f wrinkles have been formed sometime during the flanging. However, in 
shrink flanging by fluid forming, it is not possible to see whether wrinkles have been formed 
during the flanging, should the applied pressure be sufficiently high, Figs. 5.30 & 5.31. 

The pressure required to form a vertical flange or a flange with an angle, which is very close 
to 90°, is very low. Figs. 5.30 and 5.31 show that a vertical flange is obtained as the maximum 
applied pressure is as low as 5 MPa. However, since 5 MPa is the lowest attainable maximum 
pressure in the Quintus Fluid Cell Press used in this investigation, this level - the maximum 
pressure required to form a vertical flange - might actually be lower. 

The maximum pressure required to fluid-form a vertical flange is, anyhow, very low. I f a 
critical strain is exceeded during the fluid-forming, wrinkles are formed, the wrinkle height 
being largest at the flange edge. These wrinkles grow in height until the flange angle is 90° 
and the flange contacts the die surface. All this occurs, once again, at a very low maximum 
applied pressure. 

As soon as the flange contacts the die surface, increasing the pressure does not result in larger 
wrinkles. As the flange/die surface contact is established, increasing the pressure wi l l , on the 
contrary, lead to a process in which the formed wrinkles are straightened out. 

Although it would be scientifically interesting to find out the maximum pressure and strain at 
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which wrinkles start to form, in practice only the components formed at the maximum 
available pressure (in this case 70 MPa) which exhibit wrinkles are discarded. 

In practical shrink flanging operations by fluid forming, we are accordingly dealing with three 
deformation processes: 

I . Hoop compression, which is largest at the flange edge, leading to instability - wrinkling. 
II . Post-instability hoop compression, during which the wrinkles grow in height and number 

(could be classified as a bending process). 
HJ. 'Pressurizing' (see the discussion chapter) after the flange/die surface contact is 

established, during which the wrinkles are straightened out. 

Neglecting the mechanical properties of the sheet, the magnitude of the growth in wrinkle 
height in I I depends naturally on when (at which strain) wrinkles were formed during the 
shrink flanging by fluid forming. 

The wrinkle height as the flange/die surface contact is established and the 'pressurizing' 
process in HI starts is, in other words, dependent upon the strain at which wrinkles started to 
form. The smaller this instability strain, the larger are the wrinkles as process HI starts. 

H these wrinkles are very large, applying the maximum available pressure (70 MPa in this 
case) might not be sufficient to straighten them out. The failure in Figs. 5.24-5.29 indicates, in 
other words, those cases in which 70 MPa in maximum applied pressure has not been 
sufficient to straighten out the wrinkles which had formed earlier. 

This discussion yields two conclusions: 

• Since the wrinkle height, as process HI starts, is dependent upon the strain at which 
wrinkles started to form during fluid forming, it is justified to use the analytical wrinkling 
criterion and multiply it by = 35, Fig. 5.36. 

• The wrinkling criterion in shrink flanging by fluid forming is dependent upon the 
maximum available pressure. I e e c r l = 35.353»X is only valid for the Quintus Fluid Cell 

Press used in this investigation (in which the maximum available pressure is 70 MPa). If 
shrink flanging is conducted in a fluid cell press with a larger capacity, the critical 
('wrinkling') strains should be larger in magnitude than those shown in Fig. 5.36. 

The derived wrinkling criterion, Eqn (2.60), describes the influence of different material and 
process parameters on the instability strain - during process I mentioned above. The 
mechanisms governing the growth of wrinkles, process H, and the deformation mode change 
(Bauschinger effect), processes H and HI, have not been considered. However, this issue will 
be addressed in the discussion chapter. 

The fact that the fitted line, 35.353X in Fig. 5.36, exhibits such a good correspondence to the 
experimental values in addition to the mathematical expression for this line (Y-axis 
intersection at zero) indicate, anyhow, that the rationale above is sufficient to obtain a working 
condition in shrink flange by fluid forming. 

One remark is, finally, due. The larger the ratio t/Rp, the larger is both theoretically and 
experimentally the critical strain, particularly if t/Rp is larger than (f/7vrj)o.2P- This explains 
why 1.0 mm thick 2024-O flanged on a die with the radius Rp = 200 mm exhibits the largest 
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critical strain, Figs. 5.35 & 5.36. I f the die radius is kept constant and the sheet thickness is 
allowed to vary, a thinner sheet (of the same material and deformed along the same direction) 
exhibits, in other words, a larger wrinkling tendency. 

Summarizing the discussion above, the critical ('wrinkling') strain is calculated in the 
following fashion. In the expressions below, the initial sheet thickness, to, the die radius, Rp, 
Young's modulus, E, the strain hardening exponent at small strains, n, and the strength 
coefficient determined at small strains, K, are to be used. 
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Equating Eqns (2.56) and (5.7) or Eqns (2.56) and (5.10), we obtain 
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Utilizing Eqn (5.11) or Eqn (5.12), the magnitude of the critical initial blank radius, R]c, can 

be calculated. Knowing Rjc, the magnitude of the initial blank radius, Rj, can be selected. 

Having selected Rj, calculate the final sheet thickness, t, by 
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Equating Eqns (2.56) and (5.14) or Eqns (2.56) and (5.17), we obtain 
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If Eqn (5.18) (or Eqn (5.19)) is valid, the selected Rj, RD, and t0 can be used to calculate the 
flange length, L, by Eqn (2.55). 

Note that the calculations above can be easily conducted in an Excel sheet. 

5.3 Forming pressure 

Fig. 5.37 displays the pressure variation in the finite element simulations. The maximum 
pressure was, as shown in Fig. 5.37, 10 MPa (100 bar). The shown pressure variation and 
maximum pressure (10 MPa) were applied in all stretch and shrink flanging operations 
simulated by the finite element method. 

0.01 0.02 0.03 0.04 

Time (s) 

Fig. 5.37. The pressure used in the finite element simulations. The shown pressure variation 
& maximum pressure (10 MPa) were applied to all stretched and shrunk flanges 
in these simulations. The figure is from [4] and modified. 
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The finite element simulations predicted that wrinkling would occur at significantly larger 
(smaller in magnitude) strains than those obtained experimentally, Figs. 5.27 and 5.28. The 
wrinkling issue has, though, been discussed in the previous section. 

The important feature to note in this section is that 10 MPa (as the maximum pressure) was 
sufficient to finite-element simulate vertically formed stretched and shrunk flanges of 1.0 and 
1.6 mm thick blanks of material 2024-O. 

The same phenomenon could be observed experimentally, as far as shrink flanging is 
concerned. A maximum pressure as low as 5 MPa was sufficient to form a vertical flange, 
Figs. 5.30 and 5.31. 

Since the costs of practical pressure measurements would be high, and as the lowest (with 
acceptable accuracy) attainable maximum pressure in the Quintus Fluid Cell Press used in 
this investigation is 5 MPa, it was originally planned to examine the validity of the 
analytically derived pressure expressions, Eqns (2.44) and (2.64), by finite element 
simulations conducted at different maximum pressures. However, this examination could not 
be carried out due to some reasons and all of the finite element simulations were, as 
mentioned previously, conducted with the maximum pressure set at 10 MPa. 

Utilizing Eqn (2.44), the analytically obtained pressure variation in some stretch flanging 
operations can be plotted, Fig. 5.38. The values of n, K, and R used to construct Fig. 5.38 are 
those given in Table 3.3. 

Note that the cases displayed in Fig. 5.38 have been selected, since they experimentally are the 
most severe cases which also have been simulated by finite element method. See also Figs. 
5.7, 5.10 and 5.11. 

The maximum required pressure is, as exhibited in Fig. 5.38, less than 10 MPa in all three 
cases. Provided that all other parameters are kept constant, Fig. 5.38 also shows that the 
required pressure is doubled, i f the die radius, Rp, is halved. 

Utilizing Eqn (2.64), mode I , the analytically obtained pressure variation in some shrink  
flanging operations can be plotted, Fig. 5.39. The values of n, K, and R used to construct Fig. 
5.39 are those given in Table 3.2. 

The cases in Fig. 5.39 have been selected since they experimentally are the most severe cases 
which also have been simulated by finite element method. See also Figs. 5.24, 5.27, & 5.28. 

The maximum required pressure is, as shown in Fig. 5.39, less than 10 MPa in all cases. Fig. 
5.39 shows that a small die radius requires a high pressure also in shrink flanging. 

In addition to the pressure needed in the most severe cases, the pressure required to shrink 
flange 1.0 mm thick blank of material 2024-O, 'oriented' perpendicularly to the rolling 
direction with the initial radius R, = 538 mm on a die with the radius RD = 500 mm, is also 
plotted in Fig. 5.39. 

As exhibited in Fig. 5.39, the maximum pressure required to shrink flange this latter blank (to 
= 1.0 mm, R] = 538 mm, and RD = 500 mm) is approximately 0.4 MPa (4 bar). Formerly, it 
has been noted experimentally that as low as 5 MPa is adequate to form a vertical shrunk 
flange of this blank, Fig. 5.31. 
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O 20 40 60 80 

Flange angle, a (°) 

Fig. 5.38. Analytically obtained pressure at the flange edge, pe, versus the flange angle, a, 
in stretch flanging cases shown in the legends. The plotted values are computed 
in accordance to Eqns (2.44), (2.8)-(2.10), & (2.12). The values ofn,K&R used 
in these calculations and displayed in the legends are those given in Table 3.3. 

This observation, the fact that 10 MPa has been enough to form vertical flanges in all stretch 
and shrink flanging operations simulated by finite element method, the fact that also the 
analytically computed maximum pressures all are lower than 10 MPa, and a comparison of the 

Flange angle, a (°) 

Fig. 5.39. Analytically obtained pressure at the flange edge, pe, versus the flange angle, a, in 
shrink flanging cases shown in the legends. The plotted values are computed in 
accordance to Eqns (2.64), (2.48)-(2.50) & (2.52). The values of n, K & R used in 
these calculations and displayed in the legends are those given in Table 3.2. 
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the shapes of the pressure curves displayed in Figs. 5.38 & 5.39 on one hand and the shape of 
the pressure curve in the finite element simulations, Fig. 5.37, on the other, show that the 
analytically derived expressions, Eqns (2.44) and (2.64), either predict the actual pressures 
correctly or yield pressures which are proportional to the actual pressures. In either case, the 
analytically derived expressions can be considered as efficient tools. 

In practice, the pressure required to form a flange is not (normally) an interesting issue, as 
long as the maximum available pressure is sufficient to carry out the flanging operation. 
However, the forming pressure is a useful compatibility/accuracy criterion when analytical 
modelling and finite element simulation of the same flanging operation are compared. 

6. DISCUSSION 

6.1 Stretch flanging 

In most cases, the practitioners not only wish to know the flange length, L, but also would like 
to calculate the flange height, 77, Fig. 4.9. I f the flange is, as in the present study, vertical, one 
can assume that, Fig. 4.9, 

H=L + rd (6.1a) 

in which L is given by Eqn (2.16). 

Figs. 6.1-6.6 display the flange height, 77, versus the initial blank radius, 7?/, obtained after 
stretch flanging of the sheet materials in this investigation. See also Table 4.1. The analytical 
values plotted in these figures are computed in accordance to Eqn (6.1a). The /{-values used in 
these computations are those given in Table 3.3. 

The analytical values are, as exhibited Figs. 6.1-6.6, approximately 2 mm larger than those 
found by experiments, particularly i f the stretch flanging operation is to be conducted beyond 
the conditions which would lead to fracture. This means that 

H=(L+rd)-2 (6.2) 

should, generally, yield values which are in practically acceptable correspondence to those 
found by experiments. 

The analytically attained flange lengths, L, were also larger than those acquired 
experimentally. Looking at Figs. 5.1-5.6, one can see that (see also Eqn (2.16)) 

I + j? 

1 + 2R 
RD-

R, 

2 [R 

_ ! M 
1+Ä 

D J 
-R i * 

RD-

RI 

h fRi" 
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-1.5 (6.3) 



C81 

Analytical 

—O— Experimental 

60 65 70 75 80 85 < 

Initial blank radius, Rj (mm) 

Fig. 6.1. Flange height, H, versus initial blank radius, Rj, after 90° stretch flanging. 
Material = 2024-O. Initial sheet thickness = 1.0 mm. Orientation with 
respect to the rolling direction (Fig. 4.3) = 90°. Die radius (Fig. 4.1) = 
100 mm. The analytical values are computed in accordance to Eqn (6.1a). 
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Fig. 6.2. Flange height, H, versus initial blank radius, Rj, after 90° stretch flanging. 
Material = 2024-O. Initial sheet thickness = 1.0 mm. Orientation with 
respect to the rolling direction (Fig. 4.3) = 0°. Die radius (Fig. 4.1) = 200 
mm. The analytical values are computed in accordance to Eqn (6.1a). 
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Fig. 6.3. Flange height, H, versus initial blank radius, Rj, after 90° stretch flanging. 
Material = 2024-O. Initial sheet thickness = 1.0 mm. Orientation with 
respect to the rolling direction (Fig. 4.3) = 45°. Die radius (Fig. 4.1) = 
200 mm. The analytical values are computed in accordance to Eqn (6.1a). 
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Fig. 6.4. Flange height, H, versus initial blank radius, after 90° stretch flanging. 
Material = 2024-O. Initial sheet thickness = 1.0 mm. Orientation with 
respect to the rolling direction (Fig. 4.3) = 90°. Die radius (Fig. 4.1) = 
200 mm. The analytical values are computed in accordance to Eqn (6.1a). 
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Fig. 6.5. Flange height, H, versus initial blank radius, Rj, after 90° stretch flanging. 
Material = 2024-O. Initial sheet thickness = 1.6 mm. Orientation with 
respect to the rolling direction (Fig. 4.3) = 90°. Die radius (Fig. 4.1) = 
200 mm. The analytical values are computed in accordance to Eqn (6.1a). 
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Fig. 6.6. Flange height, H, versus initial blank radius, Rj, after 90° stretch flanging. 
Material = 6061-O. Initial sheet thickness = 1.6 mm. Orientation with 
respect to the rolling direction (Fig. 4.3) = 90°. Die radius (Fig. 4.1) = 
200 mm. The analytical values are computed in accordance to Eqn (6.1a). 
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should, generally, give values which exhibit a practically acceptable correlation to those found 
by experiments. That is specially if the stretch flanging operation is to be carried out beyond 
the conditions which would result in fracture. 

It was, furthermore, shown in section 5.1.2 that the minimum value of the initial blank radius, 

Rjmin, can be calculated by 

R Jmin 
R 

1+Ä 

D ) 

R lmin 
< e 

(1+R).n (5.4) 

or 

Rr 
R Jmin 

j _ M 
1+Ä 

lmin 
= e 

(1+A>E 
uniform (5.5) 

If Eqn (5.4) is used, the value of the strain hardening exponent n must, as discussed in chapter 
3, be determined at large strains - 10-14% plastic extension - in tensile testing. That is 
particularly if the sheet material exhibits substantially different n-values in different strain 
intervals in tensile testing. Compare Table 3.2 with Table 3.3. 

The circumferential strains, ee, obtained analytically at the flange edge are, as exhibited in 
Figs. 5.7-5.12, larger than those found experimentally. Looking at Figs. 5.7-5.12, it can be 
concluded that (see also Eqn (4.11)) 

e6mox - l n 

R D - l 0 
\.RDJ 

]+R 

-0.02 (6.4) 

J 

should generally give values which display a practically acceptable accordance to those found 
experimentally. Observe that Eqn (6.4) gives the peak strain at the outer surface of the blank 
(the surface which does not contact the die surface at the end of forming). 

Note that Eqns (5.4) & (5.5) are based on Eqn (4.11) which overestimates the peak strain by 
approximately 0.02. This means that a safety margin is, theoretically, implanted in Eqns (5.4) 
& (5.5). 

In the design stage, the die radius, RD, the die profile radius, rj, the initial sheet thickness, to, 
the plastic strain ratio, 7?, the strain hardening exponent, n, and the uniform strain, £„ m y o m , , are 
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normally known or determined/selected. 

If a flange with the maximum possible height is to be formed, minimum value of the initial 
blank radius, Ä; m i „, can be calculated by Eqn (5.4) or Eqn (5.5). Knowing R]min, Rp, rd, to, 
and R, Eqns (6.3) & (6.2) can be used to calculate the maximum length, L, and the maximum 
height, 77, respectively of a vertical flange. 

If a certain flange height (vertical flange), H, is to be obtained, the values of RD, rd, to, and R 
can be inserted into Eqns (6.2) and (6.3) to calculate the magnitude of the initial blank radius, 
Rj. Eqn (5.4) or Eqn (5.5) must then be used to check whether there is a risk of failure, should 
the selected parameters be used. 

The analytical and experimental results attained in this investigation show that the process 
parameters - the die radius, RD, the die profile radius, rd, and the initial blank radius, R; - are 
the most influential parameters, as far as the flange length, L, and the flange height, H, in 
stretch flanging are concerned. 

The fracture limit in stretch flanging is, though, determined by the plastic strain ratio, R, the 
strain hardening exponent (determined at large strains), n, and the uniform strain, £ u n i / o r m . 

It was assumed that the state of stress is uniaxial everywhere along the straight portion of the 
flange, er = -(/?/(l+/?))£e, and that an axisymmetric model can be used to predict the emerging 
strains. The results obtained experimentally and by finite element simulations show that these 
assumptions are reasonable in analytical modelling. 

Based on the presented results, it is suggested that new finite element simulations are 
conducted in which the flow curve (curves) and the fracture limits, Eqns (5.4) & (5.5), 
determined in this investigation are used. The finite element values (strains & lengths/heights) 
so obtained can then be compared to the experimental results presented in this study. 

It is also suggested that the pressure required to form a vertical flange is determined by finite 
element simulation, preferably for a couple of cases shown in Fig. 5.38. The results should 
then be compared to the curves displayed this figure. 

6.2 Shrink flanging 

The practitioners wish to be able to predict both the flange length, L, and the flange height, 77, 
also in shrink flanging. If the flange is, as in this investigation, vertical, one can assume that, 
Fig. 4.9, 

H = L + rd (6.1b) 

in which L is calculated in accordance to mode I , Eqn (2.55). 

Figs. 6.7-6.12 exhibit the flange height, 77, versus the initial blank radius, 7?;, attained after 
shrink flanging of the sheet materials in this study. See also Table 4.1. The analytical values 
plotted in these figures are calculated in accordance to Eqn (6.1b). The /{-values used in these 
calculations are those displayed in Table 3.2. 
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6.7. Flange height, 77, versus initial blank radius, i f ; , after 90° shrink flanging of 1.0 mm 
thick 2024-O. Orientation with respect to the rolling direction (Fig. 4.4) = 90°. Die 
radius (Fig. 4.2) = 200 mm. The analytical values are computed in accordance to 
Eqn (6.1b). 
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6.8. Flange height, 77, versus initial blank radius, 7?/, after 90° shrink flanging of 1.0 mm 
thick 2024-O. Orientation with respect to the rolling direction (Fig. 4.4) = 0°. Die 
radius (Fig. 4.2) = 500 mm. The analytical values are computed in accordance to 
Eqn (6.1b). 
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6.9. Flange height, H, versus initial blank radius, Rj, after 90° shrink flanging of 1.0 mm 
thick 2024-O. Orientation with respect to the rolling direction (Fig. 4.4) = 45°. Die 
radius (Fig. 4.2) = 500 mm. The analytical values are computed in accordance to Eqn 
(6.1b). 
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6.10. Flange height, H, versus initial blank radius, Rj, after 90° shrink flanging of 1.0 mm 
thick 2024-O. Orientation with respect to the rolling direction (Fig. 4.4) = 90°. Die 
radius (Fig. 4.2) = 500 mm. The analytical values are computed in accordance to 
Eqn (6.1b). 
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6.11. Flange height, H, versus initial blank radius, /?;, after 90 shrink flanging of 1.6 mm 
thick 2024-O. Orientation with respect to the rolling direction (Fig. 4.4) = 90°. Die 
radius (Fig. 4.2) = 500 mm. The analytical values are computed in accordance to 
Eqn (6.1b). 
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6.12. Flange height, H, versus initial blank radius, Rj, after 90° shrink flanging of 1.6 mm 
thick 6061-O. Orientation with respect to the rolling direction (Fig. 4.4) = 90°. Die 
radius (Fig. 4.2) = 500 mm. The analytical values are computed in accordance to 
Eqn (6.1b). 
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The analytical values are, as exhibited in Figs. 6.7-6.12, approximately 2.5 mm larger than 
those found experimentally. This implies that 

77= (L + rd)- 2.5 (6.5) 

should, generally, yield values which are in practically agreeable correspondence to those 
found experimentally. 

The analytically obtained flange lengths calculated in accordance to mode I , Eqn (2.55), were 
also larger than those found by experiments. Looking at Figs. 5.18-5.23, one can see that (see 
also Eqn (2.55)), 

L = 
1 + 7? 

1 + 27? 
R, 

to. 
2 KRDJ 

I 
l+R 

l+R 

RD+- R± l+R 
-2 

should, generally, give values which display a practically acceptable correlation to those 
attained experimentally. 

As exhibited in Figs. 5.24-5.29, the increase in thickness does not have any practical impact 
on the analytically calculated peak strains, why thickness change can be neglected. This means 
that 

(4.13) 
KD+t0 

yields generally values which are very close to those found experimentally, if the cases plotted 
in Figs. 5.26 and 5.29 are excluded. These exceptions wil l , though, be discussed later on in 
this section. 

In the design stage, the die radius, Rp, the die profile radius, rd, the initial sheet thickness, to, 
the plastic strain ratio, 7?, the strain hardening exponent, n, the strength coefficient, K, and 
Young's modulus, E, are normally known or determined/selected. 

If a vertical flange with the maximum possible height is to be formed, use Eqns (5.6)-(5.13) in 
section 5.2.2 to find the magnitude of the critical initial blank radius, Rjc. Replace then 7?; by 
Ric in Eqns (6.6) and (6.5) to compute the length, L, and the height, 77, respectively of this 
vertical flange. 

If a specific flange height (vertical flange), 77, is to be attained, insert the values of RD, rd, to, 
R, n, K, and E into Eqns (6.5) and (6.6) to find the magnitude of the initial blank radius, 7?;. 
Eqns (2.54) & (5.14)-(5.21) can then be utilized to check whether there is a risk of wrinkling, 
should the selected parameters be used. 

Considering the strain/stress state along the straight portion of the flange, two different 
assumptions were utilized. In mode I , it was assumed that this stress state is uniaxial and 
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consists of compression in the hoop direction. In mode I I , the change in thickness was 
neglected. 

The experimental and finite element values, Figs. 5.32-5.34, showed that mode I is a more 
reasonable assumption in analytical modelling, for which reason the expressions derived in 
accordance to this mode (wrinkling criterion, flange length and forming pressure) have been 
utilized in this report and are recommended to be used. 

This signifies that in shrink flanging as well as in stretch flanging, s r = -(R/( l+/?))ee can be 
assumed to describe the relationship between the radial and circumferential strains. It was, 
furthermore, assumed in section 2.2.1 that an axisymmetric model can be used, even i f 
forming of solely a portion of the annular flange is considered. The obtained experimental 
results show that also this assumption is reasonable. 

The process parameters - Rp, rd, and R} - should also in this case be considered as the most 
influential parameters, as far as the flange length, L, and height, H, are concerned. The plastic 
strain ratio, R, has neither theoretically nor experimentally any practically substantial impact 
on L and H, Figs. 5.19-5.21. 

As far as the wrinkling criterion, Eqn (5.16), is concerned, t0, RD, n, K, and E are all important 
parameters. However, the maximum available press pressure must be characterized as the 
unambiguously most significant parameter, which determines the magnitude of the 
'wrinkling' strain. 

Lot size neglected, the obtained results signify that fluid forming conducted at high pressure is 
the best method to produce high wrinkle-free shrunk flanges. These results show also that the 
level of the 'wrinkling' limit is dependent upon the maximum available press pressure, why 
Eqn (5.16) is valid for a fluid cell press in which the capacity is a 70 MPa (700 bar), and for 
shrink flanging operations in which the maximum available press pressure is used. 

Although the maximum press pressure is the most significant parameter, as far as the 
magnitude of the 'wrinkling' limit is concerned, it is very important that the mechanical 
properties of the sheet material - n, K, and E - are determined properly. Wrinkling is initiated 
and proceeds at small or relatively small strains, why n and K must describe the flow curve 
accurately. Compare Table 3.2 with Table 3.3. 

In shrink flanging by fluid forming at maximum available pressure, we are, as mentioned in 
section 5.2.2, dealing with three deformation processes: 

I . Hoop compression leading to instability - wrinkling. 
H Post-instability hoop compression, during which wrinkles grow in height and number (a 

bending process). See also Fig. 6.13. 
HI. 'Pressurizing' (see below) after the flange/die surface contact is established, during which 

the wrinkles are straightened out. 

The derived wrinkling criterion, Eqn (2.60), describes the influence of different material and 
process parameters on the instability strain in process I . The fitted 'wrinkling' limit, Eqn 
(5.16) (which, in turn, is based on Eqn (2.60)), is justified by the fact that the wrinkle height, 
as process HI starts, is dependent upon the strain at which wrinkles started to form - process I . 

This means that processes I I and HI have been taken into consideration by fitting Eqn (2.60) to 
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the experimentally acquired values. 

However, processes I I and HI have not been analytically modelled. When wrinkling is initiated 
during the forming, the wrinkles grow in height and number and the flange wil l , as exhibited 
in Fig. 6.13, be subject to increasing bending tension and compression caused by shrinking. 

Wrinkling in shrink flanging 

Fig. 6.13. The flange is subject to bending tension and compression as the wrinkles 
grow during shrink flanging. 

As the flange contacts the die surface, the applied forming pressure straightens the wrinkles 
out, i f this pressure is sufficiently high. Modelling processes I I and HI analytically would, in 
other words, complicate this investigation significantly. It is, therefore, suggested that 
processes I I and I I I are studied by finite element simulation. 

The sheet is subject to compression, compression/tension, and 'pressurizing' in processes I , H, 
& I I I respectively. A couple of words are, therefore, due concerning the Bauschinger effect. 

Changing the deformation mode from compression to tension tends to decrease the work 
hardening, [15]. Comparing as-received aluminium-killed low carbon steel with as-received 
6010-T4, the n-value of the steel sheet decreases more rapidly than that of the aluminium 
sheet, [16]. 

The Bauschinger effect is highly dependent upon the amount of prestraining and the strain 
amplitude. The prestraining is not applicable, whilst the strain amplitude is highly relevant in 
this study. In the present case, the strain amplitude is represented by the instability strain 
(initiation of wrinkling), the strain at the flange edge emerged during the process of wrinkle 
growth, Fig. 6.13, and "stretching" of the sheet during which the wrinkles are straightened out. 

The larger the strain amplitude, the larger is the Bauschinger effect (after 2 cycles) for as-
received aluminium-killed low carbon steel. The larger the strain amplitude, the smaller is, 
however, the Bauschinger effect (after 2 cycles) for 6010-T4, [16]. 

Concerning the directionality of the Bauschinger effect, it has been shown for soft aluminium 
(grade unknown) with Ro = 0.72, R45 = 0.66 and Rgo = 1.33 that the Bauschinger effect is 
smallest along the 90-direction, [17]. 
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It is, generally, believed that the Bauschinger effect is larger in steels than in aluminium 
alloys, [15]. In aluminium alloys, the temper and the particle size are important parameters, as 
far as the Bauschinger effect is concerned. In the annealed temper (-O), the particles why also 
the Bauschinger effect should be small, [18]. 

In this study, all of the aluminium sheets are annealed (temper -O), Table 3.1. 2024-O and 
6061-O have substantially different initial n-values, Table 3.2. These sheets are flanged under 
conditions during which wrinkling is initiated at different stages, Fig. 5.35. The strain along 
the flange edge (the wrinkle height) as the flange edge contacts the die surface should, 
therefore, vary from sheet to sheet and from one flanging operation to another. There are not 
either any data available on the Bauschinger effect exhibited by the aluminium sheets used in 
this investigation. 

Therefore, it is not possible, without extensive modelling and testing, to explain the difference 
between the wrinkling strain obtained experimentally for 1.6 mm thick 606l-O and that 
obtained for the same material by fitting, Fig. 5.36. This difference is, however, small (= 1%) 
and does not result in any significant error in calculation of the maximum flange length and 
height. 

It is not either possible to explain the difference between the analytical and experimental 
values plotted in Figs. 5.26 and 5.29. However, this difference does not cause any problem, as 
far as the calculation of the flange length and height and the initial blank radius is concerned 
(as long as the final sheet thickness does not set any application limit). 

If the difference between the analytical and experimental values plotted in Figs. 5.26 and 5.29 
is caused by the Bauschinger effect, a comparison of these two figures show that the 
Bauschinger effect must be larger for 6061-O. 

The term pressurizing describing the stress state in process HI mentioned above has been 
written within quotation marks both in the current and the previous chapters, since it has been 
desired to focus the attention on the fact that the exerted pressure does not lead to any tension. 

This means and measurements show that the arc length of the shrunk flange is not affected by 
the magnitude of the applied pressure, Figs. 5.30 and 5.31. In other words, the arc length of 
the shrunk flange does not increase, as the maximum applied pressure is increased from 5 to 
70 MPa. This signifies, in turn, that the arc length of each wrinkle must decrease, as the 
wrinkle is straightened out, Figs. 5.30 and 5.31. 

Sheet thickening can therefore be observed, the amount of this thickening varying along the 
flange edge. It is, however, difficult to distinguish the amount of sheet thickening due to 
shrink flanging in general from thickening caused by process I H The edge of a wrinkle-free 
flange (Figs. 5.30 and 5.31) is, furthermore, somewhat 'curled', although no wrinkles can be 
observed on the same flange. 

It is suggested that new finite element simulations, in which the maximum pressure is set at 
70 MPa, are conducted. In these simulations, the flow curve (curves) determined in this study 
can be used. The finite element values (strains and lengths/heights) so obtained can be 
compared to the experimental and analytical results presented in this study. 

It is also proposed that the pressure required to form a vertical flange is determined by finite 
element simulation, preferably for a couple of cases shown In Fig. 5.39. 
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Since the radial tension should be equal or very close to zero at the flange edge, Fig. 2.9, it is 
finally important to note that the expression derived for the shrink flanging pressure required 
in accordance to mode I I , Eqn (2.88) (see also Eqn (2.89)), should, although not used in this 
report, be utilized to calculate the pressure on sheet elements some distance away from the 
flange edge. 

7. CONCLUSIONS 

The following conclusions apply, as far as vertical stretch flanging is concerned: 

^> The process parameters, i. e. the die radius, RD, the die profile radius, rd, and the initial 
blank radius, Rj, are the most influential parameters, as far as the length, L, and the 
height, 77, of a vertical flange are concerned. 

O The fracture limit is determined by the plastic strain ratio, 7?, the strain hardening 
exponent, n, and the uniform strain (tensile testing), zUnifom- The larger the magnitude of 
these parameters, the higher will the fracture limit be. It is, though, essential that 7? and 
particularly n are determined at large strains. 

O The stress state along the straight portion of the flange can be characterized as uniaxial 
tension in the hoop direction. 

^ The constructed analytical model can with good accuracy predict the strain distribution 
along the straight portion of the flange, the flange length, the flange height, the 
circumferential strain at the flange edge, and the level of the fracture limit. 

O As far as the stress state along the straight portion of the flange, the fracture limit, and the 
flange length/height are concerned, there should be no major differences between shrink 
flanging by fluid forming and that conducted conventionally with rigid punch and die (the 
clearance between the punch and die in conventional forming should, though, cause some 
minor differences). 

Concerning vertical shrink flanging, the following conclusions are due: 

^ The process parameters, i. e. the die radius, RD, the die profile radius, rd, and the initial 
blank radius, Rj, are also in this case the most influential parameters, as far as the length, 
L, and the height, 77, of a vertical flange are concerned. 

Concerning the 'wrinkling' limit, the initial sheet thickness, to, the die radius, Rp, the 
strain hardening exponent, n, the strength coefficient, K, and Young's modulus, E, are all 
important parameters. The maximum available pressure must, though, be characterized as 
the unambiguously most significant parameter, which determines the magnitude of the 
'wrinkling' strain (that is if the shrink flanging is conducted at the maximum available 
pressure). 

^ The 'wrinkling' limit in shrink flanging by fluid forming conducted at the maximum 
pressure set at 70 MPa (700 bar) is certainly several times (possibly 35 times) larger in 
magnitude than that in shrink flanging by conventional tools (rigid punch and die). 
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O The 'wrinkling' limit in shrink flanging by fluid forming is dependent upon the maximum 
available press pressure. The larger the press capacity, the larger (in magnitude) wrinkling 
limit should be expected. 

O Lot size neglected, fluid forming conducted at high pressure should be the best method to 
produce high wrinkle-free shrunk flanges. 

O The stress state along the straight portion of the flange can in analytical modelling be 
characterized as uniaxial compression in the hoop direction. The stress state/deformation 
mode in shrink flanging by fluid forming is actually more complicated than that and 
consists of compression in the hoop direction until the onset of instability (wrinkling), 
post-instability bending tension/compression caused by compression in the hoop direction 
(wrinkle growth), and 'pressurizing' during which the wrinkles are straightened out. 

O The constructed analytical model can with good accuracy predict the strain distribution 
along the straight portion of the flange, the flange length, the flange height, the 
circumferential strain at the flange edge, and the level of the 'wrinkling' limit. 
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