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ABSTRACT

New demands for passenger safety, vehicle performance and fuel economy have 

led to an increase in the use of advanced high strength steel. An increase in 

strength decreases the formability of the material and increases the spring back 

behaviour. Recently the development of high strength steel has rapidly 

advanced, requiring verification of earlier material models suitable for

describing the plasticity behaviour in sheet metal forming. 

The aim of the here conducted numerical simulations is to verify the deep

drawing process and the shape of the final component of a simple hat profile 

geometry for studying spring-back of high strength steels.

Four advanced high strength steels were selected for detailed investigation, 

namely the dual phase steels DP600 and DP750, the triple phase steel TRIP700

and the stainless steel HYTENS800. The plastic properties of these steels have

been assessed through intrinsic and simulative tests, leading to verification and

comparison at different levels. 

The hat profile serves as simple test geometry for deep drawing due to

elimination of the lateral dimension in first order. The corresponding simpler

plasticity behaviour in space facilitates systematic analysis Experiments and 

simulations were carried out, leading to comparison of the resulting draw in, 

strain, thinning, final shape and spring-back. The verification and analysis

concerns the friction coefficient, two software codes, Finite Element properties

and the two material models Hill48 and Hill90.

The simulation provides a good qualitative coincidence with experimental

results, which enables to develop a process theory and to study the individual 

mechanisms involved. The friction coefficient, varied from 0 to 0.1, shows very

low sensitivity on the process. The simulation underestimates the spring-back 

by 8-12  at the flange edge. Among the four materials studied basically the

stainless steel HYTENS800 shows the largest deviations during comparison.

In general the results partially reveal distinct quantitative discrepancies, in

particular in the critical bending regions, demanding for improved material

models and better knowledge of the boundary conditions.
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INTRODUCTION

1 Organisation of the Thesis 

The present thesis is composed of an introduction and two subsequent publications.

All details of the research methods and research results and the corresponding 

discussions are described in the two publications enclosed. The first publication 

verifies simulation results by experiments, based on strain comparison. The second

publication contains the systematic variation of various mathematical or physical

parameters to identify the origin of discrepancies and to improve the agreement.

Moreover, the complex phenomenon of springback is addressed in the second

publication.

The introduction provides an overall survey on the motivation and objectives of the

thesis, on the methodological approach and on the conclusions drawn. Moreover,

suggestions for future research are given. The introduction serves to provide 

additional knowledge wherever the overall context needs to be described, but it

aims to avoid repetition.

In addition, in the introduction a description of the theoretical background and a 

comprehensive literature survey on the state-of-the-art of the subject shall facilitate

the reading and understanding of the thesis.
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2 Motivation and Objectives

A general trend in steel making is the development towards higher strength grades 

in order to achieve higher structural strength or to reduce the applied material 

thickness and in turn weight, e.g. in the automotive industry. The material

properties and the mechanical and physical behaviour of these new steel types are

essential for processing and application, but the available knowledge is limited up

to date, particularly also due to the large number of new high strength steel grades

developed. Systematic and comprehensive investigations are needed to thoroughly

characterise these new steels for optimising and controlling its processing like 

sheet metal forming or welding and the resulting structural mechanics.

In particular deep drawing as a kind of sheet metal forming that often requires

numerical simulation via Finite Element Analysis (FEA) to predict, analyse and

optimise the process behaviour. The simulation requires the input of suitable 

material models describing the mechanical properties. Available material models

that have proven to be valid for a wide range of steel types need to be verified for

these new high strength steels as their behaviour can differ significantly.

Objective of the present thesis is verification and analysis of the simulation of a

simple deep drawing case for four selected advanced high strength steel types,

namely DP600, TRIP700, DP750 and HYTENS800, the last one being stainless

steel. For a material thickness of 1.5 mm the simplified case of quasi one-

dimensional deep drawing has been chosen to facilitate analysis. Verification is 

carried out at different theoretical and experimental levels. The final goal is 

recommendations for the material models and boundary conditions to be applied 

and corresponding analysis and conclusions. One particular mechanism addressed 

is spring back, being essential for product design.
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3 Research Method 

Basically the methodological approach of the present research is as follows: A very

simple deep drawing situation is investigated both experimentally and by numerical

simulation for four selected high strength steels. The corresponding verification

leads to a discussion about the coincidence and gaps between experiments and

simulations, leading to conclusions about the limitations of the material models

used and about the knowledge on the physical mechanisms involved, including

identification of the boundary conditions. Corresponding suggestions and further

indicators from parameter studies shall enable to derive improved description and

theory.

In order to study the physical mechanisms and the material behaviour of selected

materials the case chosen has to be sufficiently simple to enable experimental

knowledge of the boundary conditions and manageable theoretical analysis. The

level of uncertainty needs to be kept low for filling the unknown gaps in a 

systematic and explainable manner.

Therefore a simplified case of one-dimensional deep drawing was chosen, as

shown in Fig. 1, keeping the geometrical properties fixed, in particular 

investigating only a material thickness of 1.5 mm. The size of the samples is

310 mm x 100 mm. This quasi-one-dimensional geometry is one of the simplest

cases possible, eliminating more complex plasticity behaviour by avoiding e.g.

round shapes, corners or even more complex geometries and the corresponding 

heavily two- or three-dimensional non-linear plasticity behaviour. Still this

extremely simplified case contains a series of uncertainties and questions. 

Deep drawing experiments with a hydraulic 250 tons press were performed for

fixed geometry as a reference. From the resulting samples, as shown in Fig. 2, the

strain can be measured at both surfaces via optical metrology. Moreover, thinning, 

draw-in, spring back and other deformations can be measured. The experimental 

results serve for comparison and verification of the numerical simulations.

Figure 1. Picture of the experimental setup showing the dimensions, boundary

conditions and physical mechanisms
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Figure 2. Half of the formed workpiece (dimensions 100 mm x 310 mm x 1.5 mm) 

Four high strength steels were chosen for the investigations, namely DP600,

TRIP700, DP750 and HYTENS800, see Table 1, thus representing a strength 

ranging from 600 to 800 MPa. The parameters K, 0 and N are parameters for the 

Hollomon ( 0 =0) and Krupkowsky laws of deformation hardening.

Material Yield

strength

[MPa]

Ultimate

strength

[MPa]

Max.

strain

[%]

K

[MPa]

0

[-]

N

[-]

r0

[-]

r45

[-]

r90

[-]

DP600 382 642 21.0 1053 0 0.18 1.16 0.87 1.29

TRIP700 473 703 17.0 1288 0.023 0.26 0.75 0.90 1.00

DP750 513 811 18.8 1307 0.00185 0.16 0.75 0.90 0.77

HYT.800 639 1377 38.6 2446 0.1644 0.67 0.70 0.65 0.88

Table 1. Material data for the four high strength steels chosen

For most of the verifications all four materials were studied in parallel, thus leading 

to conclusions for each of them. In some cases the choice of one of the materials

was regarded to be sufficient and representative. 

Numerical simulation was carried out via two commercial FEA software codes,

namely PAM-STAMP and LS-DYNA. Some of the experimental boundary

conditions are uncertain, requiring assumptions and targeted investigations, in 

particular the friction coefficient between the blank-holder and the blank. The 

simulation delivers the verifiable properties mentioned for the experiments to be

compared, namely the strain at both surfaces, thinning and the spring-back shape. 

Moreover, the stress field, the vertical strain and the time history can be obtained

from the simulation, permitting additional analysis. Sufficiently fine and in turn
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accurate mesh generation is a separate task necessary for valid analysis. Moreover,

the simulation depends on the choice of elements, also being part of the verification

study.

The simulation codes require the choice or input of material models. The material

model named Hill48, well established for low strength steels, and the more recent

model Hill90 were applied and proven for the parameters obtained for the four high

strength steels under investigation. The r-values required for the material models

were identified by tensile-test.

Finally comparison between experiment and simulation can be performed. The

strain as a function of the x-coordinate and the geometrical cross section are

suitable instruments for verification and analysis. Discrepancies were discussed

and led to further studies of selected mechanisms under discussion. Finally from 

the verification study an improved understanding and theory of the process can be 

accomplished and conclusions for the material models and for the boundary

conditions can be drawn. 

Thus analysis can be more clearly carried out and the analysis of discrepancies can

be better focused and reduced to guide towards the responsible origins. The chosen 

case is regarded to be representative for a large variety of applications of the above

mentioned four materials selected. More complex geometries like a corner are

aimed at a later stage. 
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4 Background on Sheet Metal Forming 

A description of the fundamentals of sheet metal forming will be presented, 

including also a short explanation of sheet metal simulation. Common problem

areas in the field of forming simulations are listed in the following section.

4.1 Issues addressed in sheet metal forming simulations

During the starting phase of this project companies using sheet metal forming in

their production were visited in order to investigate how they applied the

technique. It was also of interest to learn how the larger companies as for example

Volvo and Saab use forming simulations in their product and tool development

process. As a result of this investigation a couple of recent issues could be 

identified regarding forming simulation. These issues are listed below (no ranking): 

The use of adaptivity in forming simulation seems to degenerate the

result and cause too large loss of information. 

There is a need for improved friction models for the process.

Coulomb friction is the most common model currently used. 

The use of high strength steels or AHSS (Advanced High Strength 

Steels) increases the demands on improved material models.

With an increase of material strength the results of the spring back

simulations deteriorate.

In spring back simulations two phenomena are of big interest:  Side 

wall curl and twist (for channel shaped components).

In industry there is a demand for enhanced methods to produce more 

precise material data especially for AHSS. 

The influence of hemming on the final geometry of the sheet metal

component is of interest. 

4.2 Concepts and nomenclature in sheet metal forming. 

For sheet metal forming simulation the most relevant process is deep drawing,

which will be described in the following.

Deep drawing is a sheet metal forming process where a (plane) sheet of metal is

given a double curved shape through drawing, compression and flattening. 

Examples of products manufactured with this process are different vessels, body

panels for cars, airplane components, etc. The sheet of metal is placed between the 

two halves of the tooling, the die and the binder. The purpose of the die and the

binder is to hold the sheet with enough force (the binder force) to avoid that 

wrinkles occur. When the punch is moved down against the surface of the sheet it

pushes the sheet down in to the die and the sheet will start to bend. The time

sequence of the process is shown in Fig. 3 for an axially symmetric component.
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Punch

Binder

Sheet metal
Die

Figure 3. The deep drawing process in four time steps

The four steps illustrated are as follows:

1. A cut through the tool set up shows the punch, die and metal sheet (or 

workpiece) on the binder. The binder is in an uplifted position.

2. The binder and punch is moved downwards. The binder reaches the sheet

ahead of the punch and thereby a pressure, the binder force, is applied on

the sheet. Hence the peripheral parts of the workpiece are kept in place. If

the binder is not flat an initial forming takes place. 

3. The punch is now in contact with the sheet and the sheet is drawn through

the opening in the die. It slides over the die radius. As the punch proceeds

downwards the outer radius of the circular workpiece is reduced. In this

process the workpiece is formed through stretching in the drawing
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direction, accompanied by compression and flattening in the circular

direction.

4. The punch moves back upwards and the formed component is pushed out 

of the tool.

A typical deep drawing tool for commercial use is shown in Figure 4. It is a tool for

manufacturing a bumper in high strength steel to a Scania truck. 

Punch

Binder

Workpiece

Die

Figure 4. Tool setup for a bumper in high strength steel to a Scania truck. The 

picture shows the surfaces in a simulation model. The component is symmetric

hence only half of the workpiece is modelled.
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4.3 Sheet metal forming simulation

FE-programs

The numerical method most commonly applied is the Finite Element (FE) Method.

The most common commercial FE-programs for simulation of sheet metal forming

today are: 

AutoForm Incremental. 

PamStamp with the core from Dyna public that is an FE-program 

originally developed for the military in the USA. PamStamp is

developed by the ESI-group.

LS-Dyna and DynaForm that has the same core as PamStamp but is

developed by Livermore Software.

Input data required for simulation

The programs presented above demand the same input data. The surface geometry

of the component and the metal sheet are input as either VDA or IGES format.

From this part geometry the tool surfaces can be built using special functions in the

programs. Another method is to import complete tool surfaces created in some 3D-

CAD program. In the forming simulation the tools are assumed to be completely

rigid compared to the sheet metal. In this case only the surfaces of the tools

interacting in the forming process need to be imported. Required material data are:

Coefficient of friction. Varies depending on the material or different 

lubricants.

Poisson’s number

Specific mass density

Young’s modulus

Parameters for the strain-hardening curve depending on the material

Parameters for the material law depending on the material type 

Parameters for the forming limit curve depending on the material

The simulation process

After the simulation model is created (including the different tool components, data 

for the material and process parameters as binder force, punch velocity, etc.) the 
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forming simulation can be conducted. The simulation usually contains the 

following steps:

Only gravity applied to get the shape or deformation of the metal

sheet when it is placed on the binder; very important if a thin sheet is

used

Closing of the binder is the first step of the forming process. The

binder is moved towards the die and forces the sheet against the die. 

Drawing, when the punch is moved down in the die and the forming

process is simulated.

Trimming, when scrap is removed from the component.

Spring back, when the tool surfaces are removed and the elastic part

of the strains in the component can relax. 

Evaluation criteria

In order to evaluate the possibility of wrinkling, cracking etc. the strains in the

formed component are analysed and compared against the forming limit curve, see 

Figure 5. This curve is extracted from biaxial strain tests, for example via the

Erichsen test. The test specimen of the material has been drawn until fracture or 

diffuse necking.

a
2

a

1

(a) (b)

Figure 5. (a) Deep drawn wheel house component. (b) The points on the 

component are plotted in the forming limit diagram; principal strains: 1, 2.
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D

B
C

F

D

A

G E

Figure 6. Forming limit diagram of major vs. minor strain, distinguishing different 

domains

The curve that forms the lower boundary of the area C is the forming limit curve.

The curve describes the level of strain that the actual material can withstand until

failure, cracking or wrinkling occurs. Following a rule of thumb experience to 

assure that the component not will break the strain level should not exceed 80% of

the level of the forming limit curve. The different areas in the diagram are:

A.  Recommended! Appropriate use of the forming abilities of the material

B.  Danger of rupture or cracking.

C.  The material has cracked.

D.  Severe thinning.

E.   Insufficient plastic strain, risk of spring back

F.  Tendency to wrinkling.

G. Fully developed wrinkles.
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5 State-of-the-Art 

5.1 Survey of publications

Ref Title Author Year

5.2 Material models for simulation of metal forming

1 Theoretical plasticity of textured aggregates R.Hill 1978

2 Constitutive modelling of orthotropic 

plasticity in sheet metals

R.Hill 1990

3 A user-friendly theory of orthotropic 

plasticity in sheet metals

R.Hill 1993

4 Plastic behaviour and strechability of sheet 

metals. Part I: A yield function for orthotropic

sheets under plane stress conditions

F. Barlat and

J. Liant 

1989

5 Prediction of forming limit strains under 

strain-path changes: Application of an 

anisotropic model based on texture and 

dislocation structure 

S. Hiwatashi et al 1998

5.3 Simulation comparing material models to experiments

6 Anisotropic Yield Surfaces and Forming

Limits of Sheet Metals 

D. Babanic et al 1999

7 Finite element analysis of the three point 

bending of sheet metals

K.M. Zhao and 

T.K. Lee 

2002

8 Anisotropic hardening equations derived from

reverse-bend testing 

L. Geng et al 2002

5.4 Spring-back

9 Inelastic effects on spring back in metals R.M.Cleveland

and A.K.Ghosh 

2002

10 Measurement of spring back W.P.Carden et al 2002

11 Simulation of spring back K.P. Li et al 2002

12 Prediction of spring-back and side-wall curl in 

2-D draw bending 

F. Pourboghrat

and E. Chu 

1995
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5.5 The Bauschinger effect

13 Modelling the Bauschinger effect for sheet 

metals, part I: theory

B.K. Chun et al 2002

14 Modelling the Bauschinger effect for sheet 

metals, part II: Applications 

K. Chun et al 2002

15 An experimental investigation of the influence

of the Bauschinger effect on spring back

predictions

J.T. Gau and

G. L. Kinzel 

2001

5.6 General techniques in sheet metal forming simulation

16 Use of a coupled explicit-implicit solver for 

calculating spring-back in automotive body

panels

M.J. Finn et al 1995

17 Process simulation in stamping – recent 

applications for product and process design

W. Thomas et al 2000

18 On the development of new characteristic

values for the evaluation of sheet metal

formability

E. Doege et al 1997

19 Forming –limit analysis of hemispherical-

punch stretching using the three-dimensional

finite element method 

T. Yoshida et al 1995

The corresponding references are cited in Section 8. 

5.2 Material models for simulation of metal forming

Ref. 1 Theoretical plasticity of textured aggregates

The yield function of Hill 1979 (when the loading is coaxial with the orthotropy):

m

f

mmm
hgf

211332

Where f,g,h are positive, m > 1 non integer and f merely regulates the unit of

stress.



C. Arwidson – Introduction to Simulation of Sheet Metal Forming 14

Ref. 2 Constitutive modelling of orthotropic plasticity in sheet metals

A new material model that describes for full orthotropy and any loading orientation

is proposed. The improved yield criterion of Hill90:

m

mmmmm

ba )2(2cos2cos)()(2

/

21

2

2

2

1

1)2/(
2

2

2

12121

where m>1 and  is the direction of rolling of the sheet. 

Ref 3. A user-friendly theory of orthotropic plasticity in sheet 

The author states that the aim is to model basic aspects of yielding and plastic flow 

of textured sheets. These aspects are observed when plastic flow occurs when

combined loads are applied in the in-plane axes of orthothropy.

Effort is made to make the yield function and its derivatives easy to manipulate

algebraically. Only the utmost necessary parameters for technological use should 

be fitted in the model. All material parameters should be easy to measure using 

common material tests. The model proposed, which is a polynomial of third 

degree, is valid for the quadrant of principal strains that is compelling for forming

of thin metal sheets. The formulation of the model is: 

1
)(

)(

900

2121

2

90

2

1

900

21

2

0

2

1

b

qp
qp

c

If no Bauschinger effect is present the polynomial can be continued analytically

over the whole stress space. The only thing that has to be changed is the sign of a

component of third degree. The author suggests that the composite yield function

should be suitable for thick plates under combined loading.

Ref. 4 Plastic behaviour and stretchability of sheet metals. Part I: A yield function 

for orthotropic sheets under plane stress conditions

The authors propose a yield function that describes the behaviour of orthotropic

sheet metals exhibiting planar anisotropy and subjected to plane stress. 

The yield function, Barlat89, gives an adequate approximation to plastic potentials 

calculated with the Taylor/Bishop and Hill theory of polycrystalline plasticity for 

plane stress states.
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This formulation therefore should be useful to study the influence of 

polycrystalline textures on the forming performances of metal sheets. In the 

examples in the paper this yield function is used to study the influence of the yield

surface shape on failure behaviour of sheet metals.

Barlats yield function of 1989, which describes planar anisotropy for full plane

stress state: 

MMMM
KcKKaKKaf 22

22121

2
1

yyxx h
K

22

2

2

2
xy

yyxx
p

h
K

Where a, c, h and p are material constants and K are the plane stress invariants in 

isotropic cases.

Ref. 5 Prediction of forming limit strains under strain-path changes: Application of

an anisotropic model based on texture and dislocation structure

The changes of strain-paths strongly affect the forming limit strains of sheet metal.

Material effects such as transient hardening, Bauschinger effect, cross hardening 

and initial anisotropy strongly affects the limit strains. The authors have developed

a model that can describe these mechanical behaviours. The model has been

developed taking into account the physical basis of texture and dislocation

structure, and is applied in conjunction with the Marciniak-Kuczynski analysis of 

the forming limit strains. 

The results are represented in forming limit diagrams (FLDs) in which the forming

limit strains are indicated. The model successfully reproduces some of the 

tendencies in the experiments, which cannot be reproduced by conventional

phenomenological models. With the use of the model the effects of texture and 

dislocation structure on the FLDs are discussed. It is suggested that remain of

dislocation structure significantly reduces the formability in the case of a strain

path change from equi-biaxial to uniaxial tension probably causes transient

hardening.
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5.3 Simulations comparing material models to experiments 

Ref. 6 Anisotropic Yield Surfaces and Forming Limits of Sheet Metals 

Evaluation of three yield criteria from Hill (1948, 1979, 1993) has been conducted. 

The yield loci calculated from the 1993 criterion showed the best agreement with

the experimental ones.

For the ideal case of isotropic materials according to Mises, the yield locus is given

by (Steck, 1984):

2

221

2

1

2

f (1)

Taking the anisotropy into account this equation has to be modified. A simple

approximation for this purpose is given by the quadratic Hill criterion from 1948: 

2

2

0

90

21

0

02

1

2

1

1

1

2

r

r

r

r
f (2)

Where and  are the Lankford parameters obtained from tensile tests, parallel 

and transverse to the rolling direction, respectively. If there is no effect of planar

anisotropy, the quadratic Hill criterion reduces to the Hosford-Backhofen equation

(Backhofen, 1962): 

0
r

90
r

2

221

2

1

2

1

2

r

r
f ; = = (3)

0
r

90
r r

For a better approximation Hill 1979 proposed a new criterion called “Neo-Hill 

criterion”. In this equation the exponents are usually different from Eq. (2). 

In 1993 Hill stated that non of his earlier developed yield criterions could correctly

represent the behaviour of a material subject to a yield stress almost equal in value

to the value obtained in the rolling direction, when r-values varies strongly with the

angle to rolling direction, i.e:

900
  and

900
rr
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Hills criterion from 1993 is given by: 
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From an experimental point of view there is a basic difference between the 1948

criterion and the other two and that is that the latter ones require measurement of

the equibiaxial flow stress b .

If biaxial tensile test is made, the 1993-yield criterion produces much better results 

then the others.

Figure 7, copied from [6]
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Figure 8, copied from [6]
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Figure 9, copied from [6]

Ref. 7 Finite element analysis of the three point bending of sheet metals

Two types of sheet metals have been evaluated using cyclic bending tests, mild

steel and high strength steel. The bending process tends to a steady cycle upon

applying repeated cycles of displacements. For both materials strain hardening and

Bauschinger effects were detected. 

Three finite element (ABAQUS) models are presented to simulate three-point

bending numerically.

a) Two-roller contact model

b) One-roller contact model

c) Simplified non-contact model

With the simplified non-contact finite element model different hardening laws were 

used; isotropic, kinematic and mixed hardening. Using a micro-generic algorithm

inverse modelling was applied to identify the hardening parameters in the model

with combined hardening. Cyclic stress-strain curves are generated based on the 

identified material parameters.

The result shows that: 

The isotropic hardening law over-estimates the hardening component by

missing the Bauschinger effect and the plastic shakedown

The kinematic hardening rule under-estimates the hardening component

and exaggerates the Bauschinger effect 

A combination of isotropic and non-linear kinematic hardening predicts 

accurately both the Bauschinger effect and the plastic shakedown
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The authors propose that in this field further investigations are necessary to see if

the hardening parameters determined in this way can be used to simulate spring-

back of real sheet metal parts.

Ref. 8 Anisotropic hardening equations derived from reverse-bend testing

For materials with a Bauschinger effect, the yield stress in reverse loading is 

usually lower than in the case of continuous loading, and the subsequent hardening

rate is higher. For these types of materials the conventional isotropic hardening 

model is no longer a correct approximation.

The Balakrishnan in-plane tension-compression test is a test method for sheet 

materials to avoid buckling. With this method strains up to 0.08 are possible to

achieve.

The Armstrong-Frederick-Chaboche approach for nonlinear kinematic/isotropic 

hardening is used, with the exception that the steady-state evolution of the back 

stress  is given by Ziegler (1959).

A backward Euler algorithm is used for integrating the plastic strain increments, in 

which a trial stress is obtained by assuming that the strain increment is purely

elastic. Using the first term of a Taylor series expansion about the trial states the 

linear residuals of stress, back stress and yield function are defined. 

Simulations results of the reverse bend test using constitutive models, obtained

from the tension-compression test and an inverse procedure, match the

measurement results from the reverse-bend test equally well.

By fitting to the reverse-bend test and tension-compression test the constitutive 

models obtained show significant differences when evaluated in terms of their 

stress-strain response following a stress reversal.

Constitutive models obtained by an inverse procedure applied to the reverse-bend 

test are not unique, even under the assumption of independence of pre-strain. 

Using reverse-bend tests different constitutive equations can produce identical

load-displacement curves. 

For accurate calculation of moments and spring back considerations of the

Bauschinger effect are essential.
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The reverse-bend test is primarily sensitive to the material response for pre-strains 

less then 0.015, and is nearly insensitive to the material behaviour at higher pre- 

strains.

The non-linear kinematic hardening law does not represent the Bauschinger effect

at larger pre-strains accurately, where long-term offset of stress or strain is 

observed.

5.4 Spring-back

Ref. 9 Inelastic effects on spring back in metals

FEM-codes used for sheet metal forming simulation do not include inelastic effects

and assume strain recovery to be elastic and linear. However this important

material response can have an appreciable fraction of the spring back strain and

cannot be ignored if predictive accuracy is to be gained for metals with high 

strength-to-modulus ratio. 

Wong and Johnson (1988) investigated the amount of nonlinearity in loading and

unloading attributable to higher order elastic constants for some common alloys. A 

discrepancy from linearity was noted, but it is rather small (as a measure the

expected total spring back exceeds the linear spring-back by less than 3%).

However small scale plasticity effects during unloading can be much more

significant (as shown by Morestin and Boivin, 1996). The Bauschinger effect, early

yielding under reverse loading, is yet another reflection of this small-scale

plasticity.

For the samples pre-strained in tension to 7%, the net recovery exceeds the 

expected linear recovery by about 19% for the high strength steel and 11% for 

aluminium. Due to this fact the actual recovery strain under conditions of uniaxial

tension is thus significantly larger than the linear elastic spring back commonly

assumed. It can also be noted that the entire unloading recovery is non-linear, i.e.

there is no truly linear unloading.

During unloading, atomic bond contraction (linear elastic) and micro plastic 

recovery (non-linear) are simultaneously present: 

mp

u

plasticerablereelasticspringback
E

cov

Here u is the uniaxial stress at the start of unloading, E is elastic modulus and

mp  is the recoverable component of plastic strain, i.e. micro plastic strain. This
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latter strain is distinctly different from large scale plasticity since it does not

overcome the barriers set up during forward flow nor creates storage of new

dislocation network or tangles.

The instantaneous tangent modulus decreases with increasing pre-strain.

A model for implementation in commercial FE-codes is suggested. 

Ref. 10  Measurement of spring back. 

Spring back, is the elastically driven change in shape of a part upon unloading after 

forming. It is a growing problem when manufacturers tend to rely on materials with

higher strength-to-modulus ratios than the traditional low-strength steel. 

Draw-bend tests have been carried out and analysed to investigate the role of

typical process variables on spring back. The aim has also been to provide accurate

data for evaluation of spring back models and simulations of three sheet alloys:

DQSK and HSLA steels, and 6022-T4 aluminium alloy. The investigation leads to

the following conclusions: 

(i) Due to the extent of the affected area the shape change associated with simple

bending, spring-back is much smaller than that related to sidewall curl. The

remaining conclusions are derived from overall shape change, which is dominated

by sidewall curl. 

(ii) Applying tension drastically reduces spring-back, although a drop and plateau

region of smaller dependence appears for back forces in the range of 0.8-1.2 times

the material yield stress.

(iii) Friction in the normal range encountered in sheet metal forming has little

effect on spring back, This conclusion departs from some results occurring in the 

literature, most likely due to the fact that in many experiments the sheet tension 

cannot be controlled independently of friction, as in the current experiment.

(iv) A larger tool radius leads to decreasing spring-back (R/t greater than about 5). 

This result is in agreement with some of the literature but is contrary with other 

findings. For the steels, an inflection occurs for R/t near 5, and the trend reverses, 

with trends toward zero spring back for R/t approaching 2. This trend agrees with
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reports in the literature. There appears to be a possibility of reducing spring-back 

by using very small tool radius. 

.

Figure 10, copied from [10]
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Figure 11, copied from [10]

Ref. 11 Simulation of spring back

Simulation of spring-back is conducted using 2-D and 3-D FE-models. Plane-strain 

and plain-stress simulations expose the substantial influence of numerical 

tolerances and procedures on the results. For example up to 51 integration points

through the sheet thickness were needed to reach an accuracy within 1%, compared

with 5-9 typically used and accepted in industrial forming simulations. A larger

number of nodes is required for spring-back simulation approximately twice the

amount recommended fore ordinary forming.
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The choice of elastic-plastic unloading scheme had little effect on the results. 3-D

simulations provided much better agreement than 2-D. Most of the difference in 

results can be attributed to inaccuracies in the material model. In particular the

presence of material softening in compression, the Bauschinger effect, clearly

changes the result. If the Bauschinger effect is taken into account good agreement 

is reached. To predict spring-back accurately shell elements were sufficient for R/t

greater than 5 or 6 while solid elements were necessary for higher curvatures. 

Ref. 12 Prediction of spring-back and side-wall curl in 2-D draw bending

This paper describes a method for predicting spring–back and side wall curl in 2-D 

draw bending operations, using moment-curvature relationships derived for sheets 

undergoing plane strain stretching, bending and unbending deformations. The

author presents a thorough investigation of the different forming steps that the 

sheet undergoes during the hat shaped 2D draw forming process, see Figure 12. 

Figure 12, copied from [12]

The dimensions of the blank in the experiments are 350x35 mm and t = 1 mm and 

a friction coefficient of 0.144 is used. The experiments are performed with two 

levels of binder force 19.6 kN and 50 kN.

There are three major states of stress and strain states that the sheet will go through 

on the way to the final hat-profile shape: 

Bending and stretching

Unbending and stretching

Relaxation or spring-back.
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Bending and stretching 

Figure 13, copied from [12]
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Unbending and stretching

Figure 14, copied from [12]

Figure 15, copied from [12]

Relaxation or spring-back.

The experiments and simulations show that the side-wall curl increases as the die

radius decreases which is an expected phenomena. The modified membrane results

(run in FE-program SHEET_S) match those measured experimentally and those 

made in ABAQUS very accurately with slight underestimation (4.5°) of the final 

unloaded bend angle. According to ABAQUS results when a 50 kN BHF (Blank
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Holder Force) is applied to the sheet, the tension developed in the sheet is

sufficiently large to cause full plastic deformation along the side-wall of the 

channel. This causes the sheet to be stretched far beyond the elastic limit and thus 

eliminate side-wall curl and spring-back of the hat-section upon unloading.

For the 19.6 kN BHF, the maximum strains occur along the die and punch corners,

but as the blank-holding force is increased to 50.0 kN, the side-walls start to carry

the maximum strains and probably become the first area of the sheet to fail by 

tearing.

5.5 The Bauschinger effect

Ref. 13 Modelling the Bauschinger effect for sheet metals, part I: theory 

Correctly modelling of the Bauschinger effect for sheet metal forming process 

simulation and subsequent spring back prediction is essential when material points

are subjected to cyclic loading conditions. A material model consisting of

combined nonlinear hardening for time independent cyclic plasticity, proposed by

Chaboche is examined. A simple modification is suggested for the isotropic part of 

the hardening rule to make use of the conventional tensile test data directly. This

modification is valuable for the materials whose reverse loading curves saturate to 

the monotonic loading curve. The author also proposes an anisotropic nonlinear

kinematic hardening model (ANK model) in an effort to represent the Bauschinger

effect more realistically. By treating the back stress evolution during reverse

loading differently from the initial loading potential offset in flow stress is

modelled. Combined with the modified isotropic hardening rule this strategy seems 

to offer a way to model the Bauschinger effect consistently over multiple cycles.

Two types of auto-body alloys are examined. By employing available tension-

compression test data and multi-cycle bend test data associated material parameters

are extracted.

It is generally believed that the following three basic requirements must be 

addressed to model the Bauschinger effect properly: 

1. Correct non-linearity of stress-strain loop 

2. Reduced elastic limit at reversed straining

3. Permanent offset for some materials

The modified Chaboche model over-estimates the reduced yield stress at reversed

loading and is not capable of capturing the offsets. The ANK model seems to be 

able to reproduce the test data accurately including the permanent offsets. 
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Numerical simulations show that the ANK model can provide a way to describe the

Bauschinger effect consistently over multiple cycles. The Geng-Wagoner model

and ANK model are shown to produce almost identical results when problems

involve only one reversal loading. The ANK model is relatively simple and can be 

used with in-plane test data or/and inverse method based on three point bending

tests.

Ref. 14 Modelling the Bauschinger effect for sheet metals, part II: Applications 

Both the modified Chaboche and ANK model proposed in ref. 13 are implemented

into ABAQUS/Explicit and /Standard. For the implementation second order user

material routines in ABAQUS have been used. The author also proposes a criterion

to detect a load reversal for ANK model. The material models and reversal 

criterion are applied in order to investigate the role of Bauschinger effect in the

sheet metal forming simulation and spring back prediction under multi-cyclic

loading conditions. Reverse cup drawing and draw-bead tests are simulated and 

results are compared with available experimental data. The deformed shapes

obtained from the different material models shows clearly in Fig. 13 and 14. A 

more accurate punch force is predicted with the ANK model also with a correct

trend for the reverse cup drawing process. The draw-bead test simulation results

with the ANK model show very good comparisons with measured data.

Figure 16, copied from [14]
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Figure 17, copied from [14]

Reverse cup drawing:

The hardening parameters are obtained from the three-point bend test data coupled

with the inverse method proposed in (Zhao, 1999; Zhao and Lee, 2000, 2001).

All three hardening models predict very similar thickness distributions as the

stretching is a dominant mode of deformation. 

The overall trend of the ANK model is a reduction of axial stress due to the

permanent softening characteristic at the reversal straining.

Draw bead test: 

According to the test results by Jiang et al. (2000), the deformed shapes after spring

back are quite different with varying clamping forces from material to material.

For the draw bead test thickness distributions along the longitudinal direction show

very similar results from all three models. This supports the notion that the stress, 

not the strain, controls spring-back.

The ANK model predicts a noticeable drop in the stress when the monitored

material point passes the draw–bead region due to the permanent softening. The
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final stresses from the three models in the drawing stage converge to different

levels resulting in significantly different spring back shapes.

The intrinsic capability of the ANK model to capture the Bauschinger effect

improves spring-back prediction, especially when multiple cyclic loads are

expected. The differences in simulated stress distribution using different hardening 

models increase as the number of cycles is increased. Comparison of the resulting

forces, gives at hand that an accurate modelling of the Bauschinger effect is of 

major importance under multiple bending-reverse bending cycles. As a 

consequence, the ANK model is shown to be effective for simulation of sheet metal

forming and subsequent spring back prediction under multiple bending-reverse 

bending cycles.

Ref. 15 An experimental investigation of the influence of the Bauschinger effect on

spring back predictions 

From the experimental results, it is clear that the influence of the Bauschinger

effect on all three steels is not very significant. 

5.6 General techniques in sheet metal forming simulation

Ref. 16 Use of a coupled explicit-implicit solver for calculating spring-back in 

automotive body panels

In order to facilitate the finite element (FE) modelling of sheet metal forming LS- 

DYNA3D, an explicit code, and LS-NIKE3D, an implicit code, has been coupled.

To perform the sheet metal forming simulation the explicit code is used. In this

simulation the metal sheet is modelled as deformable and the tools as rigid bodies.

The modelling of the subsequent step of spring-back, after that tooling is removed,

is left to the implicit code. The author states that in this way, the explicit code with

its robust handling of contact during forming is combined with the implicit code 

and its large time steps during spring-back. Three examples of the application of 

this method are given, U-channel forming, square pan forming and front fender

forming.

Ref. 17 Process simulation in stamping – recent applications for product and 

process design

For product and process simulation currently being used in the industry, a number

of input variables have a significant effect on the accuracy and reliability of

computer predictions. The capability of FE-simulations was evaluated for 
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predicting sheet metal part characteristics and process conditions in forming in

complex-shaped parts.

Die/Process Validation

Using Incremental FEM

Figure 18, copied from [17]

In industrial applications, there are two major issues motivating the use of FE-

simulations of the stamping process:

(i) To optimize the product design by analyzing formability at the product

design stage

(ii) To reduce the tryout time and cost in process design by predicting the 

deformation process in advance during the die design stage. 

For each of these objectives, two different FE-codes are used. First Pam-Stamp,

which uses incremental dynamic-explicit FEM, complies to the second objective 

well because it can cope with most of the practical stamping parameters. Second

FAST-FORM3D, a one-step FEM code, that matches the first objective because it

only requires the part geometry and not the complex process information. 
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This paper reviews the results and concludes the recommended procedures for 

obtaining accurate and consistent results from FE simulations. Another 

investigation evaluates the effect of controlling the blank holder force (BHF) 

during the deep drawing of hemispherical, dome-bottomed cups. The materials

used were standard automotive aluminium-killed, drawing-quality (AKDQ) steel as 

well as high strength steel, bake hard steel, and aluminium 61 1 I. A result of the 

investigation was that varying the BHF as a function of stroke improved the strain

distributions in the domed cups 

The blank holder force is, referring to the literature, one of the most sensitive

process parameters in sheet forming, and therefore can be used to precisely control 

the deformation process.

Controlling the blank holder force as a function of press stroke and position around 

the binder periphery, can result in an improved strain distribution of the panel. This 

provides for increased panel strength and stiffness, reduced spring back and

residual stresses, increased product quality and process robustness.  The use of 

variable blank holder force can also allow for design of more aggressive panels to 

take advantage of the increased formability window provided by BHF control. 

In both simulations and experiments, it was found that a BHF trajectory in the form 

of a ramp gave the best strain distribution. The peak strains were reduced by up to 

5% thereby reducing the possibility of fracture and also the portion of low strain 

regions were increased leading to a smoother strain distribution. Due to

improvement in strain distribution an increase in product stiffness and strength, 

decreased spring-back and residual stresses, increased product quality and process

robustness can be obtained. 

The work conducted indicate that Pam-Stamp can predict strain distribution,

wrinkling, necking, and fracture at least as well as a vision strain measurement

system at a variety of experimental conditions. It can be expected that

improvements in formability would be further enhanced by the use of FEM, 

optimizing the variation of the BHF stroke curve characteristics in function of time

or stroke.
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Ref. 18 On the development of new characteristic values for the evaluation of sheet

metal formability

High strength steels possess a higher yield point then mild steels and with the

anisotropic coefficients of r  1 and r  0 these isotropic materials do not fit into

the conventional classification scheme of sheet metal deformation characteristics.

This classification states that the ability of deep drawing increases with the 

anisotropy coefficient r and that a large value of the hardening coefficient n serves

as a guarantee for high-quality stretch-forming abilities. A consequence of this 

situation is the need to develop enhanced material parameters for the assessment of

stretch forming and deep drawing abilities of sheet metals.

Figure19, Copied from [18]

For the evaluation of the deformation characteristics of sheet metals material tests

have to be applied characterizing the material behaviour in the individual loading

zone of a deep drawn part. Two new tests have been developed: The cross tensile 

test which is process independent and the flange insertion test which is performed

in a drawing apparatus.
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Figure 20, Copied from [18]

Figure 21, Copied from [18]

Cross tensile test

In sheet metal formed parts failure often occurs either under plain strain or stretch 

forming conditions (two dimensional states). Consequently the conventional tensile 
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test does not fully characterize these stress and strain conditions. Due to this fact

the 'cross tensile test 78°' was developed which according to the author guarantees

the friction-free evaluation of the material's behaviour under plain-strain 

conditions.

Results determined with the help of the cross-tensile test show that in the 

determined tensile strength is higher than in the case of values determined with the 

uniaxial tensile test.

The values of uniform elongation are smaller than those determined in the uniaxial

tensile test, which is an important failure criterion. 

Flange insertion test 

As the plastic material flow largely depends on the stress state, the yield stress in 

the flange presents an important aspect. The flange insertion test has therefore been

developed and it describes the stress and strain under a combination of radial

tensile and tangential compressive stress load that is required for the draw-in of the 

flange.

The two material tests are, according to the author, of significant value for the

development of new characteristic values. The parameter Ks is a suitable

characteristic value for the description of the stress transmission in the bottom of a

deep drawn part. In order to describe the deep-drawing ability the Ks-value must be 

combined with the KT-value that implies the deformation work taking place in the 

flange region on the one hand and influencing variables like the anisotropy on the 

other hand. According to numerous laboratory experiments with rotational 

symmetric and rectangular tool geometries the characteristic values KT and KS

were combined in a new value UT. These values are presented as a new proposal

for the evaluation of the forming ability of sheet metals.

Ref. 19 Forming –limit analysis of hemispherical-punch stretching using the three-

dimensional finite element method

By the use of a 3D FEM-program deformation analysis of hemispherical-punch

stretching was performed. The FE-model was created with membrane elements and

the FE-code uses Lagrangean formulation, elastoplastic theory and Coulomb’s law

of friction. The investigation included effects of the material properties on strain 

distribution and histories of the deformation processes. Using FE-simulation results

and forming limit curves proposed by Stören and Rice, the limit cup height and

rupture location were predicted for mild steels, high-strength steels, austenitic

stainless steels and aluminium alloys.
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The yield function used is Hill 48 under plane-stress condition and with normal

anisotropy r-value and the Swift-type plastic stress-strain expression. 

The results show that the calculated forming height is smaller than the measured

value all materials except for the aluminium alloy, the reasons being that the strain 

dependency of the n-value and the local necking behaviour, such as strain rate

sensitivity, are not included in the fracture limit employed in the simulation.

The LDH is directly proportional to the n-value. The LDH increased with 

decreasing coefficient of friction. 

The agreement between the values of the FE-simulations and the experimental data

were satisfactory. However to obtain more accurate results it is necessary that the

materials are better modelled.
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6 Conclusions

(i) The hat profile as a simple deep drawing case eliminates the lateral 

dimension in first order, facilitating the analysis of plasticity

(ii) Four different AHSS were verified and compared, all 1.5 mm thick

(iii) In general the stainless steel HYTENS800 showed the largest discrepancies 

(iv) Draw-in, surface strain, thinning, final shape and spring-back could be 

compared between experiment and simulation

(v) Good qualitative but limited quantitative agreement was achieved 

(vi) In the simulations the major strains are overestimated by up to 75% in the

critical bending areas 

(vii) The strains in the areas of bending are controlled by deformation

(viii) A finer optical measurement pattern from 3 mm to 2 mm delivered 15 % 

higher strain values in the critical regions

(ix) Varying the friction coefficient between 0 and 0.1 has very little influence

(x) In general the simulation is highly sensitive in the critical bending regions

(xi) The software code LS-Dyna led to 9-18 % lower strain than PamStamp. Both 

gave higher levels then the experiments 

(xii) The material models Hill90 and Hill48 lead to almost the same result for the 

materials TRIP700 and DP750 

(xiii) For the DP600 and HYTENS800 the material model Hill48 overestimates

and Hill90 underestimates the experimental strains significantly

(xiv) Spring-back is underestimated in the simulation by 8-12

(xv) Further verifications and identifications of error sources are required and 

improved material models are desirable for AHSS

It can be summarized that a highly suitable method was developed for verifying

numerical simulation and material modelling of deep drawing of advanced metals. 

A simple geometry was chosen that eliminates lateral deformation in first order,

leading to simpler two-dimensional analysis. Due to the possibility to partially 

separately analyse the different physical mechanisms involved, a theory of the 

plastic deformation process can gradually be developed as a base for more

sophisticated geometries. Verification of simulation results with experiments seems 

as important as numerical refinement analysis. Parameter variation, e.g. of the

friction coefficient, is a suitable tool for analysis. The qualitative verification was

widely satisfactory, quantitative discrepancies demand for further analysis and 

identification of the origins of error. For the advanced high strength steels under

investigations the material models available today are not sufficient, improvements
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are required. Moreover, the knowledge and consideration of the boundary

conditions asks for improvements. From the improved process theory and

geometry predictability improved deep drawing applications will result. 



C. Arwidson – Introduction to Simulation of Sheet Metal Forming 40

7 Future Outlook 

Based on the presented results in the future further methods shall be developed for

material modelling, specifically for sheet metal forming simulation of AHSS

(Advanced High Strength Steel).

As has been presented and concluded to some extent in this work the use of AHSS

often leads to deterioration of the simulation results compared to the use of mild 

steels (strain distribution, stresses, spring back etc.). The resent years of research

indicates that the main part of the deviations can be coupled to the material

characterisation. The current and conventional material models are inadequate in 

the description of the strain field in the material during forming and hence the other

parameters of interest as stress and spring back lose their precision.

How shall the demands on improved precision in forming simulation with new

materials be satisfied? Various researchers are actually working in different 

directions to improve material models like for example:

Testing and evaluation of older material models on new materials (for 

example the material models Barlat/Lian 89 or Hill90) 

Testing and evaluation of measurement methods for improvement of the 

quality of material data.

Development of completely new material models in an analytical way.

Determination of material model parameters using numerical methods 

and inverse modelling based on measurement data. 

What we see as a direction of research is a combination of these four above listed

methods. The idea is that, starting from earlier research result, design a

methodology of work with the aim to develop a material model that is adequate in 

the description of the strain field in forming AHSS. The material model will be

adapted separately for each material both analytically and experimentally based on 

measured material data. In this research work also evaluation of suitable material

testing methods will be included. 

In addition as a result of the here presented research results and conclusions we

suggest the following future research:

Improvement of existing material models to describe the behaviour of 

high strength steels, to be verified for a broad range of steel types.

Physical and mathematical analysis of existing material models to

facilitate their current systematic improvements, including enhanced

sharing of data and results on material models and simulation results

worldwide.
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Development of mathematical conditions to characterize and verify 

material models.

Improvement of the experimental determination of the r-values of various 

materials in a manner that is representative for the real forming process. 

Experimental identification and corresponding implementation into the 

simulation of the real boundary conditions (e.g. friction) and the 

corresponding sub-mechanisms.

Reverse engineering, particularly with respect to spring-back, for 

identifying the material behaviour. 

Systematic investigation of the forming behaviour of deep drawing for 

characteristic geometrical conditions and for time dependence, starting

from simple geometries gradually towards higher complexity.

Derivation of a systematic and illustrative comprehensive theory.

The benefit from this future work will be a higher user value in sheet metal

forming simulations like: 

With a new methodical development process adequate material data for

the simulation models will be available in less time then today.

Material models optimised specifically for a certain material will produce 

results with higher precision in strains and stresses than the more general

models that are used today.

Higher precision in simulation of spring back for AHSS will be achieved. 

With the use of this new technology developers in the industry will be 

better prepared to implement and simulate the behaviour of new high

strength steels in sheet metal forming with short notice.
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Abstract

New demands for passenger safety, vehicle performance and fuel economy have 

led to an increase in the use of Advanced High Strength Steel, AHSS. An increase

in strength decreases the formability of the material and increases the spring back

behaviour. The aim of the simulation is to verify the forming process and the

shape of the final component for studying spring back of high strength steels. The 

plastic properties of steel sheets have been assessed through intrinsic and

simulative tests. The parameters of friction, draw in and thinning have been

compared in experiments and numerical simulations for a simple geometry. Three

different AHSS and one High Strength Steel of stainless type have been used. 

Preliminary fundamental results will be presented. 

Keywords: AHSS, numerical simulation, spring back.

1 Introduction

In the field of sheet metal forming for the recent 10-15 years simulation tools [1,2]

have become more and more common in the development process to predict how 

the press tools and parameters should be designed to achieve optimal shape of the

sheet metal components. During this period of time the precision in the simulation

tools has increased. However new demands for passenger safety, vehicle

performance and fuel economy have led to an increase in the use of AHSS. This 

fact has revealed problems with the precision in simulations performed for sheet 

metal components in AHSS. The simulations do not have the same accuracy as

when used for components of ordinary or mild steels. The use of AHSS thus 

increases the demands on the simulation programs when it comes to how the

programs are designed and their accuracy when it comes to for example material



C. Arwidson - Paper I: Verification of Forming Simulation of HSS 46

models. In the forming process of sheet metal components spring back is a very

large problem area [3] [4] [5]. Due to this fact a hat profile has been chosen as

experimental sheet metal component in this research project, see Figure 1. In this 

type of component spring back is current in two areas. First in the areas subjected

to bending and second in the areas subjected to straightening (or bending and

unbending). The spring back in the latter case is called sidewall curl, which is 

common in deep drawing due to bending and unbending (straightening).

Figure 1. Picture of the experimental set up (left) dimensions; boundary conditions

etc. (right) physical mechanisms, thickening, thinning, straightening etc.

The aim with this investigation has been to use a commercial FE simulation

program package and a widely accepted and frequently used material model

applied on three AHSS and one High Strength Steel of stainless steel type. The

material model chosen is Hill48 [6, 7, 8, 9, 10]:
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Where

f= yield stress

1= maximum principal stress 

2=minimum principal stress

thickness

widthr
0

in the actual direction 

Knowing some of the limitations, for example the lack of the Bauschinger effect

[11, 12, 13, 14] there should be some significant differences between the

simulations and experiments using the material model Hill48.
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2 Method

Experimental forming has been performed with the tool setup shown in Figure 1. 

The locations A and B are reference positions along the work piece for the graphs

in the following. Simulation of the forming process has been done in PamStamp. In

Figure 2 below the physical experimental detail is shown parallel to the 

measurement and simulation.

(a)

(b)

(c)

Figure 2. . Workpiece after forming: (a) experimental sample detail, (b) surface 

strain measurement (true major strain), (c) simulation; original sheet dimensions:

100 mm x 310 mm x 1.5 mm
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Then strains and geometry are measured on the specimens using state of the art 

optical measurement systems. Conclusions of how well strains and shape agree

between simulations and experiments then are conducted.

2.1 Experiment 

The experiment has been performed in a hydraulic 250 tons press. The dimensions

of the blank before stamping were 1.5x100x310 mm. Four different material

qualities have been tested see Table 1. Three specimens of each material quality

have been formed. The forming operation is a typical deep drawing process of a

channel shaped component. The tool set up is made with a moving die and a fixed 

stamp. This means that in the stamping process the die moves downwards and the

blank holder then applies a counter force of 390 kN on the blank as the die moves

down over the stamp (draw depth 55 mm) and the hat shaped component is formed. 

The blank and tools were lubricated with a standard oil for sheet metal stamping.

Material Yield

strength

[MPa]

Ultimate

strength

[MPa]

Max.

strain

[%]

K

[MPa]

0

[-]

N

[-]

r0

[-]

r45

[-]

r90

[-]

DP600 382 642 21.0 1053 0 0.18 1.16 0.87 1.29

TRIP700 473 703 17.0 1288 0.023 0.26 0.75 0.90 1.00

DP750 513 811 18.8 1307 0.00185 0.16 0.75 0.90 0.77

HYT.800 639 1377 38.6 2446 0.1644 0.67 0.70 0.65 0.88

Table 1. Material data for the selected materials.

2.2 Measurement

The strain measurements have been performed with the PC based optical

measurement Autogrid system. The system uses a technique called

photogrammetry. The object under investigation has to be imaged from at least two 

viewing directions. The geometry of the object can be reconstructed if a number of 

matching points (i.e. images of the same object point) are identified in at least two

different views. The system uses four CCD cameras and thus the solution will be 

over-determined. Due to this fact the accuracy of the strain measurement is highly 

improved. The method requires evenly spread points on the object to be measured.

The most common technique to apply object points is done by electrochemical 

etching. In this measurement a pattern of 3x3 mm squares was applied on the sheet 

metal ahead of stamping

The results from the strain measurement can be visualized as 3D-pictures on the 

computer screen ore as 2D-graphs. The parameters that can be extracted from the 

Autogrid measurement system are:
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Major true strain 

Minor true strain

Normal true strain 

Yield strain (v. Mises) 

Engineering strain

Thickness reduction 

Thickness distribution. 

Before measuring the system has to be calibrated using a quality certified gauge.

The gauge consists of a 3-D structure with a number of coded marks attached. The

positions of these marks are exactly determined, traceable to national standards and

the data are supplied to the user as a file together with the calibration gauge. In the 

calibration step, this gauge is recorded from a number of views and the system will

automatically recognize the code marks and calculate all inner and outer

parameters of the current camera configuration.  The measurement system is able

to record 120x120=14400 measuring points. The error in strain measurements with

the Autogrid system is 1%.

2.3 FE – simulation

The simulation program that has been used in this investigation is Pam Stamp. This

is an explicit FEM-code based on a central difference integration scheme. The

element type used is Belytschko-Tsay with 5 integration points through the

thickness. The material model used is Hill48 with orthotropic isotropic hardening. 

Adaptive meshing has been used and the numbers of elements over the die radius

were 10. 

3 Results & discussion 

3.1 Comparison experiment-simulation

3.1.1 Calibration of the coefficient of friction 

In order to calibrate the simulation model with the experimental set up the draw in

was measured in a couple of steps during the stamping process at two different

occasions. Accordingly simulations were performed with different values of the

coefficient of friction. As displayed in Figure 3 it is the coefficient of friction is

approximately 0.07.
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Figure 3. Draw in as a function of draw depth, experimentally and simulated

for various friction coefficients 

3.1.2 Major and minor strain. 

In the simulations the maximum strains are overestimated by approximately 75% 

in the area were bending occurs (100 mm) as can bee seen in Figure 4(a-d).  In the 

bending area around 50 mm the simulation gives better agreement with the 

experiment with an overestimation with approximately 0-50%. When it comes to 

the area of bending and unbending (50-100 mm) there is an overestimation of 30-

400%.
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Material: DP600
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Figure 4 (a). Major/Minor strain measurement/simulation DP600

Material: DP750
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Figure 4 (b). Major/Minor strain measurement/simulation DP750
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Material: TRIP700
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Material HYTENS800
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3.1.2 Thinning

As a whole the thinning, see Figure 5(a-d), shows the same result as the major and

minor strain separately. The simulation gives a substantial overestimation of the 

thinning were the best agreement is found in the bending area around 50 mm.

Material: DP600
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Figure 5(a). Thinning measurement/simulation DP600
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Material: DP750
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Figure 5b. Thinning measurement/simulation DP750 

Material: TRIP700
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Material: HYTENS800
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Figure 5d. Thinning measurement/simulation HYTENS800 

3.2 Comparison of different materials 

Looking at Figure 6 it is evident that the major strains in the area of the stamp 

radius are approximately the same for the four different materials. This also applies

for the minor strains in the area of the die radius, see Figure 7, except for TRIP700. 

The same pattern appears for the thinning or perpendicular strains in Figure 8. The 

peaks in thinning over the radius for the die and stamp are similar for all materials

except the die radius and TRIP700. This suggests that the strains in these areas are 

controlled by deformation.
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Figure 8. Thinning, measurement of, DP600/DP750/TRIP700/HYTENS800

3.3 Discussion 

The calibration of the coefficient of friction gave the result that µ=0.07. The results

from the calibrations gives an indication of that the coefficient of friction does not 

have significant influence on the draw in. The simulations give an over-prediction 

of strains for all the tested materials, in some cases as large as 400%. Probably the

largest portion of the error lies within how the material model Hill48 describes the

strains.  Further evaluation of other material models or development of a better 

model has to be done to get a better prediction of the strain distribution for AHSS.

4 Conclusion

The simple geometry of the hat profile turned out to be suitable for 

studying fundamental deep drawing.

The general results of the simulation are in qualitative and quantitative 

agreement with the experiments. 

In the simulations the major strains are overestimated by approximately

75% in the area were bending occurs (100 mm). 
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The strains in the areas of bending are controlled by deformation.

The friction coefficient does not seem to have a significant influence on the

draw in. 

The material model Hill48 does not predict the strains correctly.  Further 

evaluation of other material models or development of a better model has 

to be done to get a better prediction of the strain distribution.
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Abstract

Recently the development of high strength steel has rapidly advanced, requiring 

verification of earlier material models suitable for describing the plasticity

behaviour in sheet metal forming. Four selected high strength steels, one being of

stainless steel type, are verified and compared at different levels. For a simple test

geometry enabling systematic analysis intrinsic and simulative tests of deep

drawing were carried out, leading to comparison of the draw in, the final shape and 

the strain and thinning experienced. The verification and analysis concerns the 

friction coefficient, two software codes, FE-properties and two material models.

Moreover, the spring-back behaviour is investigated. While the simulation leads to

a good qualitative coincidence with the experimental results, the quantitative

deviations ask for improved material models and better knowledge of the boundary

conditions.

Keywords: high strength steel, simulation, spring-back, forming, material model
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1 Introduction

The physical mechanisms of forming processes like deep drawing are highly

complex due to the non-linear behaviour of elasto-plasticity theory leading to a 

complex interaction of sophisticated product geometries in three dimensions and 

with respect to time. Theoretical descriptions for a better understanding are

difficult as the sub-mechanisms can often not be separated or localized. However,

proper product design, tolerances and quality demand for suitable tool 

development, corresponding to high costs and large lead times. Therefore in the 

field of sheet metal forming for the recent 10-15 years numerical simulation tools 

[1,2], usually based on the Finite Element Method (FEM), have become more and

more common in the development process. They enable to predict how the press

tools and parameters should be designed to achieve the optimum shape of the sheet

metal components, thus substantially reducing the number of experimental trials. 

During this period of time the precision of the simulation tools has increased.

However new demands for passenger safety, vehicle performance and fuel 

economy have led to an increase in the use of Advanced High Strength Steel 

(AHSS). This fact has revealed problems with the precision in simulations

performed for sheet metal components in AHSS. The simulations do not have the

same accuracy as when used for components of ordinary or mild steels. The use of

AHSS thus increases the demands on the simulation programs when it comes to

how the programs are designed and their accuracy when it comes to for example

material models. In the forming process of sheet metal components spring-back is a

very large problem area [3] [4] [5]. For complex three-dimensional geometries 

analysis of isolated effects like spring-back is difficult, as combined with the

complex overall deformation mechanism. Due to this fact a linear hat profile has 

been chosen as experimental sheet metal component in this research as shown in 

Figure 1.

Figure 1. Cross section of the experimental setup in its final drawing stage: (left) 

geometrical dimensions, boundary conditions etc., (right) physical mechanisms
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The locations A and B are reference points to be used later on. Note that the 

geometry of the workpiece is rectangular resulting in a channel shaped profile of

310 mm in length. Thus the forming process takes place mainly in the lateral

direction along with vertical thickness changes, but longitudinal effects are of 

lower order. The minor influence of one geometrical dimension significantly

facilitates the investigation and analysis of the different mechanisms. In this type of 

component spring-back is current in two areas. First in the areas subjected to 

bending and second in the areas subjected to straightening (or bending and

unbending). The spring-back in the latter case is called sidewall curl, which is 

common in deep drawing due to bending and unbending (straightening).

A first study [6] of the above situation concerned the basic verification of 

simulation results with experiments. The simulations were performed with the

simulation software code PamStamp V2003, applying the material model Hill48 

[7-11] for four AHSS, to be described below. Different properties like the draw-in, 

thinning and the final strain could be compared across the sample. Good qualitative

agreement between the simulation results and the experiment were achieved, 

enabling some theoretical description. Nevertheless, quantitative differences 

demanded further investigations.

Therefore, based on the previous findings in the present work several essential

aspects of the simulation are verified and analysed to identify the key origins for 

the inaccuracy and to suggest improvements. In addition the spring-back as a quite

complex phenomenon is now addressed. Beside numerical aspects like the software

code, FEM-properties, the boundary conditions, including friction, and in particular 

the material models used for describing the plasticity behaviour are regarded as key

elements to be studied. 

2 Material Description 

2.1 Materials selected 

The study includes three unalloyed AHSS and one Stainless Steel, see Tab. 1.

Material Yield

strength

[MPa]

Ultimate

strength

[MPa]

Max.

strain

[%]

K

[MPa]

0

[-]

N

[-]

DP600 382 642 21.0 1053 0.00000 0.18

DP750 513 811 18.8 1307 0.00185 0.16

TRIP700 473 703 17.0 1288 0.02300 0.26

HYTENS800 639 1377 38.6 2446 0.16440 0.67

Table 1. Material data for the four selected high strength steels.
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The four material grades are the dual phase steels DP600 and DP750, the triple

phase TRIP steel TRIP700 and the stainless steel HYTENS800. The data for all

materials are presented in Table 1. The parameters K, 0 and N are parameters for

the Hollomon ( 0 =0) and Krupkowsky laws of deformation hardening. 

The work hardening characteristics of a material and its behaviour in the plastic

range affects both formability and crash performance.

Dual Phase steels

Dual Phase (DP) steels exhibit a high initial work hardening rate (n-value), which 

enhances the distribution of plastic strain and improves uniform elongation. Thus a 

much higher ultimate tensile strength is obtained, than that of conventional HSS

(high strength steels) with similar initial yield strengths. DP steels also show a high

uniform and total elongation and a lower yield strength/tensile strength ratio when

compared to conventional HSS. These above mentioned characteristics offer

improvements in both formability and structural performance for automotive

components.

Triple Phase  steels

During the first stages of strain, from 0 to 7%, triple phase (TRIP) steels have a

higher, but similar work hardening rate than ordinary HSS. But after elongation to 

a level of 7% strain, the unique microstructure of TRIP locally stabilizes plastic

deformation and increases strength. The stretching of the material is then

distributed to adjacent material. The progression delays the beginning of localized

thinning and necking that often lead to stamping failure. This characteristic of

persistent high n-values between 5% and 20% strain is different from that of

ordinary HSS and dual phase steels, whose n-values tend to decrease in this range.

As a result, components of complex shape that cannot be formed from dual phase

steels can often be made with TRIP steels. 

Stainless steels

Combination of good formability with excellent resistance to corrosion at elevated

temperatures is typical characteristics of stainless steels. Alone or in combination

with other materials, low maintenance stainless steels improve beauty, guarantee 

long life, save mass, and offer optimum performance in safety-related automotive

components.

In an earlier work [6] the model Hill48, was evaluated regarding strain distribution

and thinning in deep drawing of a sheet metal component. The results of the 

simulations were in qualitative and quantitative agreement with the experiments.

However the strains in the bending areas were over-estimated by approximately
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50-75% and in the reverse bend area up to 400%. Therefore a decision was made to 

investigate a more recently developed material model that is initially designed for

the use of high strength steels. The model that was selected is called Hill90 [8,10]

and is described in Section 2.3.

2.2 Material model Hill48

A frequently used material model in sheet metal forming simulations is Hill48 [7-

11]. This model is a second order flow function that takes into account the 

anisotropy in two orthogonal directions in the plane of the sheet. The two 

directions are in the rolling direction and perpendicular to it. One limitation of 

Hill48 is that it does not describe softening of the material in compression, known

as the Bauschinger effect [12-15].

The flow function for Hill48 is: 
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where:

f = yield stress 

1 = maximum principal stress

2 = minimum principal stress

thickness

widthr
0

    ratio for strains in a tensile test specimen in the =0  direction. 

The r-values as a measure for the anisotropy were identified experimentally by

applyin tensile-tests for measuring the strains and in turn deriving the r-values at 

different angles (corresponding subscript ri) relative to the rolling direction. The

measured r-values for the four different materials studied here are presented in 

Table 2. 

Material r0

[-]

r45

[-]

r90

[-]

DP600 1.16 0.87 1.29

DP750 0.75 0.90 0.77

TRIP700 0.75 0.90 1.00

HYTENS800 0.70 0.65 0.88

Table 2. r-values for the selected materials



C. Arwidson - Paper II: Verification of Material Models and Spring-Back 66

The flow surfaces corresponding to Eq. (1), i.e. the plot 1 vs. 2 for the four

different materials used in this investigation are shown in Fig. 2 for the material

model Hill48. 

[MPa]

2

[MPa]

1

Figure 2. Flow surfaces of the four steels DP600, DP750, TRIP700 and 

HYTENS800 for the material model Hill 48 

2.3 Material model Hill90

In 1990 Hill stated that the range of validity of Hill48 had been had been explored

through numerous experiments and that it is well suited to specific metals and

textures but generally too inflexible. Especially for more recently developed steels

of higher grades. 

To overcome this problem Hill90 was developed, see [8,10]. This is a material

model for metal sheets with in-plane anisotropy (planar anisotropy). The model is a 

generalisation of Hill48 with non-integer powers of the principal values of the

deviatoric stresses.
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The flow function for Hill90 is: 
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Where

1m

f = yield stress 

1 = maximum principal stress

2 = minimum principal stress

= rolling direction 

thickness

widthr
45

     ratio for strains in a tensile test specimen in the =45  direction 

a, b, m are constants derived from the measured material data. 

The material constants a ,b and m were calculated numerically using the r-values

r0, r22.5, r45, r90 extracted from tensile tests. A system of three equations has been

constructed inserting the r-values into Eq. (2) for three different values of . The 

system of equations takes the form:
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The material constants a, b and m derived from the measured r-values for the four 

different materials are presented in Table 3. 

Material r0 r22.5 r45 r90 a b m

DP600 1.29 0.869 0.87 1.16 0.0002 -3.756 4.296

DP750 0.77 0.840 0.90 0.75 -0.0082 -1.595 3.762

TRIP700 1.00 0.859 0.90 0.75 -0.0334 -2.932 4.190

HYTENS800 0.88 0.755 0.65 0.70 0.1235 -7.157 4.788

Table 3. Measured r-values for the four materials and numerically derived

constants a, b and m for the material model Hill90 

The flow surfaces for the four different materials are shown in Fig. 3. 

[MPa]

2

[MPa]

Figure 3. Flow surfaces for the four materials DP600, DP750, TRIP700 and

HYTENS800 for the material model Hill90, in direction = /4

1

The flow surface for DP600 with different values of the parameter for the powers

of the flow function Eq. (2) is drawn in the diagram in Figure 4. The influence of 

the magnitude of the parameter m can easily be seen as the surface varies between
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a parallelogram (m = 1), and a rectangle if m > 10. In Fig. 4 it can also be seen that

for a value of m  2 the flow surface of Hill90 takes a similar shape as Hill48. For 

m = 2 both mathematical solutions become equal. 

[MPa]

2

[MPa]

1

Figure 4. Flow surfaces for the material DP600 applying the material model Hill90 

when varying the power m, in direction = /4

3 Methodological Approach

3.1 Basic approach

Basically a very simple geometry was chosen to enable separate discussion of the 

sub-mechanisms as much as possible, for facilitating analysis of the complex

problem. Comparison between simulation and experiment for the four AHSS 

materials chosen is the starting point for discussion and further analysis. From

developing a basic overall theory of the process the different physical mechanisms

can be partially discussed in a separated manner. Subsequently the origin for

inaccuracies of the simulation can be localized and tracked, leading to further 

comparison studies, e.g. by parameter variation or comparison of different

situations.

Experimental sheet metal forming has been performed with the tool set-up shown

in Fig. 1. The locations A and B are reference positions along the work piece for

the graphs in the following. Simulation of the forming process has been done in the 
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software codes PamStamp V2004 and LS-Dyna V970. In Fig. 5 the physical

experimental detail is shown parallel to the measurement and simulation.

(a)

(b)

(c)

Figure 5. Workpiece after forming: (a) experimental sample detail, (b) surface 

strain measurement (true major strain), (c) simulation; original sheet dimensions:

100 mm x 310 mm x 1.5 mm

The strains and geometry are measured on the specimens using state of the art

optical measurement systems. The strain measurement system is called Autogrid
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and is manufactured by Vialux. All strains presented in this Conclusions of how 

well strains and shape agree between simulations and experiments are then derived

and discrepancies are tried to be explained and are tracked further. 

3.2 Forming experiment 

The experiment was performed in a hydraulic 250 tons press. The dimensions of 

the blank before stamping were 1.5 mm x 100 mm x 310 mm. Four different

material qualities were tested, see Table 1. Three specimens of each material grade 

were formed. The forming operation is a typical deep drawing process of a channel

shaped component. The tool set up is made with a moving die and a fixed stamp.

This means that in the stamping process the die moves downwards and the blank 

holder then applies a counter force of 390 kN on the blank as the die moves down

over the stamp (draw depth 55 mm) and the hat-shaped component is formed. The 

blank and tools were lubricated with a standard oil for sheet metal stamping.

3.3 Measurement method

The strain measurements were performed with the PC based optical measurement

system Autogrid.  The system uses a technique called photogrammetry. The object

under investigation has to be imaged from at least two viewing directions. The 

geometry of the object can be reconstructed if a number of matching points (i.e. 

images of the same object point) are identified in at least two different views. The 

system uses four CCD cameras and thus the solution will be over-determined. Due 

to this fact the accuracy of the strain measurement is highly improved. The method

requires evenly spread points on the object to be measured. The most common

technique to apply object points is done by electrochemical etching. In this 

measurement a pattern of 3 mm x 3 mm squares was applied on the sheet metal

ahead of stamping, see Fig. 5(a). 

The results from the strain measurement can be visualized as 3D-pictures on the 

computer screen ore as 2D-graphs. Parameters that can be extracted from the

Autogrid measurement system are:

Major true strain 

Minor true strain

Normal true strain 

Yield strain (v. Mises) 

Engineering strain

Thickness reduction 

Thickness distribution. 

Before measurement the system has to be calibrated using a quality certified gauge.

The gauge consists of a 3D-structure with a number of coded marks attached. The
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positions of these marks are exactly determined, traceable to national standards and

the data are supplied to the user as a file together with the calibration gauge. In the 

calibration step this gauge is recorded from a number of views and the system will

automatically recognize the code marks and calculate all inner and outer

parameters of the current camera configuration. The measurement system is able to 

record 120 x 120 = 14400 measuring points. The error in strain measurements with 

the Autogrid system is 1%.

3.4 FE-simulation

The simulation programs that have been used in this investigation are Pam Stamp

and LS-Dyna. These are explicit FEM-codes based on a central difference

integration scheme. The element type used is Belytschko-Tsay with 5 integration

points through the thickness. The number of elements over the die radius is 10. In

the simulations for comparing the two programs Hill48 with orthotropic isotropic

hardening is used.

In the evaluation of the material model Hill90 PamStamp is used. 

The influence of the number of integration points through the thickness is

investigated. The results from simulations with a number of 5 and 9 integration

points are compared. The simulations are performed in PamStamp.

These comparisons in strain distribution between simulation using solid and shell 

elements are also compared, using PamStamp.

4 Results and Discussion 

4.1 Calibration of the coefficient of friction 

In order to calibrate the simulation model with the experimental set up the draw-in

was measured in a couple of steps during the stamping process at two different

occasions. Accordingly simulations were performed with different values of the

coefficient of friction. As displayed in Fig. 3 the coefficient of friction is 

approximately  = 0.07. The result from LS-Dyna and PamStamp is nearly

identical.
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Figure 6. Draw in as a function of draw depth, experimentally and simulated for 

various friction coefficients  and for the two software codes used

4.2 Comparison between shell and solid elements 

In Fig. 7 the thickness distribution ( 1 + 2) in the component is plotted. The result 

leads to a better agreement with the experiment when the number of integration 

points is increased from 5 to 9 for shell elements. The simulation with 4 solid

elements through the thickness gives similar result as shells with 5 integration 

points. With 6 solid elements through the thickness the result deteriorates. An 

increase of the aspect ratio also deteriorates the result. 
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Figure 7. Thickness distribution with solid or shell elements. AR = length/thickness

is the aspect ratio for solid elements

4.3 Comparison of the material models Hill48 and Hill90

The result from Hill90 compared to Hill 48, shown in Fig. 8, is quite similar for the

two DP-steels in the areas of bending. Both the major and minor strain is

underestimated with approximately 30-40%. In the reverse bending area DP600 is 

almost exactly coherence with the experiment. For DP750 the strains are 

substantially underestimated.

For both TRIP700 and HYTENS800 the two material models give the same strain 

levels. The differences vary between 0-30%.
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Material: DP600
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Figure 8(a). Strain as a function of position along the workpiece for the material 

DP600

Material: DP750
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Figure 8(b). Strain as a function of position along the workpiece for material

DP750
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Material: Trip700
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Figure 8(c). Strain as a function of position along the workpiece for material 

TRIP700

Material: Hytens800
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Figure 8(d). Strain as a function of the position along the workpiece for the 

material HYTENS800 
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4.4 Verification of two different softwares 

The three principal strains from the experiment and simulations with LS-Dyna and 

PamStamp are compared in Fig. 9. In the bending areas PamStamp gives

approximately 10-15% higher values then LS-Dyna. The strain in the bending area 

around 50 mm is overestimated with 25% with LS-Dyna and 38% with PamStamp

and in the bending area around 100 mm 52% and 86%, respectively. This

corresponds to a deviation of 9.4% and 18.3%, respectively, of LS-Dyna from

PamStamp. When it comes to the area of bending and unbending (50-100 mm)

there is an overestimation of 0-100% for LS-Dyna and 0-150% for PamStamp.

Material: DP750
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Figure 9. Simulated values from the two different software codes LS-Dyna and

PamStamp compared to measured values

4.5 Measurement verification

The grid size of the rectangular pattern applied for strain measurement was 3 mm 

x 3 mm. However there were some doubts whether this resolution was enough to

record the strain gradient in the bending areas. Because of this new experiments

were conducted with a grid size of 2 mm x 2 mm and 3 mm x 3 mm on specimens

made from DP600. A grid size of 2 mm x 2 mm gives 5 measurement points over
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the bending radius of the specimen, which should give a sufficient resolution. 

From Fig. 10 it is evident that over the bending area the grid size 2 mm gives 15% 

higher strain level than the 3 mm grid size. It can also be seen that there is scatter

in the strain level both in the area of reverse bend and in the area where the metal

sheet is almost uninfluenced of the forming process. 
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Figure 10. Major strain for different grid size d, for a repeated trial and for a second 

specimen; material: DP600

4.6 The influence of spring-back regarding strain distribution 

Spring-back simulations have been made with PamStamp and Hill48. The strain

distribution in the component at the end of the drawing stage and after spring-back

is presented in Figure 11. There it shows that the difference in strain level between

the two stages is solely due to the elastic portion ( 0.2%) of the strain at the end of 

the drawing stage. 
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Figure 11. The strain distribution in the component at the end of the drawing stage 

and after spring-back 

4.7 Spring-back

The experimental components have been scanned using state of the art 3D

equipment from GOM. Then the digital STL-files from the simulation and the

scanning have been evaluated and compared in a software called Geomagic.

The results are presented in the following pictures. Figure 12 shows the result for 

DP600 comparing the scanned experimental component with the simulated

geometry. Three cuts thru the component have been made and the difference

between the curves can bee seen.
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Back

Symmetry

Front

Figure 12. Difference in spring-back between simulation using PamStamp with

material model Hill48, and experiment. Material DP600; the simulation

underestimates the spring-back; three sections through the geometry shown

The angle , see Figure 13(a) between the flanges of the simulated and measured

component is used as a measure of difference in spring-back between simulation

and experiment. A horizontal measure, d, see Figure 13(a) has also been extracted.

In Figure 13(a-d) the cut in the symmetry plane of the four different materials is 

presented. The results of the simulations were in qualitative and quantitative 

agreement with the experiments. However the magnitude of the spring-back is 

underestimated. Both in the case of angle of the flange and sidewall curl. In 

Table 4 the result is presented and here we can see that the divergence is of the

same magnitude for DP600 and DP750 =11.7  and =11.2 . For TRIP700 =8.5

there is a smaller difference and for HYTENS800 =12.3  the difference is larger.

The same pattern applies for the parameter d, the same magnitude for DP600 and

DP750 s=5.2 mm and s=5.1 mm. A smaller value of d=4.6 mm for TRIP700 and a

larger value of d=8.7 mm for HYTENS800. 
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Figure 13(a). Spring-back for material DP600; properties for comparison
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Figure 13(b). Spring-back for material DP750. 
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Figure 13(c). Spring-back for material TRIP700. 
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Figure 13(d). Spring-back for material HYTENS800. 
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Material

[ ]

s

 [mm]

H

[mm]

DP600 11.7 5.2 45

DP750 11.2 5.1 45

Trip700 8.5 4.6 45

Hytens800 12.3 8.7 45

Table 4. Angle and horizontal distance between simulated spring-back and 

experiment, ref. Fig. 13(a)

5 Conclusions

(i) A simple deep drawing case was chosen to neglect one geometrical

dimension

(ii) Four different AHSS were verified and compared, all 1.5 mm thick

(iii) In general, the stainless steel HYTENS800 showed the largest 

discrepancies

(iv) Draw-in, surface strain, thinning and spring-back could be compared

between experiment and simulation

(v) Good qualitative but limited quantitative agreement was achieved 

(vi) A finer measurement pattern from 3 mm to 2 mm led to a 15% increase of 

the strain in the critical regions

(vii) Varying the friction coefficient between 0 and 0.1 has very little influence

(viii) In general the simulation is highly sensitive in the critical bending regions

(ix) The software code LS-Dyna led to 9-18% lower strain than PamStamp.

Both gave higher levels then the experiments 

(x) The material models Hill90 and Hill48 lead to almost the same result for 

the materials TRIP700 and DP750 

(xi) For the DP600 and HYTENS800 the material model Hill48 overestimates

and Hill90 underestimates the experimental strains significantly

(xii) The simulations underestimate the spring-back by 8.5  - 12.3

(xiii) Further verifications and identifications of error sources are required and 

improved material models are desirable for AHSS
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