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A plane stress elastic-plastic analysis of sheet metal cup
deep drawing processes

Z.Nowak, M. Nowak & R.B. Pecherski
Institute of Fundamental Technological Research, PASci, Warsaw, Poland

ABSTRACT: The paper presents a new yield criterion for the transversal isotropy of metal sheets under
plane-stress conditions which is an extension of the isotropic yield function proposed by Burzynski (Burzynski
W. 1928). Studium nad hipotezami Burzynski’s doctoral dissertation “Study on material effort hypotheses™,
Engng. Trans., 2009, t. 57, nr 34, s. 185-215). Two additional coefficients have been introduced in order to
allow a better representation of plastic behavior of metal sheets. The proposed yield condition includes the
influence of first invariant of the stress tensor and also the strength differential effect. The system of equations
describing the sheet metal forming process is solved by algorithm using the return mapping procedure. Plane
stress constraint is incorporated into the Newton-Raphson iteration loop. The proposed algorithm is verified
by performing a numerical test using shell elements in commercial FEM software ABAQUS/EXPLICIT with a
developed VUMAT subroutine. It is shown that the proposed approach provides the satisfactory prediction of
material behavior, at least in the cases when anisotropy effects are not advanced. To perform FE simulations of
cup deep drawing processes, three independent yield stresses (0%, 0%, $€) are required. Those yield stresses
can be obtained from: directional uniaxial tensile test, directional uniaxial compression test and equibiaxial
compression tests. In the paper the formability of two metal sheets are analysed. First the influence of strength
differential effect on the cup height profile is shown. Then the comparison between the Huber-Mises-Hencky
yield condition and the proposed yield condition is presented.

'| INTRODUCTION instance the sheet metal forming processes includ-

ing cup drawing and stamping. Proper description of
The anisotropy of a metal sheet during sheet form-  material properties is crucial for the accurate analysis.
ing is a combination of the initial anisotropy due In particular, the anisotropy and asymmetry of elas-
to its previous history -of thermomechanical pro- tic range of considered materials play an important
cessing and to the plastic deformation during the  role in the finite element simulation. For metal form-
stamping operation. The former leads to symme- ing analysis many experimental tests are needed to
try with the orthotropic character while the latter,  obtain the proper description of anisotropic behaviour
called deformation-induced anisotropy, can destroy  of metal sheets. There are some attempts to account
this symmetry when principal material symmetry and  for both, anisotropy and the elastic range asymme-
deformation axes are not superimposed. Therefore, try, e.g. Plunkett et al. (2006). However, according to
modelling of plastic anisotropy itself and its imple-  our opinion, there is still lack of workable description
mentation in finite element (FE) code can be complex.  of these effects, which could allow to analyse prac-
For practical purposes, the assumption that the change  tical problems effectively . For an anisotropic sheet
of anisotropic properties during sheet forming is small ~ material acceptable calibration of an appropriate yield
and negligible, when compared to the anisotropy  function requires numerous mechanical testing pro-
induced by rolling and heat treatment, has been widely ~ cedures involving different loading modes such as
adapted in the analysis of sheet metal forming. This  directional uniaxial tensile tests and an equibiaxial
is particularly important for industrial applications, tensile or bulge test. Realization of the mentioned
where computation times are important factors to  loading modes requires the usage of different test-
consider. In this case, it is convenient to use the ing devices that are not always available. In the case

E concepts of anisotropic yield functions and isotropic  of sheet materials we usually have the yield stress

hardening. in uniaxial tension for different angles of loading
Finite element method is an efficient numerical tool  directions. For metal sheets with transversely isotropic

 to analyse such problems of shell deformation as for ~ symmetry which are commonly observed it is very
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important 1o have some expenmental data in the
normal direction.

Therefore, a calibration procedure for advanced
vield functions involving only a single tensile or
COMPression tests secms attractive.

For a plane stress stafe, integration of stress needs
to satisfy the condition that the out-of-plane compo-
nents of stress are zero, cf, Lee et al, (1998), Simo
and Taylor (1985) and Simo and Taylor (1986). Due
1o this condition, which is called the plane stress con-
straint, particular schemes have been developed for
plane stress elastic-plastic finite element analysis by
Souza Neto et al, (2008) and Ohno etal. (2013}, Sim-
ple schemes usually are based on plane stress projected
constitutive models with in-plane stress oy, oy, 74
and strain ., £,,, £, components. For complex con-
stitutive models, when it is not so easy to derive plane
stress-progected models, we can use other 1deas, see
Souza Neto et al, (2008),

2 CONSTITUTIVE EQUATIONS

Our material s deseribed by 1 modified J2 plasticity
which includes influence of the frst invariant of stress
tensor and strength differential effect.

We presume that the strain rate is additively decom-
posed into the elastic part obeying the isotropic
Hooke's law and the plastic part governed by the
fssociated fow rule:

E = BT
o = O:(&—e&" (1)
C = 261 + K1®1

where & s the shear modulus and & is the bulk
modulus,
The flow rule has the form:

i2)

Finally, loading/unloading may be simply formulated
in the Kuhn-Tucker form, that is:

A0, F<0, Af =0

3 YIELD CONDITION

Plastic deformations in numerical analysis of sheet
metal forming operations can be described by means
of analytical yield functions. The proposed yield con-
dition 15 based on the analysis of limit condition
for transversally isotropic solids, The vield crlerion
for the transversal isotropy of metal sheets under
plane-stress conditions is an extension of the isotropic

yield function proposed by Burzynski (1928), of
Eyczbeowski (1999, Nowak ¢t al, (2013), In case of
plane stress state the yield condition is in the following
form;
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and of is the initial yield stress in uniaxial compres-
slon, nir_ i the mitial vield stress in uniaxial tension
and &S 15 the initial yvield stress in biaxial compres
sion, When the applied material becomes isotropic,
ky = 1.0and&; = 1.0, the yield condition in the formof
Eq. (3) is transformed to the Huber-Mises-Hencky
wield condition,

4 INTEGRATION OF THE
ELASTO-PLASTICITY EQUATIONS

Unlizing the normality rule, the associated plaste
strain increment Ag”y is obtained from the effective
stress. The numerical procedure to obtain A7 15
find the unknown A" (the equivalent plastic sinm
increment) from nonlinear equations. Using A&, all
kinematics variables and stresses are updated at the
end of every step.

Let us consider & thin plate element in the plane
stress state. We then have: o. =0, 0, = o, =0 and
E:#= v =1, =0, where (7] indicates the
engineering shear strain. Our calculation bases o
assumption that the transversally isotropic thin shells
made of the transversally isotropic, homogeneos
material have the shear modulus which i the trans-
verse direction is much smaller than the modulus iz
the tangential directions. After increment of time the
stress 18 defined as:

= gl _C:Aet=
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where thie trial stress is:

IFinl
W1y = Pin)

+Cale

After the updated stresses cansed by material deforma-
fion are caleulated from the equation (4}, the thickness
strian 15 updated,

3

i CUP DEEP DEAWING PROCESS

In erder 1o verify the implementation of the new
vield function as well as its performance, cup draw-
mg test simulations were carried out Tor the steel
sheet, The square cup deep drawing process is selected.
This 15 one of the benchmark problems provided
by MUMISHEET?3 and also analysed by Lee et al.
[1598),

Figure | shows a schematic description of the
iools for the square cup deep drawing. The geo-
metric parameters of the deep drawing operation
are; the punch diameter=70.0 mm with rounded-
off cormer radivs =8.0mm. rounded-off  corner
mdivg = 5.0 mm, the die diameter = 740 mm and the
mitial sheet thickness =0.78 mm. The friction coef-
ficient between the interface and the punch 1s set to
011, while that between the die and the blank holder is
mken as 0.1 accounting for & certain degree of lubri-
cafion. The characteristic dimensions of the square
cup drawvings process are as follows: size of the blank
|30 % 150 mm; thickness of the blank (.78 mmand the
barkholding force 196 kN,

The blank is modelled by four-nodes shell element
IABADUS elements library bype — S4R), whereas the
die, punch and holder are modelled by rgid elements
IABADQUS elements library type — R3D4),

In numerical simulations of the deep drawing
process we used AIST 4330 stecl. ATST 4330 is a
heat treatable steel alloy (Tor high strength) contain-
ing chromium (0.85 wi. %), nickel (1.8 wt. %) and
molvbdenum (0.24 wi %), Carbon content 15 0,34
wi, % and 1n the heat treated condition the alloy has
pogdd toughness and fatigne strength as well as good
strength. The formability is good, especially for sheet
miaterinl in the annealed condition. Mechanical prop-
erties ol the material of the blank 4330 steel used in the
simulation are as follows: Young's modulus 198 GPa,
Poisson ratio 0,29, of = 1437 MPa, of =1535MPa
and of" = 1842 MPa (cf. Spitzig et al, 1975 and
Hit & Wang 2009). For steel AISI 4330 the material
parameters & = 1.06 and & = 1.2,

Theuniaxial true stress—strain data measored in the
fension test for steel were it to the power law equation

Tm

T E
YRR,

=44 B(g)° 55

{

md the obtained coefficients are: 4 =1435 MPa,
A=824.9 MPa, C =01,

The blank is composed of 1849 clements with 1936
podes.
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Figure 1. Schematic illustration of process setup in the
aqieare cup drawing tests, unit: mm.

Figure 2. Deformation of the square blank at the punch
stroke 40 mim for the cup deep drawing of AFS12330 steel with
application ef ABAQUS/EXPLICIT for modified Bureydski
vield condition and tsotropic hardening law for the punch
strovke 40 min af AIST 4330 stecl.

In order to minimize the influence of the blank-
holding force in this caleulation, a cup formed with
a minimum blank-holder force to prevent buckling
under a well-lubricated condition was simulated, The
influence of the yield stress only in uniaxial tension o
and &; = o§© /o anisotropy parameter, i.¢., the signa-
ture of the yield function. on the cup height profile was
investigated,

The Figure 2 shows deformation of the square blank
at the punch stroke 40 mm for the cup deep drawing
with application of ABAQUS/EXPLICIT for proposed
modificd Burgynski yield condition Eq. (3) with the
isotropic hardening law Eq. (3).

Figure 3(a) shews the deformed shape at the punch
stroke 40mm of AIS] 4330 steel. Figure 3(b) shows
the distance between points BB as a function of time
ilong the O-B direction of the cutting sections OB
shown in Figure 3ia) for modified Burzynski yicld
condition Eq. { 3) and Huber-Mises-Hencky yield con-
dition. It is seen in Fipure 3(b) that at the same level of
punchstroke the results of the simulations formodified
Bureyiski vield condition Eq. (3] are not so advanced
as for Huber-Mises-Hencky yield condition.
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Figure 3. {a} Definition of the cuiting sections O-8 and
the depwein BE () the distance between the points 88 of
the cutting sections OB for AISI 4330 steel az p fusction of
time with modified Bureynski vickl condition Eq. (3} and
Huber-Mizes-Hencky yield condition,

& CONCLUSIONS

Using a newly-developed yield condition, plastic
deformation of & square steel blanket has been studied
during cup deep drawing process. The main conclu-
sions drawn from this study are:

It has been demonstrated that the proposed yield
function calibrution involving two directional uniaxial
tests for tension and compression and one equibinxial
compression lest gives satisfactory results,

The comparison of the deformation predictions with
the proposed yield condition results shows a zooed
agreement from an engineering point of view; how-
ever, the evaluation of the local strain and stress

histories indicates that the vield condition needs to be
improved further,

The new criterion hos an increased  fexibiliy
10 make the prediction of proposed model mon
approaching reality due to the fact that it uses five
coefTicients in order to describe the yield surface with
pressure and strength-differential dependence.
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