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Abstract The importance of an accurate material modeling
for the accuracy and reliability of sheet forming simulations
has become increasingly evident during the last years. More
advanced material models have, however, to be supported
by novel methods for material characterization. The recent
eight parameter yield functions Yld2000-2d and BBC2003
demand, besides data from the ordinary uniaxial tensile
tests, also equibiaxial data. In the present paper a Viscous
Pressure Bulge (VPB) test is described. The test yields the
equibiaxial stress point and r-value, as well as a plastic
hardening curve for large values of plastic strain. The test
setup is based on an ARGUSS™ optical measuring system,
and provides the desired result data in a very smooth and
easy way. In order to verify the results from the current test,

comparisons have been made with compression tests
performed at Corus RD&T and hydraulic bulging tests
performed at RWTH in Aachen. A discussion on how to
determine the equibiaxial yield stress and how to transform
the biaxial stress-strain curve to an effective stress-strain
curve is included in the paper.

Keywords Viscous pressure bulge test . Equibiaxial yield
stress . Stress-strain curve . Sheet metal forming

Introduction

Background

For some years a project has been going on at Volvo Cars,
aiming at improving accuracy and reliability of industrial
sheet forming simulations by using improved material
modeling. Up to now, these efforts have mainly concerned
the yield condition and the plastic hardening curve, of
which both have been shown to be of vital importance for
the accuracy of sheet forming simulations.

Ordinary uniaxial tensile tests can only provide plastic
hardening curves up to the point of diffuse necking, which
normally occur for logarithmic strains in the range 0.15–
0.25. However, in ordinary sheet forming operations the
magnitude of the plastic strains can reach far beyond this
range. The traditional way to get around this problem has
been to extrapolate the hardening curve up to the levels of
the real plastic strains. It has, however (see e.g. Ref. [1]),
been demonstrated that such a procedure can lead to quite
erroneous results. To get reliable stress-strain data up to
higher levels of plastic strain, one has to rely on tests
involving deformation modes in which necking and fracture
appears at higher levels of strain than in the uniaxial tensile
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test. Examples of such tests are the hydraulic bulging test,
the Viscous Pressure Bulge (VPB) test, the compression
test, and the shear test.

Another ingredient of the plastic material model, which
have a great influence on the accuracy of the forming
simulations, is the shape of the yield locus. Two of the
current authors have performed a thorough evaluation
(Refs. [1–4]) of existing yield loci models, in order to
identify those models, which best satisfy the, sometimes,
conflicting demands for accuracy on one hand, and
numerical efficiency and easy identification of material
parameters on the other. The eight parameter models by
Banabic et al. [5] (BBC2003) and Barlat et al. [6]
(Yld2000-2d) have been found to well fulfill these
demands. Besides from three yield stresses and three r-
values from uniaxial tensile tests in three directions, these
models also require information about the equibiaxial yield
stress and the equibiaxial r-value. The probably most
accurate phenomenological model for the yield locus is
the Corus-Vegter model, Vegter et al. [7]. This model
involves 17 parameters in the plane stress case and pure
shear stress state, which, thus, have to be determined from 9
tests. Among the required test data the equibiaxial yield
stress and r-value are included.

There exists, thus, a strong demand for a test method,
which is simple and efficient enough to be used as a
standard procedure in an industrial environment, and which
can provide the desired material data.

The bulge test

One of the oldest and most well known experimental
methods for obtaining flow curves for sheet metals at high
values of plastic strain is the hydraulic bulge test. In such a
test a circular sheet specimen is clamped around its
periphery and is subjected to a hydraulic pressure. Knowing
the pressure and the curvature at the top of the dome, the
equibiaxial stress can be calculated according to

sb ¼ pRb

2 tb
ð1Þ

where p is the pressure, Rb is the radius of curvature, and tb
is the thickness at the top of the dome. The strains are
normally evaluated using a circular grid method.

From Eq. (1) it is obvious that the radius of curvature
has a strong influence on the calculated stress. This quantity
can be measured more or less accurate. Many times just the
dome height hd is measured during the lapse of the test.
Assuming that the bulge is part of a sphere, the radius of
curvature can then be approximated as

Rb � d2 þ 4 h2d
8 hd

ð2Þ

where d is the diameter of the periphery of the blank. A
more precise measurement of the curvature is obtained, if
the radius is determined by means of a three-point
coordinate measuring machine in the vicinity of the pole.
A procedure like this was used in a recent paper by Lee et
al. [8]. At the RWTH, Aachen, two profiles are measured
by a laser scan over time, in the rolling direction of the
material and perpendicular to it, [10]. The advantage of this
method is that the domain of the area in the pole for the
determination of the radius of curvature is flexible over
time, and that more than three points are involved by using
complete sections.

At the institute ERC/NSM in Columbus, Ohio a similar
test to the above one, called “the Viscous Pressure Bulge
(VPB) test ”, has been introduced, Gutscher et al. [9]. In
this test the hydraulic pressure in the hydraulic bulge test is
replaced by the pressure from a semi-solid viscous
polyurethane punch. The advantage of this method is that
the test setup is considerably simplified, and use can be
made of an ordinary hydraulic press.

It seems as if the authors of Ref. [9] have made a great
effort to simplify the evaluation of the experimental results,
sometimes so much that accuracy is put in the second place.
During the test the pressure in the viscous medium and the
dome height are recorded. The radius of curvature and the
sheet thickness at the pole are determined from a data base
created by means of numerical Finite Element simulations. In
these simulations an isotropic material model is used, and the
hardening curve is assumed to obey a power law (σ=K ɛ

n).
The final results of the evaluation process are a bit

confusing. The authors show that the flow curves from
uniaxial tension tests and from the VPB tests differ
considerably for several different materials. In their con-
clusions they state: “The study has also shown that the flow
stress curves from the tensile and VPB tests can differ
considerably …”. In reality, these curves should, of course,
coincide, and the reason for that this not being the case,
could possibly be attributed to a misunderstanding of the
concepts of “effective stress” and “effective plastic strain”
by the authors.

In the current work the idea of using a viscous pressure
medium instead of a hydraulic pressure has been adopted.
The measuring technique, and the way to evaluate the
experimental results are, however, completely different from
the method described above. In the current test setup use is
made of a modern optical measuring system, which is
described in Chapt. 2. This facilitates a highly accurate and
very convenient evaluation of the desired material parameters.

In Chapt. 3 methods for transforming flow curves from
various biaxial tests into hardening curves expressed in
terms of effective stress and strain variables are discussed.
In order to verify the results from the current test,
comparisons have been made with results from other
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laboratories using other test procedures. Results from these
comparisons are accounted for and discussed in Chapt. 4.

Test setup for a viscous pressure bulge test

Introduction

The viscous pressure bulge test is performed in a single
action Forming Limit Curve (FLC) testing die. The only
modifications of the original die are that a silicone punch
and two draw-rings with smaller die openings are used. The
die is displayed in Fig. 1 and two silicone punches are
shown in Fig. 2. The test sample has a diameter of 200 mm
and its periphery is locked with a draw bead. The viscous
pressure bulge test can be performed either by repeated
tests with gradually increasing bulge height, or by only
performing one test to the final height. In both set-ups, the
pressure in the silicone punch is measured continuously
during the test.

Repeated tests with gradually increasing bulge height

In this set-up the strains and the curvature of the sample are
determined after each test. In order to get a number of stress-
strain measurements, several tests must therefore be per-
formed with gradually increasing bulge height. In the present
study, an optical strain measurement system that measures
both the geometry of sample and the strains is used.

Using measured pressures, curvatures and strains, the
equibiaxial stress-strain curve can be calculated based on
Eq. (1) after all tests have been performed. The pressure
value is the maximum pressure obtained in each test. The
radius of curvature and thickness are determined by using
measured data inside a sphere with 20 mm diameter, and

with its center at the top of the bulge. The radius of
curvature, Rb, is determined by least square fitting a second
sphere to the chosen measurements. The thickness is
determined according to the following steps:

1. The average strain on the surface, denoted εb, is
calculated.

2. The average strain in the sheet middle surface is given by

"0 ¼ 1� tb
2Rb

� �
"b ð3Þ

3. Denoting the initial thickness t0, we can calculate the
current thickness tb from Eq. (3) and the following
relation:

"t ¼ �2"0 ¼ ln
tb
t0

ð4Þ

The equibiaxial stress is then calculated according to
Eq. (1), and the corresponding strain is the absolute value
of the logarithmic thickness strain.

The advantages of this approach are that few modifica-
tions of the die are needed, and that measuring of the strains
and the geometry are easily accomplished. It is not
necessary to determine the radius of the bulge with data
from the strain measurement system, e.g. the radius could
be measured with a Coordinate Measuring Machine
(CMM). The major draw-back of the method is that many
tests are needed in order to get a sufficient number of stress-
strain values.

Continuous strain and geometry measurements

With two cameras mounted on top of the die, see Fig. 1,
and the ARAMIS™ strain measurement system, the strains
and the geometry of the sample can be measured
continuously during the test. After the test the equibiaxial
stress-strain curve is determined by a program being a part
of the ARAMIS™ system.

The advantages of this set-up are an increased accuracy
compared to the method described in “Repeated tests withFig. 1 The die for the viscous bulge test

Fig. 2 Silicone punches
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gradually increasing bulge height”, as well as the fact that
only one test is needed to determine the complete
equibiaxial stress-strain curve. The draw-backs are that a
more complicated die and a more advanced strain measure-
ment system are needed.

Transformation of biaxial stress-strain data
into effective values

Introduction

The concept of a yield “yield surface” implies that every
point on the surface corresponds to the same value of
effective stress and effective plastic strain. The true stress-
effective plastic strain relation is usually prescribed to be
equal to the uniaxial stress-strain relation in one particular
direction, usually the rolling direction. However, a flow
curve, determined in any other multi-axial stress/strain state,
have to be transformed to an effective stress–plastic strain
curve. Theoretically, two flow curves, representing two
arbitrary states of stress, should coincide exactly, when both
are transformed to effective stress-strain curves. However, in
practice there never is such an exact correspondence.

As we are dealing with sheet metal, we will in the
following assume that the state of stress is two-dimensional.
If a flow curve, representing a biaxial state of stress, is
going to be transformed into an effective stress-strain curve,
a practical approach is to transform the biaxial stress and
strain values in such a way that a “good” correspondence
with a uniaxial stress-strain curve is obtained. In fact, we
end up in some kind of curve fitting procedure. This curve
fitting is of course not unique, and depending on the choice
of method, slightly different hardening curves will result.

In the current chapter the background for a theoretically
sound transformation of biaxial stress-strain values to
effective ones will be outlined.

Transformation of equibiaxial stress-strain data to effective
ones

In the case of equibiaxial stress, the rate of plastic work is
given by

�
W ¼ sx

�"xp þ sy
�"yp ¼ sb

�"xp þ �"py
� �

¼ �sb
�"pz ¼ s �

"p ð5Þ

where σb is the equibiaxial yield stress, s is the effective
stress, and �

"p is the effective plastic strain rate. In Eq. (5)
plastic incompressibility has been assumed. Generally, the
effective stress can be expressed as

s ¼ kbsb ð6Þ

where kb is a constant scaling parameter. In view of Eqs. (5)
and (6) the effective plastic strain rate is found to be

�
"p ¼ � 1

kb
�"pz ð7Þ

where �"pz is assumed to be negative (thinning). Integrating
Eq. (7) over time, and assuming a proportional strain path,
we find

"p ¼ � 1

kb
"pz ð8Þ

If an equibiaxial stress–thickness strain curve from a bulge
test is fitted to a uniaxial stress–strain curve using Eqs. (6)
and (8), and if the effective stress is defined so that

s ¼ sY ð9Þ

where σY is the uniaxial yield stress (e.g. in the rolling
direction), the following relation holds

sb ¼ sY

kb
ð10Þ

So, to transform an equibiaxial stress-strain curve to an
effective stress-strain curve, biaxial stresses are scaled by
the parameter kb according to Eq. (6), and thickness strains
are scaled according to Eq. (8). It is also interesting to note
that the equibiaxial stress σb and the uniaxial stress σu are
related according to

sb

su
¼ 1

kb
ð11Þ

The actual value of the parameter kb is a result of the
procedure of fitting the equibiaxial stress-strain curve to the
uniaxial one.

Transformation of stress-strain data from a compression test
to effective ones

An alternative method to obtain stress-strain data at high
levels of plastic strain is the compression test. In this test
stacked specimens are subjected to a through-thickness
pressure. The rate of plastic work is in this case given by

�
W ¼ sz

�"pz ¼ s �
"p ð12Þ

The effective stress is assumed to be related to the
compressive stress by

s ¼ �kcsz ð13Þ
were kc is a constant scaling parameter, and where σz is
assumed to be negative (compression).
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Combining Eqs. (12) and (13), we can express the
effective plastic strain rate as

�
"p ¼ � 1

kc
�"pz ð14Þ

or in integrated form

"p ¼ � 1

kc
"pz ð15Þ

From the above equations, and assuming the effective
stress to be equal to the uniaxial yield stress, we get the
following relation

sz ¼ � sY

kc
ð16Þ

Comparing Eqs. (8–10) with Eqs. (13–16), we note that
there is a direct correspondence if we put kc=kb and
σb=-σz. This means that a stress-strain curve (σb-εz) from a
bulge test can be directly compared with a stress-strain
curve (σz-εz) from a compression test.

Methods for transforming a biaxial stress-strain curve
into an effective one

Introduction

As mentioned previously, a practical way to determine an
effective stress-strain curve from a biaxial one is to scale
and fit the biaxial curve to a uniaxial one. In fact, we are, in
some meaning, trying to determine an optimal value of the
parameter kb introduced in the previous chapter. In the
current chapter a few different methods for performing this
transformation will be described and discussed. As there
does not exist any unique “best fit” of the two curves,
different methods will yield slightly different results. In the
end, the choice of method is mainly a matter of taste.

Methods based on the principle of work equivalence

The plastic work per unit volume can in the case of
uniaxial, proportional loading be written

Wu ¼
Z
sud"

p
u ð17Þ

The plastic work in case of a proportional, balanced
biaxial loading is according to Eq. (5) given by

Wb ¼ �
Z
sbd"

p
z ð18Þ

When the equality Wu=Wb is prevailing, the two stress/
strain states correspond to the same effective stress and
effective strain. This fact forms the basis for some slightly
different methods for determining the parameter kb defined
above.

Assume that we for a uniaxial tensile test establish a
table of values relating the plastic work Wu, according to
Eq. (17), and stress σu, and for a bulge test establish a table
of values relating plastic work Wb and stress σb. For a
certain value of plastic work we can, thus, determine two
corresponding stress values σu and σb and kb=σu/σb.
Theoretically, the value of kb should be constant and
independent of the value of the plastic work. However, in
practice there is always a certain variation depending on the
choice of this value. Below, three methods for determining
the parameter kb are outlined. The main difference between
them is the choice of the value of plastic work for which kb
is evaluated.

Method 1

The parameter kb is evaluated at the point corresponding
to the maximum values of stress and strain in the
uniaxial tensile test. The method is illustrated graphically
in Fig. 3.

Method 2

The parameter kb is evaluated at an arbitrarily chosen value
of plastic work in the range 0 � Wu � Wmax

u (or in the
strain range 0 � "u � "max

u ).
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Fig. 3 Relations between plastic work and stress in the uniaxial case
and in the equibiaxial case, respectively
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Method 3

The parameter kb is evaluated for a large number of points
in the W/σ tables, and is calculated as the average value, i.e.

kb ¼ 1

n

Xn
i¼1

sui

sbi
ð19Þ

This approach was used by Lee et al. [8]

A method based on scaling and fitting of curves

The method that will be discussed here is used at Volvo
Cars and have previously been described in Mattiasson and
Sigvant [1].

Method 4

The stress-strain curve from the bulge test is scaled so that the
curve in one point coincides with the last point of the uniaxial
curve. This fitting of curves is performed in an iterative
procedure. The method has a couple of obvious advantages
compared to ones based on work equivalence above:

& The hardening curve, calculated from biaxial stress-
strain data, will be a direct continuation of the uniaxial
curve. In practise, the total hardening curve used in e.g.
a FE-simulation will consist of two parts: First the
uniaxial curve, and then the hardening curve based on
biaxial data.

& The biaxial stress-strain data for low values of plastic
strain, which involves a considerable amount of error,
are never used.

A numerical example

The above four methods for determining the parameter kb will
be applied to a mild steel named DX56DZ. The stress-strain
curves from a uniaxial tensile test and from a VPB test are
shown in Fig. 4. In Fig. 5 the relations between plastic work
and uniaxial and equibiaxial stresses, respectively, are
displayed, and in Fig. 6 the parameter kb is displayed for
different values of plastic work. In Fig. 7, finally, a
hardening curve obtained according to Method 4 above is
shown. In Table 1 the resulting values of kb according to the
different methods are shown. As can be seen there is a
variation between 0.8260 and 0.8443 for kb. This corre-
sponds roughly to a variation of ±1% round the mean value.

0

100

200

300

400

500

600

0 0.1 0.2 0.3 0.4 0.5 0.6

STRAIN

U
N

IA
X

IA
L

 / 
B

IA
X

IA
L

 S
T

R
E

S
S

 (
M

P
a)

Uniaxial

Bulge

Fig. 4 Stress-strain relations from a uniaxial tensile test and a bulge
test, respectively. Material DX56DZ

0

100

200

300

400

500

600

0 25 50 75 100 125 150

PLASTIC WORK

U
N

IA
X

IA
L

 / 
B

IA
X

IA
L

 S
T

R
E

S
S

 (
M

P
a)

Uniaxial

Bulge

Fig. 5 Relations between stress and plastic work in a uniaxial tensile
test and a bulge test, respectively. Material DX56DZ
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Fig. 8 Biaxial and uniaxial stress-strain curves for the DX56DZmaterial
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Fig. 7 The stresses and strains from the bulge test are scaled and
fitted to the uniaxial stress-strain curve (method 4 above, kb=0.8269).
Material DX56DZ

Table 1 The parameter kb determined according to different methods.
Material DX56DZ

kb

Method 1
("max

u )
Method 2 (εu=
0.10)

Method 3
(average)

Method
4

0.8260 0.8443 0.8372 0.8269
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Fig. 10 Biaxial and uniaxial stress-strain curves for the AA5052
material
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Fig. 9 Biaxial and uniaxial stress-strain curves for the DP600 material

Table 2 The parameter kb, determined according to Method 4 above,
for different test methods and materials

kb

Material VPB Hydraulic Bulging Compression

DX56DZ 0.8269 0.8519 0.8384

DP600 0.9863 0.9856 0.9815

AA5052 0.9807 1.0271 1.0552
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A comparison between different test methods

Introduction

In order to evaluate the quality of the results from the VPB
tests, comparisons have been made with two other test
methods performed at two other laboratories. The first of
these tests is a compression test performed at Corus RD &
T in the Netherlands, and the second one is a hydraulic
bulge test performed at RWTH in Aachen, Germany. Three
different sheet materials have been tested: A mild steel
DX56DZ, a dual phase steel DP600, and, finally, an
aluminum alloy AA5052.

Results from different test methods

The biaxial stress-strain curves obtained in the three
different tests are shown in Figs. 8, 9, 10 for the DX56DZ,
DP600, and AA5052 materials, respectively. The kb-
parameter has been calculated according to Method 4
above for every biaxial stress-strain curve. The results are
presented in Table 2. As can be seen from the figures and
from Table 2 there are some differences in the measured
stress-strain curves. However, considering the fact that
these curves were obtained with different test methods and
at different laboratories the discrepancies are within
acceptable limits. Nor is it possible to trace any systematic
deviations in the results.

Judging from these results the conclusion can be drawn
that the current VPB test procedure is able to produce
results with an accuracy, which is comparable with
alternative test methods.

Conclusions

In the present paper a VPB test has been described, based
on a modern optical measuring system. The current test
setup has been shown to able to produce results in a fast
and convenient way and with good accuracy. The primary
results for this test are a plastic hardening curve for
relatively large effective strains, together with an equibiax-
ial yield stress and an equibiaxial r-value.

Furthermore, it has been demonstrated how biaxial
stress-strain data should be transformed to corresponding
effective data in a theoretically consistent way. Various
practical methods for determining effective stress-strain
curves have also been discussed. Finally, results from a
comparative study are presented, in which stress-strain
curves for three different materials have been determined

by three different test methods at three different laborato-
ries. It has been demonstrated that the results from the
current VPB test correlate well with the results from the
other two test methods. This indicates that the present VPB
test is a good alternative to the hydraulic bulge test and the
compression test.
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