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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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INTERNATIONAL STANDARD

ISO 16808:2014(E)

Metallic materials — Sheet and strip — Determination
of biaxial stress-strain curve by means of bulge test with
optical measuring systems

1 Scope

This
of m
influ

NOTH
testt

The 1

International Standard specifies a method for determination of the biaxial stresssg
btallic sheets having a thickness below 3 mm in pure stretch forming without signifi
ence. In comparison with tensile test results, higher strain values can be achieved:

In this document, the term “biaxial stress-strain curve” is used for simplification. In pr

he “biaxial true stress-true strain curve” is determined.

train curve
tant friction

nciple, in the

© IS0 2014 - All rights reserved

bymbols and abbreviated terms
ymbols and designations used are given in Table 1.
Table 1
Symbol Designation Unit
ddie Diameter of the die (inner) mm
dBH Diameter of the blank liélder (inner) mm
Ry Radius of the die (inner) mm
h Height of the drawn blank (outer surface) mm
to Initial thigkness of the sheet (blank) mm
t Actuakthickness of the sheet mm
p Préssure in the chamber MPa
rms Standard deviation (root mean square) -
p Radius of curvature mm
ri Surface radius for determining curvature mm
rp Surface radius for determining strain mm
£1)100 Surface radius to determine curvature with a die diam- |mm
eter of 100 mm
a;, b Coefficients for response surface -
OB Biaxtatstress MPa
e Engineering strain -
€1 Major true strain -
) Minor true strain -
£3 True thickness strain -
EE Equivalent true strain -
I Coordinate and length of a section mm
dz Displacement in the z-direction mm
dZmy Displacement after movement correction mm
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3 Principle

A circular blank is completely clamped at the edge in a tool between die and blank holder. A bulge is
formed by pressing a fluid against the blank until final fracture occurs (Figure 1). During the test,
the pressure of the fluid is measured and the evolution of the deformation of the blank is recorded by
an optical measuring system.[11.[21.[3] Based on the recorded deformation of the blank, the following
quantities near the centre of the blank are determined: the local curvature, the true strains at the
surface, and, by assuming incompressible deformation of the material, the actual thickness of the blank.
Furthermore, assuming the stress state of a thin-walled spherical pressure vessel at the centre of the
blank, the true stress is calculated from the fluid pressure, the thickness and the curvature radius.

NOTE In|
and describe
investigation

Key
h

p
€3

height off
pressure
true thic

dgie diamete]

The coordin
surface of th
correspondj
forming, wif

4 Test e(

addition to the bUlge TteST procedures with optical Measurement SyStems introduced in Referen
1 in the following, there are also laser systemsl4],[5],[6] or tactile systemsl[Z],[8],[9] valid for bulg
which are not covered in this International Standard.

the drawn blank (outer surface) p - tadius of curvature
in the chamber to initial thickness of the sheet (blank)
kness strain (at the apex of the dome) t actual thickness of the sheet

of the die (inner)

Figure 1:>— Principle of the bulge test

ate origin shall be i the centre of the blank holder. The XY-plane should be parallel t
e blank holder (parallel to the clamped metal sheet before forming). Herein, the x-dire
to the rollingdifection. The z-direction shall be normal to the clamped metal sheet b
h the positive.direction towards the optical sensor.

Juipment

ce [1]
e test

D the
ction
fore

4.1 Theb

lank holderand-a

fluid

chamber. Th

blge test shall be carried out on-a-machine equipped with a die;a

e proposed equipment is illustrated in Figure 2.

© ISO 2014 - All rights reserved
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o ddie |
1
Q\'\
IS — N
— =Ry =
A ) L
A
den
deformation measurement system 3 chamber with fluid

pck bead 4  pressure measurement system

Figure 2 — Proposal of a testing equipment.(principle drawing)

The lay out of the test equipment shall be such ¢hat it is possible to continuously

outside surface of the test piece continuously during thetest, i.e. to be able to determine the

of th
surfy
occu

4.3

ofag
&7 fol
dom

4.4
mea

preci

4.5
duri

e geometry by recording the evolution of X, Y,-Z'coordinates of a grid of points on the b
ce, in order to calculate the shape and the‘rue strains in the central area of interest
S.

During the test, the system shall beable to measure optically (without contact) the X, Y, Z
rid of points on the bulging surfaee of the specimen. Out of these coordinates, the true s
" each point of the selected area, the thickness strain €3 and the curvature radius p for th
e are calculated.

The system should be' equipped with a chamber fluid pressure measurement system

9

sion should be1\% of the actual measured value.

The die/the blank holder and the fluid chamber shall be sufficiently rigid to minimize

of the testipiece between the blank holder and die should be prevented. Typically during
bulge pressure is acting on parts of the blank holder reducing the effective blank-holder for
be taken 1n consideration when defining the necessary blank-holder force.

measure the
deformation
ulging blank
until failure

coordinates
'rains €1 and
e apex of the

An indirect

urement system.is.also possible. Starting from 20 % of the maximum measured pressufre value, the

deformation
y movement
the test, the

}g testing: The blank-holder force shall be high enough to keep the blank holder closed. An

e. This shall

4.6 The fluid shall be in contact with the blank surface (without any air bubbles) to prevent energy
storage during the test through compressed air bubbles which would lead to higher energy release and
greater oil splashing at failure. No fluid shall be lost through the blank holder, die and sheet or elsewhere

duri

ng the test until failure occurs.

4.7 Alock bead (or comparable geometry in the circular surface), designed to suppress any material
flow, is recommended. The lock bead shall not initiate cracks in the material. The lock bead shall be located
between blank holder and die. A location close to the die radius is recommended. The lock bead geometry
should avoid a curvature and a wrinkling of the blank when closing the tool and prevent the sliding of the
blank during the test.

© IS0 2014 - All rights reserved
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4.8 Itisrecommended to place glass plates in front of the lenses and the illumination in order to protect
the optical measuring system from oil splashing due to blank failure at the end of the test.[Z1.[12] The
plates can be fixed on the blank holder (thick glass) or near the camera lenses and illumination (thinner
glass); see Figure 3. The inserted protection shall not to disturb the optical measurement quality (see
Clause 5). After each test, the glass plates shall be well cleaned without damaging or scratching them and
precisely repositioned to not alter calibration. Typically, a calibration of the optical system including the
protection increases the measurement quality.

4.9 The smallest die diameter recommended should have a ratio of die diameter to initial thickness

dgie / to = 33 (see Figure 2). The radius of the die should not lead to cracks in the blank during the test. A
recommendation is ('; X f'C) to (1 B x fc) (minmnm 15 mm)

4 © ISO 2014 - All rights reserved
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Figure 3 — Examples for possible positions of oil shielding plates and lamps
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5 Optical measurement system

For the determination of the radius of curvature p, and the true strains €1 and €, an optical-deformation
field measurement system with the following characteristics is recommended:

Optical

sensor based on two or more cameras,;

Measurement area, whereas dmeasurement area = 1/2 ddie;

The used measurement area should be larger than a concentric diameter of half the diameter of the
blank holder. This area should be observable during the entire forming process for all heights of the

drawn hlank
— Local rgsolution (grid distance between the independent measurement points): The distahce
between two adjacent points on the unformed blank should follow the requirement:
ddie
S —_
Imax £o
— The detlermination of the curvature requires an accuracy of the z-coordinates in an area w
diametgr of 1/2 dgje concentric to the blank holder of
rms(dz)-100 mm
rms(dz)| = (d2) <0,015mm
ddie
NOTE The accuracy of the shape measurement can be checked with'a'test of the optical measurement sy

(see Annex B).

Accuracy for

For each real

strain measurement: rms (1) = 0,003 rms (g2) = 0,003

strain value for the mentioned rms (&) above, the acceptable measurement values are:

lImax

ith a

stem

7 the
p ddie
area

The

Ereal=0 acceptable measurement range: -0,003 ...0,003
Ereal = 0,5 acceptable measurement range:_) 0,497 ... 0,503
— Missing| measurement points: In_ogrder to avoid unbalanced curvature approximations, onl
absenced of less than 5 % of the measurement points in the concentric area with a diameter =1/
is accep|table (without interpelation). If adjacent points are missing, the inscribed circle of this
shall not be larger than 2 points.
6 Test plece
6.1 General
The test piegeshall be flat and of such shape that the blank is clamped and material flow is stopped.
use of lock beadsisTecommendedTheedge of the blank shratt be outside the tock bead:

The preparation of the blank does not influence the results as long as the surface of the test piece was
not damaged (scratches, polishing). The dimension of the outer edges can be circular (preferred) or

angular.

6.2 Application of grid

6.2.1 Typ

e of grid

For optical full-field measurement devices, the grid shall fulfil two objectives:

a)

the curvature radius determination of the specimens’ surface;

© ISO 2014 - All rights reserved
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b) the strain calculation of the material deformation.

6.2.2 Grid application

Deterministic grids (e.g. squares, circles, dots) should have a strong contrast and have to be applied
without any notch effect and/or change in microstructure. Some common application techniques are:

— electrochemical etching, photochemical etching, offset printing and grid transfer,

— stochastic (speckle) patterns which can be applied by spraying paint on the surface of test piece

surfaces. Paint adherence to the surface after deformation should be checked. It is possible first to

; ; —then to spray
cloud of randomly distributed black spots (e.g. black spray paint or graphite). The 'sgray shall be
oth elastic and tough enough not to crack or peel off during deformation. The random [distribution
f the fine sprayed spots allows the determination of each point of the virtual grid‘on the specimen.

The pattern should have sufficient black/white density and appropriate sizé features in each point
position search area as required by the optical system used.
7 Procedure
7.1 | The test shall be carried out at ambient temperature of (23.%'5) °C.
7.2 | Determine the initial thickness of the test piece to theiearest 0,01 mm.
7.3 | Clamp the test piece between blank holder and:die. Avoid air bubbles between test pi¢ce and fluid
to prevent formation of compressed air during testing, leading to stronger oil splashing at faflure.
7.4 | A constant strain rate of 0,05 s-1is recommended. If a constant strain rate is not possibllie, aconstant
formjing velocity of the punch or fluid should be guaranteed. In order to avoid big influences in the biaxial
stresis-strain curve of temperature or strain'rate sensitive materials, the bulge test should be ¢onducted in
(2 to}4) min. This time frame guarantées slow and acceptable strain rates and a cost-effective ftesting time.
The plot of the strain rate versus:time is recommended.
7.5 | Measure the fluid pressure during the test.
7.6 | Measure the X, Y, Z coordinates of the grid on the test piece surface during the test.
7.7 | The fluid,pressure data and forming data shall be measured and saved at the same fime scale. A
minimum of 100 valuesis recommended. In order to represent the whole strain and pressure development,
at least L0Dimages of the bulge testing are recommended.
7.8 ~The failure of the test piece shall be considered as obtained when a through crack, 1.e. a crack which

goes through the thickness of the test piece, has occurred. The failure is detected by decreasing fluid
pressure; this defines the end of the test.

7.9 A sufficient number of test pieces should be prepared in order to achieve at least three valid tests.

8 Evaluation methods for the determination of the curvature and strains at the
pole

For the following explanation of the calculation of the curvature and strains, a spherically shaped surface
near the pole is assumed (best-fit sphere). On the last image before failure, as defined in 7.8, the area of
the dome with the highest deformation is selected and defined as the position where to determine the

© IS0 2014 - All rights reserved
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true stress and the true thickness strain £3. To obtain a stable radius of curvature of the dome, a best-
fit sphere can be calculated based on a selected area of points. For this selection, a radius ry is defined
around the apex of the dome in the last image before bursting and the fit is performed for all forming
stages with the same selection of points (Figure 4).

A certain number of the first forming stages (images) are rejected, since the specimen is still too flat
for a reliable determination of the best-fit sphere, since the bending radius is very high and the fit is
not stable. For robust values of the true strain and thinning in the apex, the average value of a number
of selected points is taken. Therefore, a second area is defined by a radius rz in a similar manner (see

Figure 4).

Based on this Pt oeedttt €; for-evet Y fot ulius otasc (iluasc) theradits-ofeurvatut €; the-avet age thtelness
strains, as well as the corresponding thickness and stress values at the dome apex are calculated|This
evaluation dan be carried out for different r1 and r, values (see Figure 4).

For a good convergence and robust values, the recommended range of r1 and r; is defined:

r1 = (0,15 + 0,025) x dgie 1)

ry = (0,05 % 0,01) x dgie (2)

2/‘2

2[‘1 \

/h

2r) |

<

Figure 4|— Choice of r1 and r; for calculation of true stress and true strain for each formipg
stage

An alternative proposalforthe calcutatiomrof the curvature and straims s giverr i the Anmex €

9 (Calculation of biaxial stress-strain curves

For the calculation of the biaxial stress-strain curves, a simple membrane stress state of a thin-walled
spherical pressure vessel is assumed at the centre of the blank. This implies the following simplifications:

a) equi-biaxial stress state:

O-IZGZZO-B (3)

b) representation of the curvature by the mean curvature radius:

8 © ISO 2014 - All rights reserved
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-1
1
==(1 +1 4
p {2(//01 /pz)} 4)
Then the biaxial true stress can be calculated according to the following equation
pp
og=—o 5
Y (5)
using the fluid pressure p, the curvature radius p and the actual thickness t, with
Assuming plastic incompressible deformation of the material and neglecting elastig straips, the total
thickness strain for the calculation of the actual thickness can be approximated By the total major and
mindr true strain:
yr—€1—€y .
(7)
Base(d on the plastic work principle, the biaxial stress-strain curve is a function of the plastic thickness

strai

n: O'B(—Sgl), see also Annex D. Assuming an isotropic lin€ar’elastic material behaviou

incoinpressibility, the plastic thickness strain is then given-by:

" and plastic

pl _ 1-v
gy =—€1—&)+2——o0pR .
3 1762 g OB
(8)
For the elasticity modulus E and the Poisson ratio v, literature values are generally sufficieng to subtract
the dlastic contribution, e.g. E = 210 GPaland v = 0,33 for steel, respectively E = 70 GPa and v = 0,33 for

alum

The

statq
than
thick

[30)

NOT]H
biaxi

inium alloys.

in the test piece, and amnegligible influence of bending. For die diameter to thickness

ness strain result g3.using the following estimate for the bending strains:

t
bending ~ _ln(l _iexp(f@)J

h] stress-strain curve can be used to identify the equi-biaxial stress point of the yield locus

appr(rximate the material hardening curve beyond uniform elongation.

Fatio of die diameter to thickhess should be reasonably high to ensure a near meml}

100, it is recommended to check if the bending strains are relatively small compared {

Thebiaxial stress-strain curve is obtained without any assumption on the type of yield ¢

brane stress
ratios lower
o the actual

9

riterion. This
as well as to

Annex D gives a proposal for the determination of the equi-biaxial stress point of the yield criterion and
for using the biaxial stress-strain curves of hydraulic bulge tests to extrapolate an equivalent stress-

strai

n curve which is based on uniaxial tension tests.

10 Test report

The test report shall contain at least the following information:

a)
b)
c)

i

© ISO

reference to this International Standard;

dentification of material;

2014 - All rights reserved

identification of laboratory that measured the bulge test values, including the name of operator;
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d)

f)
g)
h)

j)

k)

D)

10

initial thickness of blank;

grid, camera system and software used;

position of the protective glasses;

geometries of the test equipment;

bulge / piston speed;

bulge test evaluation method, respectively the parameters for identification of the curvature and
the average of strain;

number

for each
plastic {

biaxial {

of replications;

bulge test, a table of values with the history of time, radius p, pressure p, absolute value of

hickness strain and biaxial true stress;

tress-strain curves of all bulge tests as a plot.

© ISO 2014 - All rights reserved
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International comparison of symbols used in the determination of
the bulge test flow curve

German Anglo;
English French German American Unit
symbols
symbols
Dlan eter of the die  |Diameétre (mterleur) Matrizendurchmesser daie daie mm
(inngr) de la matrice
Radlus of the die Rayon (1nter1eur) de Matrizenkantenradius R, Ry mm
(inngr) la matrice
. Hauteur du flan
Heignt of the drawn 1 0 Ziehtiefe / -hohe h h mm
blank (surface) ‘s
(surface extérieure)
Initigl thickness of Epaisseur initiale du .
the sheet (blank) flan Ausgangsblechdicke to to mm
Actupl thickness of Epa}sseur instan- Aktuelle Blechdicke ¢ ¢ mm
the sheet tanée
Presgure in the cham- |Pression dans la Druck ipWerkzeug p p MPa
ber chambre
Dianjeter of the blank |Diamétre (intérieur) [ Durchmesser des Nieder- d d mm
holdér (inner) du serre-flan halter BH BH
Stanflard deviation Ecart-type (m_oy- Standardabweichung me rms )
(roof mean square) enne quadratique)
Radips of Curvature |Rayon de courbure |Kriimmungsradius p p mm
. Rayon dela s_qrf,alce Kuppenradius der Flache
Radipis of area used to |de la zone utilisé ;
[ . . . zur Bestimmung der ri ri mm
detefmine curvature |poukdéterminer la ,
Krimmung
courbure
. Rayon de la s.u.rf,ace Kuppenradius der Flache
Surface radius of area | de la zone utilisé ;
. : , . zur Bestimmung der ry r mm
to dgtermine strainn | pour déterminer la F -
. . ormanderung
déformation
Coordinatefand Coordonnée etlon- |Koordinate und Lange
. ) . . e Ig Is mm
lengthlof a section gueur d'une section |einer Schnittlinie
Displacement in the z |Déplacement selon |Verschiebung in z-Rich-
. . ) dz dz mm
direction I'axe des z tung
Displacement after Deplace_ment apres Verschiebung nach Bewe-
. correction du mou- dZmy dzZmy mm
movement correction gungskorrektur
vement
Biaxial true stress Sl?;Zralnte biaxiale Wahre biaxiale Spannung OB OB MPa
. . Déformation
Major true strain : . Hauptumformgrad 1 £1 -
majeure vraie
. . Déformation
Minor true strain : . Nebenumformgrad @2 & -
mineure vraie
© ISO 2014 - All rights reserved 11
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German Anglo-
English French German American Unit
symbols
symbols
. . |Déformation vraie |Umformgrad in Dicken-
True thickness strain e . @3 £3 -
dans I'épaisseur richtung
. .| Déformation . ;
Equivalent true strain équivalente vraie Vergleichsformanderung PE €E -

12 © ISO 2014 - All rights reserved
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Annex B
(normative)

Test procedure for a quality check of the optical measurement
system

B.1 | Test procedure

Regarding the recommended quality of the optical measurement system (see Clause.5) and the setup for
exanpple according to Figure 3, it shall be taken into account that the additional glassiplates ip the optical
path|can have a significant influence. For a check of the final quality for theé-{complete ekperimental
setup, the following procedure (see Figure B.1) is recommended.

=}
Key
lemp 4  sheet metal
dameras 5 reference plate
glass\plates 6  maximum height

Figure B.1 — Quality check of optical measurement system

Arigid test object (e.g. plate, 3 dimensional curved surface) with a diameter = 1/2 dgje shall be used. The
object shall not to be deformed during the test procedure. The object should have an appropriate surface
for the measurement system.

The test object shall be measured on the initial sheet clamping position once without protection glass
plates (reference measurement).

The test object shall be measured with the complete measurement setup (including the protection
glass plate) in different positions (5 to 10) between initial sheet clamping position and the maximum
estimated bulge height hyax (see Figure B.1).

© ISO 2014 - All rights reserved 13
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B.2 Post-processing
The coordinates for all measurement points in all stages shall be determined.

Arigid body movement correction shall be done by a least square fit, the 3D coordinates from each stage
are aligned to the reference measurement. For this fit, a concentric area with a diameter of 1/2 dgje shall
be used.

The remaining deviations in the z-direction (dz) describe the loss of quality. An example of a test plate
measured in nine different positions is shown in Figures B.2 and B.3.

Y |
120 —
100 —
80 —
60 —
40 |-
20 —

obl—L 1 1 1 1 1 1 |
-80-60-40-20 0 20 40 60 80

Key
X I (in mn)

Y dz(in min)

Figure B.2 — Original displacement dz of a cross'section of the reference plate (dgje = 200 mim)

Y A
0,05

0,025 -

-0,025—

-0,05 Ly
-80-60-40-20 0 20 40 60 80

Key
X s (in mm)

Y dzpy (in mm)

Figure B.3 — Displacement dz of a cross section of the reference plate after movement
correction

B.3 Determination of the normalized standard deviation

The standard deviation for z, €1 and €, (see Clause 5) shall be determined for a concentric area with
the diameter of 1/2 dgje. In Figure B.4, the determined rms (dzny) is shown based on the given example
above.

14 © ISO 2014 - All rights reserved


https://standardsiso.com/api/?name=6b028bd71e76348d1ae7ff3c38428c7f

A
0,008
0,006
2
0,004
0,002} 1
0 [ R N R B B

ISO 16808:2014(E)

X gz (in mm)
Y #ms (dzmy) (in mm)

0 20 40 o0 80 100 120

1 original
2 normalized

X

Figure B.4 — Original standard deviation rms (dz) and normalized.standard deviation rms (dzmy)

n after movement correction

For the example in Figure B.4 with a diameter dgje = 200 mm§the normalized standard devjation for all
positions is smaller than the limit [rms (dzmy)n < 0,015 mmi:
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Annex C
(informative)

Computation of the curvature on the basis of a response surface

C.1 Gene

ral

The followiILg expression illustrates a response surface based on a full quadratic polynomial fun

for the detg
in Clause 3]
The residug
correspondi

z(x, y)=

This proced
stress-strail
measureme
maximum

and the radi

r1 1
L

with

1 100"

The coordin
formula giv4

rmination of the curvature in the dome apex (based on the coordinate system de
. The linear parameters a; are determined by minimizing the sum of squaped resid
Is are defined by the difference between the z-coordinates of the measured shapgd
ng fitted values provided by the response surface.

aoxz +a1y2 +azxy+a3X+a4y+05

ure is performed for each measured state, selected for<the evaluation of the bi
h curve. The parameter identification of the response surface is performed on the ba
ht points, which are inside a sphere (r1). The point of the'measured grid, which exhibif]
eformation with respect to the drawing direction, is taken as the midpoint of this sy
s r1 is given below.

00
D_'ddie

10 mm

ate of the dome apex (xp, yp;zp) is the stationary point of the response surface. The se
s the radius with respect;to the dome apex (x = xp, y = yp).

ction
fined

uals.
and

(€.1)

axial
5is of

s the
here

(€.2)

cond

p=— (C.3)
K
K, +Hix
=2ty K175 €4
2 2
2a
K, = 0 - (C.5)
[1+(2a0xp +ayy, +a3)2J2
2a
K= 1 3 (C.6)
[1+[2a1yp +azx, +a4)2J2
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Computation of the material thickness at the dome apex

A sphere (r2) defines the strain states, which are taken into account for the computation of the material
thickness. The midpoint of the sphere is coincident with the dome apex. The radius r is derived from the

side

length of the measurement grid (SLMG).

ry =3-SLMG

(C.7)

The computation of the material thickness is based on the ¢3 field, defined by the coordinates x and y and
given at discrete points, depending on the measurement grid. The €3 field is determined on the basis of

comj

uted £1 and £ values under the assumption of the plastic incompressibility and by neglecting the

elast

e3 fidld.

(1)

The

3(x,y)=b0x2 +b1y2 +byXy+b3Xx+byy+bg

parameters b; are determined by minimizing the sum of squared.-residuals. The r

defined by the difference between the €3 values, obtained from the response surface, and

field

The {

© ISO

31X
—t,-e 3(xp,yp)

ic strain contributions. Subsequently, a response surface function is given, which apprgximates the

(€.8)

bsiduals are
the discrete

resulting from measurement data. The coordinates xp and yp arecoincident with thg dome apex.
ollowing expression, gives the relation between the €3 strain atthe dome apex and thq thickness.

(C9)
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Annex D
(informative)

Determination of the equi-biaxial stress point of the yield locus

and the hardening curve

D.1 Gene€

From the by
minor stres
strain. Usud
direction is
yield locus.
uniaxial ref]
strain curve
data at strali
equi-biaxial
beyond unif]

D.2 Proc

The method|
test. It is thd
such that th
recommend

In this procq
— isotropi
the yiel

the wor]

the load

tensile 4
strengt

the stralin rate and ‘temperature of the bulge test is close to the strain rate and temperature ¢

ral

lge test, equi-biaxial stress-strain curves are obtained where the average of the majo
5 from the bulge tests is plotted against the absolute value of the plastic-trite thick
lly, the true-stress true-strain curve determined from uniaxial tensile téstdata in r¢
used as a reference for material hardening and the calculation of thelstress points d
By comparing the curves of the stress-strain data of the equi-biaxidl stress state wit
brence curve, the equi-biaxial stress point can be calculated and“the equi-biaxial st
can be transformed to an equivalent stress-strain curve which.provides work hardg
ns higher than the uniform strain of the tensile test. A procedure for how to determin
stress ratio and how to scale bulge test results to extend the uniaxial stress-strain
prm elongation is described in D.2.

pdure

described here is one of many procedures for*handling the stress-strain data from a
responsibility of the user to check if theainderlying assumptions are sufficiently fulf]
is method is in coherence with the actual material behaviour. If in doubt, it is str
ed to consult experts in this field.

bdure, the following assumptions are made:

c hardening;

l locus shape does not change with the strain;

k hardening is independent from the strain path (loading path);

ing path and-strain path of the test is constant;

est. If this’condition is not fulfilled, the effect of strain rate and temperature on the mat
h should be known, to decide whether a correction is necessary or not.

- and
(ness
lling
f the
h the
ress-
ning
e the
urve

bulge
illed,
ngly

f the
erial

As a startin

Beiatin o d o + nalkl 4 Baelaticriath o o £ aaans Ll Fasodan ano oo ISR NN e |
5 PonIt T OTUCT U CITauTC CATT ap OTatroTT T CrrC~ PO ST U UT I ST a T T alTgCOT CITCCCTTISTT

test,

the true plastic strain at uniform elongation of the tensile tests, &;_yg,in the rolling direction is chosen

as a reference value for the equivalent strain, eg_f-

€E-ref =€1-UE

(D.1)

This is considered to be the last valid point of the true stress true strain curve of the tensile test, from
where the hardening curve will be extrapolated using bulge test data. Accordingly, the stress at the
uniform strain of the tensile tests is used as the reference flow stress, o;_., i.e. the ultimate tensile

18
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strength transformed to a true stress. The corresponding reference stress value of the bulge test, o5 ¢

are looked up in the following way.
O B—ref '|83—ref| =Of_ref "€E-ref (D.2)

In Formula (D.2), &3_..f is defined as the corresponding reference thickness strain for the bulge test.

In the last part of this annex, the theoretical background of this method is explained. Since the bulge test
curve is given by discrete values, there will not be a pair of stress and strain which perfectly satisfies
condition shown in Formula (D.2). Therefore, the point m in the bulge test data matches the following
condfition:

Q

B,m '|83,m| SOf_ref "€E-ref (D.3)

and

Q

B,m+1 "83,m+1‘ 2 O f_ref € E—ref (D.4)

The tequested reference stress of the bulge test can now be computéd by simple linear intefpolation:

OB m+1 ~9B,m

Q

B-ref =OBm t (Gf—ref "€E=ref OB m "53,m‘) (D.5)

OBm+1 "‘93,m+1 ‘ ~OB,m "83,m‘

The yalue of the biaxial stress ratio is obtained by

s OpB_
jbi __B ref (D6)
O'f_ref

With| the biaxial stress factor defined in Eermula (D.6), the bulge test curve can be transforjmed into an
equiyalent strain-stress curve. In combination with uniaxial stress-strain curves from tensile tests, this
trangformed curve can be used to generate a hardening curve with data extrapolated beygnd strain at
unifgrm elongation.
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Figure D.1/— Example of the uniaxial stress strain and the equi-biaxial stress-strain curve
material including the biaxial stress.calculation of the reference point and the hardening cy
baséd on scaled bulge test results
In Table D.1}, it is demonstrated-how the equi-biaxial stress factor is calculated and how the uni
stress-strain curve is extrapelated by using the bulge test data. Extrapolation is realised by a(
the bulge tests data at egiivalent strains (given in the columns 9 and 10 in Table D.1) larger tha
uniform strain of the tensile test to the uniaxial stress strain curve (given in the columns 2 and
Table D.1). In Table D22y'the example shown in Figure D.1 is represented as a table of numbers accot
to the procedure ofFfable D.1.

of a
Irve

axial
ding
n the
3in
rding
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Table D.1 — Description of the procedure for the calculation of the yield locus parameters and

the extrapolation of the hardening curve

Uniaxial curve (RD) Equi-biaxial curve from the bulge test

ia & = €E ofj ofjeei |kb |lesk| |oBk  |0Bke|E3K eEk=|€3kle foi |Ofk= OB K/ foi
1 £1=0 of1 0 1 les1]  |oB1 0 eg1=0 of1
2 €2 of2 Of2.¢2 |2 lez2| |oB2  |oB2.|€32] EE2 of2
3 £3 of3 0f3.e3 |3 le33| |oB3  |oB3.|e33] €E 3 of3

m |€3 ml OB m OB m «|€3 m| EEBym Oflm

|€3 m+1| [OBm+1 |OB m+1 /€3 mit)EE m+1 Oflm+1

n €n = EE-ref |Ofn = Of-ref |Ofn-en
The following quantities in this table are determined as:

n = the last strain point of the uniaxial test being the reference point for the determination of the bi
factdr according to Formula (D.5);

M =

m=

OB nf|€3 m| < 0fn-€n and OB m+1-|€3 m+1| >,OFi1-En

The

poinf m and m+1

OB—tfef =OB,, +

lhe last strain point of the bulge test;

the point where the following conditionis-valid for the bulge-test data:

biaxial stress factor is obtained by calculation of a reference biaxial stress point via interpolat

o-Bm+1 d:

(o}
m . e — . — 2 B-ref
(an &n GBm ‘E3m‘) andfbl

— . (e
OB i ‘53,,,‘ fn

‘|€
m+1 | 3m+1

axial stress

on of data

~.

= the index for thie points of the uniaxial stress-strain curve determined from the tensile test in rolling ¢

K = the index forthe points of the equi-biaxial stress-strain curve determined from the bulge test.

lirection.
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