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ABSTRACT: Although the prediction of earing in the cup drawing process is considerably related to the
yield surface shape, the yield surface evolution is also essential for the final ear form. The bending-unbending
issue is a fundamental subject occurring on the die and punch shoulders. Since the yield stress is loading path
dependent in reversal loadings, the conventional hardening models used in the monotonic loading conditions
bring about inaccurate outcomes for predicting the ultimate earing profile, and a kinematic hardening model
should be incorporated into the constitutive equations. This study elucidates the yield surface evolution effect
involving expansion and translation simultaneously on the ear formation. A sixth-order polynomial yield
function was employed to precisely characterize the yield surface shape, while a combined isotropic-kinematic
hardening model was implemented to represent the evolution of the yield surface. The translation of the yield
surface position was defined by the Armstrong-Frederic hardening model. Punch force-stroke responses and
the ear form profiles were predicted by the implemented plasticity model in Marc using the Hypela2 user sub-
routine and compared with the experimental results. The combined hardening assumption yielded an increase
in the mean cup height when compared to the isotropic hardening assumption. Moreover, The HomPol6 cou-
pled with the combined hardening showed a better agreement with the experimental results.
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RESUMEN: Efecto de la evolucion de la superficie de fluencia en la prediccion del defecto de formacion de orejas.
Aunque la prediccion del defecto de formacion de orejas en el proceso de embuticion de copas esta considera-
blemente relacionada con la forma de la superficie de fluencia, la evolucion de la superficie de fluencia también
es esencial para la forma final de la oreja. El problema de doblado-desdoblado es un tema fundamental que se
produce en los hombros de la matriz y el punzén. Dado que el limite elastico depende de la trayectoria de carga
en las cargas inversas, los modelos de endurecimiento convencionales utilizados en las condiciones de carga
monoétona producen resultados inexactos para predecir el perfil final de la oreja, por lo que deberia incorporarse
un modelo de endurecimiento cinematico a las ecuaciones constitutivas. Este estudio aclara el efecto de la evolu-
cién de la superficie de fluencia que implica la expansion y la traslacion simultineamente en la formacion de las
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orejas. Se empled una funcidn de fluencia polindmica de sexto orden para caracterizar con precision la forma de la superficie
de fluencia, mientras que se implementé un modelo combinado de endurecimiento isotropico-cinematico para representar la
evolucidn de la superficie de fluencia. La traslacion de la posicion de la superficie de fluencia se definié mediante el modelo de
endurecimiento Armstrong-Frederic. Las respuestas fuerza-impacto del punzon y los perfiles con forma de oreja se predijeron
mediante el modelo de plasticidad implementado en Marc utilizando la subrutina de usuario Hypela2 y se compararon con
los resultados experimentales. La hipodtesis de endurecimiento combinado produjo un aumento de la altura media de la copa
en comparacion con la hipétesis de endurecimiento isoétropo. Ademas, el HomPol6 junto con el endurecimiento combinado
mostr6é una mejor concordancia con los resultados experimentales.

PALABRAS CLAVE: Embuticion de copa; Endurecimiento cinematico; Formacion de orejas; Modelado por elementos finitos;

Plasticidad
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1. INTRODUCTION

The cup drawing process is employed to turn
the sheet metals into a three-dimensional cup with
a high production rate. However, this process in-
volves complex loading mechanisms such as bend-
ing, unbending, compression, stretching, and sliding
concurrently (Chung and Shah, 1992; Brabie et al.,
2013). Further, the lubrication between the tools,
blank holder force, clearance between the punch and
die, and materials anisotropy substantially affect the
product quality (Taherizadeh, 2010; Taherizadeh et
al., 2015). One of the defects encountered in these
processes is earing that results from the non-homo-
geneous material flow induced by the sheet’s ani-
sotropy. These defects should be removed by the
trimming operations after the forming. Therefore,
predicting the earing defect may lead the automo-
tive companies to optimize the blank shape, prevent
the material loss, and increase the production rate.
From this point of view, finite element (FE) anal-
yses become vital for predicting the earing defect
without conducting any physical tests. Constitutive
equations embedded or implemented into the FE
software are employed to define the behaviors of the
material, such as anisotropy, hardening, etc. Since
the earing phenomenon stems from the anisotro-
py-based uneven material flow, the plasticity model
within the constitutive equations is substantial.

Plasticity modeling has three steps, namely yield
function definition, flow rule definition, and harden-
ing rule definition (Firat, 2008; Taherizadeh et al.,
2010). All these three steps are associated with the
yield surface concept. The yield function describes
the boundaries of the yield surface, the flow rule de-
fines the direction of the incremental plastic strain,
and the hardening rule depicts the evolution of this
surface. The effect of yield surface on the earing
in the cup drawing process is extensively studied
(Chung and Shah, 1992; Yoon et al., 1998; Yoon et
al., 2000; Yoon et al., 2006; Izadpanah et al., 2016;
Park and Chung, 2012). Singh ef al. (2018) conduct-
ed physical experiments and FE analyses on a cup
drawing process of commercially pure titanium.

Firstly, they determined the limiting drawing ratio
and then predicted the ear formation and optimized
the blank shape. The performance of a yield func-
tion is evaluated by the r-value and yield stress ratio
predictions of different material orientations. The
maximum cup height in the earing profile is corre-
lated with the r-value distribution, while the earing
magnitude depends on the yield stress ratio predic-
tions of the yield function (Singh et al., 2018).
Moreover, the yield surface constructed by the
yield function should be convex for the uniqueness
of the incremental plastic strain direction (Firat,
2008; Mendiguren et al., 2015). However, in some
cases, a proper yield surface shape definition may
not be sufficient for earing defect prediction. In ad-
dition, decreasing the solution time is another issue
related to the complexity of the constitutive mode-
ling. Vladimirov et al. (2010) investigated the effect
of the Hill48 yield function on the earing prediction
of two alloys, namely Al-5wt.%Mg and AA2008,
with the multiplicative decomposition approach.
Grillo et al. (2015) proposed implicit and explicit
stress update schemes in order to decrease the solu-
tion time for the earing prediction of AA2090-T3
aluminum alloy. Cruz-Gonzalez et al. (2022) related
the forming limit diagram to the cup drawing and
pointed out the importance of forming limit curves
for the forming processes having different loading
mechanisms. Recently, Habraken et al (2022) car-
ried out an extensive study related to the effects of
several parameters, including the yield functions,
associated and non-associated flow rules, hardening
models, friction coefficient, stress update schemes,
etc., on the performance of earing prediction.
Although many studies were carried out for ear-
ing formation prediction in cup drawing processes,
the studies were generally concentrated on the in-
fluence of yield surface shape. The evolution of the
yield surface also affects the earing profile (Yoon
et al., 2010; Vladimirov et al., 2010; Taherizadeh et
al.,2015). When the sheet slides over the punch and
die shoulder, the sheet metal zones corresponding
to the shoulder are exposed to bending-unbending
loads, also called cyclic or reverse bending (Firat,
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2007; Firat et al., 2008). The reverse bending situ-
ation induces the Bauschinger effect, known as the
decrease in yield stress, when the material is load-
ed in the reverse direction. The Bauschinger effect
can only be introduced by the kinematic hardening
rule, which defines a motion of the yield surface by
back stress. Although many kinematic hardening
rules were proposed in the past, they can be decom-
posed into the linear models (Prager, 1956; Ziegler,
1959), multilinear or multifield models (Besseling,
1958; Mroz, 1967; Dafalias and Popov, 1976) and
nonlinear models (Armstrong and Frederic, 1966;
Ohno and Wang, 1993). Among them, nonlinear
models can successfully depict the Bauschinger
effect and transient behavior. This study aimed to
assess the earing defect prediction performance
of the combined hardening model that involves
isotropic and a nonlinear kinematic hardening
model simultaneously on the cup drawing process
of the AA6016-T4 aluminum alloy. A combined
hardening model consisting of isotropic and Arm-
strong-Frederic kinematic hardening models was
implemented to depict the hardening response of
the material, while a sixth-order complete homoge-
neous polynomial yield function was implemented
in order to ensure perfectly describing the shape of
the yield surface. The plasticity model was imple-
mented into the Marc FE software through a us-
er-defined material subroutine called Hypela2. The
analyses were conducted separately, assuming only
the isotropic hardening and combined isotrop-
ic-kinematic hardening rules to show the pure yield
surface evolution effect. The FE results of punch
force — stroke and earing prediction were compared
with the experimental results.

2. MECHANICAL TESTS

This section gives information about the ex-
perimental procedure of the benchmark study on
AA6016-T4 aluminum alloy with a thickness of
0.98 mm (Habraken et al., 2022). The standard ten-
sile tests were carried out separately using the Shi-
madzu tensile testing machine at the Tokyo Univer-
sity of Agriculture and Technology, the University
of Aveiro, and the University of Liege. In this work,
the uniaxial tensile tests conducted at the Tokyo
University of Agriculture and Technology were re-
garded. These tests were conducted from the rolling
direction to the transverse direction, with intervals
of 15° degrees. Conventional uniaxial tensile test

specimens having 50 mm gauge length and 12.5 mm
gauge width were used. The tests were carried out
at a constant strain rate of 102 s, and a mechani-
cal extensometer was used for sensitive strain meas-
urement. In addition, the biaxial yield stress was
procured from the biaxial tensile test in compliance
with the ISO 16842 (2014) standards conducted on
cruciform specimens. The test standards and the ge-
ometry of the test specimens were explained elab-
oratively in ref (Habraken et al., 2022). Within the
scope of this study, the uniaxial tensile test data was
utilized in order to obtain the hardening parameters
and the yield function calibration of the material.
Table 1 shows the experimental r-value, yield stress
ratio directionalities, and the balanced biaxial yield
stress data.

Here, 0 refers to the orientation in which the pa-
rameters were procured. The r-values indicate the re-
sistance against the thinning, while the yield stresses
are the stress values corresponding to the 0.2% plas-
tic strain for the related orientation. Yield stresses in
different orientations were evaluated through their
normalized values. All the yield stress values were
divided by the reference yield stress procured from
the rolling direction (RD). Besides, the orientation
of 90° corresponds to the transverse direction (TD),
respectively. The combined hardening model pa-
rameters were obtained from the reversal shear test
conducted by the University of Aveiro. These data
were also provided by the ESAFORM 2021 bench-
mark organizing team (Habraken et al., 2022). The
reversal shear test data performed in RD was con-
sidered as the reference data. Single element simu-
lations were considered for the combined hardening
parameter’s determination, and the inverse method
was adopted.

As the main issue, a cup drawing process of the
AA6016-T4 alloy was carried out at University of
Porto using a hydraulic universal testing machine of
300 kN capacity. The schematic view of the ESA-
FORM 2021 benchmark cup drawing process (Fig.
la) and the tools (Fig. 1b) are illustrated below.

The cup drawing process comprises a blank, die,
punch, blank holder, and body stoppers. The blank
is placed between the die and the blank holder ini-
tially. In the sequel, the blank holder force was ap-
plied to the sheet. With the motion of the punch,
the blank was subjected to flow into the cavity of
the die. The diameter and the thickness of the blank
were measured through a micrometer. The diameter
of the blank sheet was 107.54 mm, corresponding to

TaBLE 1. Yield stress ratios and anisotropy coefficients for different directions (Habraken et al., 2022)

0 0 15 30 45 60 75 90 Biaxial
r, 0.526 0.344 0.301 0.253 0.294 0.393 0.601 0.854
o,/ o, 1 0.944 0.913 0.908 0.898 0.928 0.983 0.991
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FiGure 1. a) Dimensions of the cup drawing process, b) test tools (Habraken et al., 2022).

a 1.79 drawing ratio, and the blank’s thickness was
0.98 mm. The blank holder force of 40 kN was ap-
plied to the sheet during the deformation. The rigid
body stoppers were used to block the blank holder
and maintain the distance between the die and blank
holder when the blank’s periphery reached the cup
wall region. The drawing was suspended when the
punch stroke reached 54 mm vertical distance. The
punch speed was constant and 0.5 mm/s during the
drawing operation. The earing profile of the cup was
measured relatively through a digital dial gauge mi-
crometer with 0.001 resolution. When the cup height
was measured, the cup was rotated simultaneously
to measure the height in all orientations. The total
cup height was also measured with a high-precision
height gauge (Habraken et al., 2022).

3. PLASTICITY MODEL

This section gives information related to the im-
plemented plasticity tools comprising the yield cri-
terion, the flow rule, and the hardening rule. The
co-rotational plasticity approach was implemented
in the numerical simulations. According to this ap-
proach, the total strain increment can be disinte-
grated additively into the elastic and plastic compo-
nents, Eq. (1).

dey; = defj + ds}Jj (1)
Incremental elastic strain incloses the deviatoric
and hydrostatic parts, Eq. (2), while an incremental

plastic strain is solely deviatoric (.

def; = defj + dey| 2)

where, ¢ represents the deviatoric strain component,
¢ _denotes the hydrostatic strain component, and
the term 1 is the kronecker delta. Similarly, incre-
mental stress involves the deviatoric shape-changing
(Sij) and hydrostatic volume changing (o, ) parts.

dO'i]' = dSIJ + dGmI (3)

A correlation expressed in the Eq. (4) can be es-
tablished between the incremental deviatoric strain
and deviatoric stress.

dSU = 2Gdele] (4)

where, G is the shear modulus. In the three-dimen-
sional stress space, the yield criterion represents the
bound between the elastic and plastic regions, Eq.

(5).
f= 0-eqv(sij - aij) - GO(EIe)qv) =0 (5)

Gotoh (1977) proposed the first fourth-order
polynomial yield function. This criterion has nine
analytically adjustable parameters; however, the
yield surfaces constructed by this criterion suffers
from non-convexity. Later, Soare (2007) and Soare
et al. (2008) introduced a new calibration process,
including an optimization step for Gotoh’s criterion
regarding the convexity of the yield surface. More-
over, the HomPol6 yield function was introduced
by Soare (2007). This yield function can accurately
predict the r value and yield stress ratios in different
material orientations owing to the higher flexibility
provided by having 16 parameters. The basic poly-
nomial form of the criterion makes the determina-
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tion of the plastic strain increment simpler. Moreo-
ver, biaxial yield stress and r value can be captured
by the HomPol6 yield function, and this criterion is
given in Eq. (6).

HomPolb = ¢;0x® + 204> Oyy + C30x¢ 0y % +

C40xx>Oyy> + C504x2Oyy* + C60xxOyy° +

C70yy° + (cgoxi + CoOxy > Oyy + C190xx>Oyy” +

C1104x0yy° + C120yy*)0xy? + (C130%% +

C140xxOyy + C150y%)Oxy® + C160%y° (6)
C,» G, ¢, and ¢, can be calculated by the analytical
equations obtained by considering the yield condi-

tions (¢, and c,) and experimental r data (c, and c,)
in rolling and transverse directions, separately.

=1 ™
) ()
o= 7o g
& =(2) (10)

Other parameters of HomPol6 were computed by
employing an optimization procedure to minimize
the errors between the experimental and predicted
data sets of r value and yield stress ratio (Eq. (11)).

pr pr
H= Zn Wm( ol — 1)2 + ann((ce)e];(p - 1)2 +

(ce)m? (co)n
(op)k 2 (rp)f" 2
2k 1)+ Y W (s — 1
Ek Wk((cb)}e(xp ) Zl 1((rb)leXP ) (1 1)

The stress acting in an arbitrary orientation hav-
ing 0 angle to the RD can be decomposed into the
components as in the Eq. (12-14).

Oyx = Og COS*0 (12)
Oyy = Og Sin’6 (13)
Oxy = Og COsO sinB (14)

The corresponding yield stress ratio and r value
prediction in the arbitrary orientation is given in Eq.
(15) and Eq. (16), respectively.

pr _ 0o
g, =
0 fHomPole(C0520,sin%0,c0s0 sinb) (1 5)
pr
pr deg width)
g =—pr——— =

= BT
dzee(thickness)

cos0 sin®

9fHomPole sin20 + 9fHomPole cos20 — 9fHomPole
a

doxx oyy doxy ( 1 6)
ofy of; \
_( omPol6 + HomPols)
doxx doyy

Correlatively, the predicted biaxial yield
stress ratio and r value can be computed by
using the Eq. (17) and Eq. (18).

op = (17)

fHomPo16(05,05,0)

0fH0mPol6(6b 0p,0)

pr __ doxx 18
rb - "’fl-[ompols(cy 6p,0) ( )
doyy b.Cb,

Associated flow rule adopted in this work can be
expressed as Eq. (19).

deP = dA% (19)

Here, dA, f and deP are the proportionality fac-
tor, plastic potential and the plastic strain increment
respectively (Firat, 2008). In this work, back stress
curve was characterized by the Armstrong — Freder-
ic type hardening model that is given in the Eq. (20),
Armstrong and Frederic (1966).

day; = 2 Cde, —ya;; dp (20)

where, C and y are the material coefficients. The first
term at the right side of the expression is the linear
part of the back stress in line with the Prager’s rule,
while the second term represents the fading dynam-
ic memory (Paul et al., 2010; Zhang et al., 2011).
dp is the equivalent plastic strain increment and ex-
pressed as Eq. (21).

dp = \/gdep; deP (21)

4. MATERIAL CHARACTERIZATION

This section presents the calculated parameters
of the yield function and the combined hardening
model implemented in this study. Besides the con-
structed yield surface, the r value and yield stress
ratio predictions of the HomPol6 criterion were pre-
sented. Moreover, the back stress and the isotropic
hardening curves were demonstrated in this section.

The identification procedure of the HomPol6
parameters was explained in Section 3, Plasticity
Model. Parameters ¢, ¢,, ¢, and ¢, can be computed
through explicit formulas, while the other parame-
ters were obtained using the least square optimiza-
tion method. The HomPol6 yield function has 16
coefficients, and the obtained parameters are listed
in Table 2. Figure 2 illustrates the predicted yield
surface.

According to the normality postulation, a yield
surface should be convex (Firat, 2008). This con-
dition yields that the direction of the incremental
plastic strain should be outward from the surface for
each loading path. Figure 4 shows that the HomPol6
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TasLE 2. HomPol6 coefficients for AA6016-T4

C C C C

C C C C

1 2 3 4 5 6 7 8
1.00 -2.07 3.53 -3.93 3.91 -2.50 1.11 16.41
c9 cl() cll ch c13 c14 clS c16
-7.22 11.93 -5.02 18.23 22.47 17.98 24.43 13.93
® Experiment studies, (Kuwabara et al., 2017; Zhang et al., 2019).
1,5 - Only a slight decrease occurred in the yield stress

HomPol6

Normalized stress along TD

.15 4
Normalized stress along RD

FiGure 2. Yield surfaces predicted by HomPol6 yield function.

yield function produces a convex elliptical yield sur-
face and captured the balanced biaxial yield stress
data. Since the yield stress in balanced biaxial load-
ing is lower than the uniaxial tension in RD, Hom-
Pol6 produced an elliptical yield locus. The elliptical
surfaces are convenient for fulfilling the convexity
condition. Figure 3 shows the yield stress and r-val-
ue directionalities of HomPol6.

As it is seen in Fig. 3, the experimental r-values
and yield stress ratios tend to decrease from RD to
45° while they increase from 45° to TD. These gen-
eral trends are also consistent with the literature

@ Experiment (Yield stress ratio)
——Prediction (Yield stress ratio)

@ Experiment (r value)
——Prediction (r value)

2

£ 095 | b 0,6
2 b E]
o —
2 09 04 S
= ° ~
8

> 0,85 | 0.2

0,8 . . . . . 0
0 15 30 45 60 75 90

Angle from RD (°)

Ficure 3. Directionalities of yield stress ratios and r value
predicted by HomPol6 yield function.

ratio directionality between 45° and 60°. However,
this slight decrease is not essential since the yield
stress ratios are not changed significantly at 45° and
60° (0.908 for 45° and 0.898 for 60°). The sheets
are manufactured by the rolling processes. Further-
more, AA6016-T4 includes a T4 temper involving
the solution heat treatment and natural aging pro-
cesses. Therefore, the r values and yield stress ratios
are affected by metallurgical events. The HomPol6
yield function could successfully predict the varia-
tion of the plastic properties with respect to the dif-
ferent material orientations. In particular, the yield
stress ratio directionality was completely captured.
Although the r-values changed dramatically for dif-
ferent orientations, the HomPol6 criterion showed
good agreement with the experimental outcomes.
This enhanced prediction capability relies on a high
number of parameters to describe the material’s an-
isotropic responses. In earing prediction, successful
r-value and yield stress ratio predictions are recom-
mended since the cup height location is related to
the r-value prediction, whereas the magnitude of the
ear is related to the yield stress ratio predictions.

The cup drawing simulations of AA6016-T4 alu-
minum alloy were conducted based on the isotropic
hardening rule and combined hardening rule sep-
arately in order to show the pure influence of the
combined hardening rule. Therefore, the parameters
for the isotropic hardening rule and combined iso-
tropic-kinematic hardening rule assumptions were
obtained by using the curve fitting method. The RD
was regarded as the reference direction to the hard-
ening parameter’s determination, and The Leven-
berg — Marquardt algorithm, which is derived from
steepest descent and Newton algorithm (Sapna et
al., 2012; Okkan et al., 2018), was adopted in MAT-
LAB Curve Fitting Tool. The Swift law was assumed
(Eq. (22)) for the hardening characterization.

Gtrue = K(EO + Ep)p (22)

where, K and p refer to the strength coefficient and
hardening exponent, respectively, while g represents
the initial strain value. The €, denotes the plastic
strain calculated from the following expressions.

— — Otrue
€p = Eot — e = Etot T T (23)
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Here ¢ and ¢, are the total strain and elastic
strain, respectively, while E represents the Elastici-
ty modulus. In Eq. (22), o, depends on the plastic
strain value € . The hardening parameters only for
isotropic harcfening rule assumption were given in
Table 3. Figures 4 shows the comparison between
the experimental and the generated flow curves.

TaBLE 3. Hardening curve parameters of AA6016-T4

K [MPa] p €,

Swift Law 474.1 0.2703 0.002299

300
§ 250
E 200 A
8
@150
2
= 160 1 —Experiment RD (Tokyo)

50 A — Swift

0 T T T
0 0.05 0.1 0.15 0.2

True Plastic Strain (-)

Ficure 4. Comparison between the experimental and the
calculated flow curves of AA6016-T4 aluminum alloy.

The experimental hardening curve was procured
from the uniaxial tensile test conducted in RD. In
the benchmark study, the uniaxial tensile tests were
conducted separately at Aveiro University, Tokyo
University, and Liege University (Habraken et al.,
2022). In the present study, the test results obtained
from Tokyo University were utilized for the hard-
ening curve determination. The material hardens
when the yield strength of the material is exceeded.
Correspondingly, the required force value producing
the stress should increase in order to maintain the
plastic deformation. The experimental and fitted (in
compliance with the Swift law) curves increase for
this reason and mostly overlap with each other.

The reversal shear test data provided by the ES-
AFORM 2021 benchmark organizers (Habraken
et al., 2022) were employed in order to obtain the
combined isotropic-kinematic hardening parame-
ters. To this end, a representative unit volume ele-
ment (RVE) was utilized, and an inverse method was
adopted. Reversal shear test conditions were applied
to the RVE (Fig. 5). By adjusting the kinematic and
isotropic hardening parameters simultaneously, the
reversal behavior of the material was tried to be es-
timated.

The total hardening curve equals to the sum of
the reference yield stress, isotropic hardening, and

Fixed in y direction
(Top surface)

N
X /4> Displacement in x direction
|

> (Top surface)

«ﬁj@lyﬁzk '

Fixed in all directions
(Bottom surface)

FiGure 5. Reversal shear boundary conditions on RVE
(Habraken et al., 2022).

kinematic hardening curves. The mathematical ex-
pression of the total hardening curve was given in
Eq. (24). Besides, Table 4 summarizes the combined
hardening parameters.

TaBLE 4. Combined isotropic-kinematic hardening rule parame-
ters of AA6016-T4

o MPa] Q b C Y
15000

Parameters 71 1490 7.4 166.66

0= Orer + £ (1— e + 51— e (24)

Here, the second and the third terms on the
right side of the Eq. (24) represent isotropic
hardening and kinematic hardening, respectively.
Besides, o is the initial radius of the yield sur-
face. Correspondingly, Q and b are the material
coefficients associated with isotropic hardening
that controls the proportional expansion of the
yield surface, while C and y are the material con-
stants related to the backstress curve controlling
the motion of the yield surface (Chaboche and
Rousselier, 1983; Zang et al., 2011). The third
term is the derived form of the Eq. (20). Based
on this expression, the backstress curve saturates
at a constant stress level of C/y. In addition, Fig.
6 demonstrates the estimated reversal shear re-
sponse and predicted isotropic hardening and
back stress curves.

As it can be seen in Fig. 8a, the combined hard-
ening model accurately captures the transient behav-
ior and the Bauschinger effect. Only the permanent
softening was not predicted; that is not the primary
issue in the cup drawing. The Bauschinger effect and
transient behavior are essential. As for Fig. 8b, the
backstress curve saturates at approximately 90 MPa,
while the isotropic hardening curve has a consistent
upward trend.
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FiGURE 6. a) Reversal shear response and b) isotropic hardening and back stress curves predicted by the combined hardening model.

5. CUP DRAWING SIMULATIONS

The cup drawing process was analyzed in implicit
Marc software coupled with the Hypela2 user-de-
fined material subroutine. Blank was discretized
with full integration constant dilatational hexahe-
dral elements (Hex7 in Marc software), which are
free from shear locking (Marc, 2018a; Marc, 2018b).
Hence, these elements ensure precise results in form-
ing operations (Tasdemir, 2022). Three thousand
seventy-two elements were generated for the blank
meshing. Die, punch and blank holder were assumed
as rigid surfaces, and control nodes were assigned to
the blank holder and punch in order to define the
force and displacement boundary conditions. Rig-
id body stoppers were also modeled to maintain the
distance between the die and the blank holder. Fig-

Blank

RBStop

BHolder

ure 7 illustrates the FE model of the cup drawing
process and the generated mesh layout.

In the numerical approach, the blank was
clamped between the blank holder and die, then
the blank holder force of 40 kN was applied to the
blank. Then the punch started moving in the vertical
direction. When the punch stroke reached 54 mm,
the simulation was suspended. The control nodes
were attributed to each component. Thus, the com-
ponents were fixed in the radial direction. The punch
displacement and the blank holder force were speci-
fied through these nodes in the drawing (z) direction.
The friction coefficient between the blank and the
other tools was set to 0.1, and the Coulomb bilinear
friction type was assumed. The segment-to-segment
contact algorithm with the Lagrangian multiplier
method was adopted to minimize the penetration.

Ficure 7. FE model of the cup drawing process.

Revista de Metalurgia 59(1), January-March 2023, €235, ISSN-L: 0034-8570. https://doi.org/10.3989/revmetalm.235


https://doi.org/10.3989/revmetalm.235

Effect of the yield surface evolution on the earing defect prediction * 9

6. RESULTS AND DISCUSSION

This section presents a summary of the results
containing the prediction of ear formation and
punch force-stroke responses. Since the ironing is-
sue was reported by most participants of the ES-
AFORM 2021 benchmark study, the clearance be-
tween the punch and die was increased from 1.2 mm
to 1.4 mm in the simulations in order to show the
performance of the implemented plasticity model.
Besides, the wear on the die radius region was also
discussed and a higher clearance than the initially
determined was indicated in the ESAFORM 2021
benchmark study (Habraken et al., 2022). In the first
stage of the study, the cup drawing simulations were
conducted using the HomPol6 yield criterion cou-
pled with the isotropic hardening rule assumption.
The convergence criterion was regarded as the ab-
solute residual force of a constant value in order to
restrict the sudden peaks in punch force response.
Firstly, the results of isotropic hardening coupled
with HomPol6 criterion are presented in Fig. 8.

The HomPol6 criterion coupled with isotropic
hardening captured the experimental punch force-
stroke behavior accurately (Fig. 8a). The sudden
increase and decrease in punch force response stem
from the contact definition of the tools. FE solver
Marc is trying to satisfy the yield condition and re-
strain the penetration of the die tools simultaneous-
ly. The absolute residual force convergence method
restricts the sudden changes in punch force. Howev-
er, this model predicted lower ear magnitude when
compared to the experimental earing profile as it is
observed in Fig. 8b. It may result from the inade-
quate gap between the die and the punch at the cup
wall region. The combined hardening rule is adopt-
ed in the second stage, coupled with HomPol6 crite-
rion. Figure 9 demonstrates the comparison of the
punch force-stroke response and the earing profile
predictions.

It was seen from Fig. 9a that the combined hard-
ening rule captured the punch force-stroke curve
obtained from the physical experiment. There are
only minor differences between the results obtained

50 4 Experiment 37 1 Experiment
40 Isotropic hardening 36 A Isotropic hardening
=] ]
g £ 35 1
< 30 - =
2 S 34 -
“— 20 4 o
& 10 - © 3
O T T T T T 1 31 T T T T T T T 1
0 10 20 30 40 50 60 0 45 90 135 180 225 270 315 360
Displacement (mm) Angle from RD (°)
a) b)

FiGure 8. a) Punch force-stroke, b) Earing profile results obtained by HomPol6 coupled with isotropic hardening.
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FiGgure 9. Comparison of a) punch force-stroke, b) earing profile results of HomPol6 coupled with isotropic hardening and
combined hardening rules.
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by the hardening rules, which shows that the hard-
ening rule slightly affects the punch force response.
Nonetheless, a distinct difference was observed in
the earing prediction results as shown in Fig. 9b.
The combined hardening model simultaneously in-
creased the mean cup height level and earing magni-
tude. Thus, the combined hardening results turned
out to be more consistent with the experimental
results. Correspondingly, the combined hardening
model showed better agreement when compared to
the experimental results. In addition, at the vicinity
of 270° degrees, two ears were observed in the phys-
ical test, which this model approximately captures.
It is noteworthy that the kinematic part of the com-
bined hardening model was represented by the Arm-
strong-Frederic model. This model involves a linear
part and a memory term that endows a nonlinear
feature to the backstress response. Including these
two effects in the numerical simulations may have
played an essential role in increasing the prediction
performance of ear formation. Figure 10 demon-
strates the numerically and experimentally drawn
cups.

As it can be seen in Fig. 10b, there are eight
prominent ears in the results of isotropic harden-
ing. However, the ear formation predicted by the
combined hardening rule was more consistent with

the experimentally drawn cup (Fig. 10c). Figure 11
shows the mean cup height values of the experimen-
tal and numerical results.

Figure 11 shows that the mean cup height was
noticeably increased when the combined hardening
effect was included. Although the minimum cup
heights remain stable, the maximum values of cup
heights are dramatically increased. Figure 12a shows
the cup height for distinct orientations, while Fig.
12b summarizes the mean cup height and the earing
percentages. The earing percentage was measured by
using Eq. (25).

. Earing amplitude
%Earmg = (theight) .100 (25)

According to Fig.12a, the increase in the cup
height values is palpable. Besides, an apparent
asymmetry in the experimental values is observed.
For 0° and 270°, the cup heights predicted by the
combined hardening rule were close, while primar-
ily for 180°, the asymmetry in experimental height
is especially salient. This asymmetry may arise from
the misalignment of the blank; however, it increases
the mean cup height, as seen in Fig. 12b. Consider-
ing the earing percentage, the combined hardening
rule shows better agreement with the experiment. It
should be noted that the sheet is exposed to bend-

Figure 10. Drawn cups, a) experimental (Habraken et al., 2022), b) isotropic hardening assumption, ¢) combined hardening
assumption.
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Figure 11. Mean cup height values predicted by the HomPol6 coupled with isotropic hardening and combined hardening rules.
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Figure 12. a) Cup heights for distinct orientations, b) mean cup heights and the earing percentage values.

ing-unbending or reverse situations along the punch
and die shoulders. Therefore, a difference in yield
stress is induced along these regions due to the re-
versal loading conditions. Since the yield stress is
decreased, material flow is facilitated on these re-
gions that affect the cup wall and the perimeter of
the drawn cup. This effect is taken into considera-
tion with the kinematic hardening, and the predic-
tion performance is increased. In order to examine
the reason for this enhanced prediction capability,
the cup wall thickness values were investigated. Fig-
ure 13 compares the cup wall thickness values for
25 mm (H25) and 30 mm (H30) height from the cop
bottom. The experimental outcomes were acquired
from the study of Habraken et al. (2022).

The thickness values were notably decreased
when the combined hardening rule was assumed,
and the thickness values of the combined hardening
assumption converged to the experimental profile.
The improvement in the prediction capability for the
combined hardening assumption may result from
decreased thickness since the clearance value was in-
creased to 1.4 mm. The cup height values are high-
er than 30 mm, which is the verge of the measured

1,4

)
® - [ ]
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Figure 13. Cup wall thickness values for 25 mm and 30 mm
heights.

thickness profiles. Noting that the thickness predict-
ed by the isotropic hardening assumption reached
1.4 mm approximately at 30 mm height, it may be
concluded that the predicted thickness reaches the
clearance threshold at the cup’s perimeter. Hence,
the drawn cup based on the isotropic hardening rule
was subjected to an ironing issue. On the other hand,
the predicted thickness value was decreased with the
combined hardening assumption that may prevent
the drawn cup from being exposed to ironing issues.

7. CONCLUSIONS

— The sheet metal slides over the punch and die
shoulders during the cup drawing process.
Sheet zones corresponding to the shoulders
were subjected to a reversal bending situation
which triggers the Bauschinger effect. Conse-
quently, the hardening behavior is altered in
these regions, which influences the ear forma-
tion after the forming. In the present study,
the influence of the yield surface evolution
that includes the expansion and translation
was assessed on the earing defect prediction
of AA6016-T4. In order to precisely capture
the anisotropic properties of the sheet, the
HomPol6 criterion was used, and the plas-
ticity model containing the yield function and
combined hardening rule was implemented
via the Hypela2 user subroutine into the Marc
FE software. The kinematic component of the
combined hardening rule was characterized
by the Armstrong and Frederic (1966) mod-
el, and the parameters of the hardening rule
were obtained from the reversal shear test data
presented in the ESAFORM 2021 Benchmark
organization team. The simulations were per-
formed based on the additive decomposi-
tion approach with an implicit stress update
scheme. Both isotropic and combined hard-
ening rules were separately assumed so as to
distinguish the kinematic hardening effect.
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— The HomPol6 criterion captures the r value
and yield stress ratio directionalities of the
AA6016-T4 alloy. Hence an accurate descrip-
tion of the yield locus was accomplished. In-
itially, the earing profile and the punch force-
stroke behavior were obtained assuming the
isotropic hardening rule. Although the punch
force-stroke behavior was successfully pre-
dicted, lower cup height values and the low-
er earing magnitudes throughout the sheet’s
perimeter were predicted compared to the
experiments. Then, the simulations were re-
peated based on the combined hardening rule
assumption. The combined hardening rule
involves the isotropic hardening effect as well
as the kinematic hardening rule. The kinemat-
ic hardening rule was characterized by the
Armstrong-Frederic rule that includes the lin-
ear term and nonlinear fading memory term
concurrently (Armstrong and Frederic, 1966).
The punch force-stroke response was also cap-
tured by utilizing the material model consider-
ing the HomPol6 yield function and combined
hardening model. In addition, a noticeable
improvement was observed in the earing pro-
file prediction regarding earing magnitude
and mean cup height. The combined hard-
ening model exhibits good agreement with
the experimental results. Another conclusion
drawn in the study is that both the isotropic
hardening rule and combined hardening rule
predicted the experimental punch force-stroke
values accurately, and a minor difference was
observed between them. Therefore, a correla-
tion between the accurate punch force-stroke
prediction and the earing profile prediction
could not be established. It was also seen that
the combined hardening approach consisting
kinematic hardening rule decreased the pre-
dicted thickness compared to the isotropic
hardening rule at the cup wall near the perim-
eter of the cup. This situation points out the
importance of the kinematic hardening rule
on the improved prediction performance.
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