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Abstract

Springback angles and anticlastic curvatures reported for a series of draw-bend tests have been analyzed
in detail using a new anisotropic hardening model, four common sheet metal yield functions, and .nite
element procedures developed for this problem. A common lot of 6022-T4 aluminum alloy was used for all
testing in order to reduce material variation. The new anisotropic hardening model extends existing mixed
kinematic=isotropic and nonlinear kinematic formulations. It replicates three principal characteristics observed
in uniaxial tension=compression test reversals: a transient region with low yield stress and high strain hardening,
and a permanent o4set of the 5ow stress at large subsequent strains. This hardening model was implemented
in ABAQUS in conjunction with four yield functions: von Mises, Hill quadratic, Barlat three-parameter, and
Barlat 1996. The simulated springback angle depended intimately on both hardening law after the strain
reversal and on the plastic anisotropy. The springback angle at low back forces was controlled by the hard-
ening law, while at higher back forces the anticlastic curvature, which depends principally on yield surface
shape, controlled the springback angle. Simulations utilizing Barlat’s 1996 yield function showed remarkable
agreement with all measurements, in contrast to simulations with the other three yield functions. ? 2002
Elsevier Science Ltd. All rights reserved.
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1. Introduction

The use of aluminum alloys and high-strength steels to replace traditional steels increases the need
for springback control because of their higher yield strength-to-elastic modulus ratios. In the current
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Nomenclature

cp; � material parameters in the Armstrong–Frederick hardening rule
Fb actual back force
KFb normalized back force
f yield function
Hp plastic modulus of the monotonic loading curve
Hp

c ; H
p
r the plastic modulii for continuous loading and reverse loading at

the same equivalent plastic strain
m mixed hardening factor
r plastic anisotropy parameter
R radius of sheet strip in the sidewall curl region
t sheet thickness
Q center of the active yield surface
R center of the bounding surface
�R stress mapping point on the bounding surface
�0 size of the active yield surface
��0 size of the bounding surface
� radius of sheet strip in contact with tooling before unloading
� overall springback angle of sheet strip
〈�〉 standard deviation
� friction coeLcient

work, springback is considered in a draw-bend test that corresponds to the sidewall curl region of an
industrial stamping, where the sheet undergoes bending and unbending with superimposed tension.
After forming, the tools are removed and the part changes shape (elastically and perhaps plastically)
to attain equilibrium with no imposed forces. Springback is thus an elastically-driven process that
adjusts internal stresses to attain zero moment and force at each sheet location.

Accurate springback prediction requires sensitive and accurate numerical procedures and material
modeling [1]. Numerical factors, such as integration scheme, element type and unloading scheme
are more critical than for forming analysis [2–11]. Simple material parameters such as yield stress
and work hardening rate have been evaluated [12–14], as has the use of superimposed tension,
to control springback in practice [12,15]. The evolution of elastic modulus has been of concern
[16–20]; in general springback is inversely proportional to the e4ective modulus.

The internal stress state at the end of forming depends on the plastic properties of the material and
their evolution during forming. Cold-rolling induces preferred orientation of polycrystalline grains,
and the texture-induced anisotropy can be assessed by measured plastic anisotropy parameters related
to strains (r-values) or 5ow stresses, or can be predicted from texture measurements [21–23] using
simple averaging rules [24,25].

Hill’s quadratic yield function (Hill’48) [26,27] has been used widely in forming analysis although
its application to metals with low r-values (such as aluminum alloys) has been criticized [28–30].
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The quadratic version has been extended [31–33] by introducing high-order exponents and anisotropic
material constants to provide more 5exibility to obtain better agreement with tests.

A second line of yield functions was created [34,35] by .tting to polycrystalline calculations.
Hosford’s yield function [35] was derived in terms of principal stresses and normal anisotropy with
exponents determined by the crystal structure [36–38]: typically 6 for BCC and 8 for FCC metals.
Modi.cations include a plane-stress version [39] and one incorporating shear stresses [40]. Barlat
extended the approach to include planar anisotropy [23,41], and later to a full three-dimensional
orthotropy [30,42,43] based on a linear stress transformation [44] or two such transformations [45].
Recent modi.cations by Banabic et al. add parameters and 5exibility [46–49] with enhanced ability
to .t experimental measurements. In some studies [50], none of the yield functions have been found
to be satisfactory, while in others [51], Barlat’s 1996 yield function was found to be accurate for
both r-values and yield stresses.

Sidewall springback is complicated by the stress reversal that occurs in the transition from bending
to unbending as material 5ows over the die radius. Strain hardening, which mechanistically is related
to the multiplication, annihilation, and multiplication of dislocations [52], may be considered to be
equal in all directions, leading to the isotropic hardening assumption. Conversely, back stress .elds
that accumulate may have a directional e4ect on subsequent reverse deformation [53] leading to the
observation of a Bauschinger e4ect [54–56]. Subsequent yield surfaces often show translation as
well as distortion [57–68]. A wide variety of single crystal, polycrystalline, and multi-phase alloys
exhibit Bauschinger e4ects [69–96].

In contrast to the extensive measurements of the Bauschinger e4ect in bulk materials, there is little
data for in-plane deformation of sheet metals because of their propensity to buckle under uniaxial
compression. Measurements have been conducted with simple shear tests [97,98], and in-plane reverse
loading tests [99–101]. Balakrishnan [102] measured the uniaxial 5ow curves for three automotive
body sheet alloys, including the subject of the current work, 6022-T4 aluminum. Transient hardening
and permanent softening were observed for all three materials under uniaxial reverse loading. The
magnitude of the stress o4set and the transient strain range were found to vary with the prestrain.

The Bauschinger e4ect is not reproduced by standard isotropic hardening models. Anisotropic
hardening models have been developed to reproduce characteristics of cyclic hardening behavior,
including Mroz’s multisurface theory [103,104], the two-surface models by Dafalias and Popov [105],
and Krieg [106], and the Armstrong–Frederick type models [107,108]. The principal di4erence among
these models is in the way of de.ning the generalized plastic modulus [109,110]. In two-surface
or Mroz’s multisurface model, the hardening modulus function and the translation direction are
de.ned .rst, then the consistency condition is used to determine the magnitude of the yield surface
translation. In the Armstrong–Frederick type model, the direction and magnitude of the yield surface
translation are speci.ed .rst, then the generalized plastic modulus is derived from the consistency
condition. The major computational drawback of the two-surface model is the procedure for updating
the distance between the stress loading point and the mapping point on the bounding surface. This
updating procedure can lead to inconsistencies under complex loading conditions and multiaxial loads
[109,111–114]. The multisurface model, with its piecewise linear response, however, cannot predict
ratcheting or mean stress relaxation [109,114,115].

Various Armstrong–Frederick type hardening rules have been developed, many focusing on the de-
composition of total back stresses and superimposition of several evolution rules [108,114,116–123].
Modi.cation has also been made on the limiting surface of the Armstrong–Frederick type hardening
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rule to allow a translating limiting surface [124–127]. Geng and Wagoner’s two-surface plastic-
ity model [127] reproduces the strain-hardening behavior from the in-plane compression–tension
tests [102] of sheet metals. To model the permanent softening shown on reverse loading at larger
prestrains, the bounding surface translates and expands concurrently according to a mixed harden-
ing rule [128,129]. This model is similar to one introduced by Ohno et al. [124,125], except that
the Ohno model involves sequential translation and expansion of the bounding surface following
a path reversal. Application of the Geng–Wagoner hardening model to springback analysis improved
[130–133] the prediction of draw-bend springback compared to isotropic hardening models.

In the current work, the Geng–Wagoner hardening law is implemented in conjunction with three
anisotropic yield functions for 6022-T4 aluminum alloy. The resulting material models are used to
simulate the draw-bend test and hence to assess the importance of anisotropy on springback and
anticlastic curvature.

2. Material model

The Geng–Wagoner anisotropic hardening law was extended for use with three yield functional
forms: Hill’s [26,27] 1948 quadratic yield function, Barlat’s [29] three-parameter yield function
(“Barlat YLD89”), and Barlat’s [30] seven-parameter yield function (“Barlat YLD96”). The needed
hardening parameters were obtained by reanalysis of uniaxial tension–compression data presented
elsewhere [102].

The yield surface anisotropy was .t to measured r-values obtained from tensile tests carried out
at orientations of 0◦; 45◦, and 90◦ to the rolling direction. For Hill’48 and Barlat YLD89, r-values
reported by Shen [134] were used as follows: r0 = 0:73; r45 = 0:44; r90 = 0:63. For Barlat YLD96, a
full set of constants have been presented [135] for the same lot of 6022-T4 aluminum alloy that was
used for the tension–compression tests. Barlat YLD96 makes use of both r-values and yield stresses
found from oriented tensile tests.

6022-T4 is a predominantly aluminum alloy with principal alloying elements Mg and Si, and small
additions of Cu and other elements. It is intended for automotive body sheet applications. Processing
includes a high-temperature solution heat treatment, a quench, and then natural aging. This is the
condition in which the alloy was tested in the present work. (In commercial application, additional
aging takes place in the paint-bake cycle of automobile manufacturing, after forming and joining
operations are completed.) The grain size is 240 �m [102], the sheet thickness is 0:91 mm, and the
yield stress is 172 MPa. Chemical composition, nominal mechanical properties, and uniaxial strain
hardening equations have been presented in detail elsewhere [132,133].

3. Formulation of anisotropic hardening rule

Uniaxial tensile tests with strain reversals (i.e. tension–compression or compression–tension) typi-
cally show three principal features following the reversal. There is a transient region (over a limited
strain range of the order of 0.01) consisting of a yield stress lower than the previous 5ow stress,
followed by rapid strain hardening. In some cases, particularly after larger prestrains, there is also
a long-term or “permanent” o4set of the e4ective stress–strain curve from the monotonic one (the
o4set may be considered in terms of strain or stress) for large additional strains (of the order 0.10
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Fig. 1. Schematic comparison of anisotropic hardening models.

or greater). These characteristics are shown more explicitly in the next section for the 6022-T4
aluminum alloy.

Existing hardening laws are generally unable to reproduce this combination of features. Among the
most common anisotropic hardening laws, the Hodge=Prager mixed hardening law [128,136] exhibits
the long-term o4set only while the Chaboche nonlinear kinematic hardening law [111] exhibits only
the transient characteristics. The proposed anisotropic hardening law incorporates aspects of these
models, and has similarities, as discussed later, to a model proposed by Ohno et al. [124,125]. A
more complete derivation of the governing equations has been presented elsewhere [127].

The model is formulated starting from an assumed additive decomposition of the strain rate (or
strain increment):

U· = U· e + U·p: (1)

The stress increment is related to the elastic strain rate as follows:

�· = C U· e (2)

and an associated 5ow rule is adopted:

U·p = �
· 9f
9� ; (3)

where �
·

is an arbitrary scalar constant determined by consistency of the 5ow rule, and f is the
yield function.

Fig. 1 illustrates the principles of the new hardening model as compared to existing ones. The new
hardening model is a modi.cation of one proposed by Armstrong and Frederick [107] and developed
by Chaboche [111]. These “nonlinear kinematic hardening” models can be considered two-surface
formulations [111] starting from classic kinematic hardening ideas of Prager and Ziegler. The new
modi.cation uses the similar rules for the active yield surface, but allows the bounding surface
to develop according to a mixed hardening law [128,129], rather than by an isotropic expansion
in Chaboche’s implementation. This modi.cation allows replication of both the transient response
following a path change via the motion of the active yield surface and a permanent o4set via the
bounding surface development.
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The new hardening rule may be expressed as in the Armstrong–Frederick formulation with an
additional term to allow for translations and expansion of the limiting or bounding surface:

dQ= cp
�0

(� − Q) d�p − �(Q− R) d�p; (4)

where d�p is the equivalent plastic strain rate; and �0; cp and � are material parameters, with �0
representing the yield surface size. R is the center of the bounding surface. Following the assumptions
in Dafalias and Popov’s two-surface model [105] and Mroz’s model [103,104], the stress mapping
point �R on the bounding surface is determined as follows:

�R − R= ��0
�0

(� − Q); (5)

where ��0 represents the size of the bounding surface. The translation and expansion of the bounding
surface is speci.ed with a mixed hardening rule [128,129]:

dR= mHp

��0
(�R − R) d�p (6)

and

d��0 = (1− m)Hp d�p; (7)

where Hp is the plastic modulus of the monotonic loading curve, and m is the ratio of the kinematic
response (translation) to the isotropic response (expansion) of the bounding surface. If R = 0, the
nonlinear kinematic hardening law of Chaboche [111] is recovered; whereas if R = Q, the mixed
hardening law of Hodge [128,129] is obtained. The material parameters can be calibrated from the
experimental uniaxial tension=compression measurements.
The active yield function is expressed as follows:

f(� − Q)− �0 = 0: (8)

For uniaxial loading, using a consistency condition, the plastic modulus can be expressed as
follows:

Hp =
d�
d�p

= cp − �(�− �)Sgn(� − �) +
d�0
d�p

; (9)

where Sgn(x) = 1 if x¿ 0, or Sgn(x) =−1 if x¡ 0.
For a uniaxial tensile loading followed by uniaxial compressive reversal, the plastic modulus can

become much higher at the onset of the stress reversal because of the sign change of the second
term in Eq. (9). The material parameters cp and � can be determined by the initial reverse 5ow
modulus:

cp =
Hp

c (�p) + Hp
r (�p)

2
− d�0

d�p
(10)
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and

�=
Hp

r (�p)− Hp
c (�p)

2(�− �)
; (11)

where Hp
c and Hp

r are the plastic modulii for continuous loading and reverse loading at the same
equivalent plastic strain. It can be seen from Eqs. (10) and (11) that both parameters are functions
of the deformation history (characterized by e4ective plastic strain �p).
It should be noted that Eqs. (4)–(7) are similar to ones presented by Ohno [124,125]. Both

Geng–Wagoner and Ohno models are based on two-surface formulations introduced previously in
various forms [103–106]. Both models consider isotropic and kinematic hardening of the bounding
surface to represent the long-range plastic deformation after a path reversal. The transient hardening
immediately following the reversal is represented by the yield surface evolution within the bounding
surface.

There are several di4erences, however. The most important involves the evolution of the bounding
surface. Ohno’s model invokes a sequence of .rst combined hardening and then purely kinematic
hardening of the bounding surface following a strain reversal. Multiple loading cycles can then be
.t by allowing the transition strain to vary with the number of cycles. Geng and Wagoner’s model
invokes concurrent kinematic and isotropic evolution of the bounding surface, with no provision in the
current version for multiple loading cycles. Ohno’s model, for simplicity, assumes a yield surface of a
constant size and treats other material parameters, except for the transition strain, as constants. Geng
and Wagoner’s model allows material parameters to evolve as simple, piecewise linear functions of
e4ective strain (related to the current 5ow stress for uniaxial loading). Thus, Ohno’s model o4ers
a method for handling multiple cycles, with penalties for (a) additional parameters needed to be .t
by experiment, and (b) ignoring evolution of the transient response following various proportional
path lengths (prestrains). Geng and Wagoner’s model has fewer parameters and thus may be .t with
one or more single loading cycles. However, it has no current provision to capture the saturation of
transient response seen after numerous loading cycles.

4. Fit of hardening law to experimental data

In-plane tension compression tests were developed and carried out for 6022-T4 aluminum alloy
[102] to reveal the characteristics of the Bauschinger e4ect. The material parameters of the proposed
hardening model were obtained by .tting these uniaxial reverse loading curves. In Eqs. (10) and
(11), the parameter Hp

c is determined from the monotonic loading curve, while Hp
r can be obtained

by .tting to the initial hardening slope at the onset of the reverse plastic 5ow. The term � − � in
Eq. (11) can be de.ned by knowing the size of the bounding surface and the active yield surface.
The bounding surface size is determined by the mixed hardening factor (m-value) and its evolution
with prestrain, while the m-value can be characterized by the amount of permanent softening on
the reverse 5ow curve. The reverse 5ow curve is thus determined by the parameters m; cp and �;
together with evolution functions of these three parameters with prestrain. A trial-and-error procedure
was used to .nd the best-.t material parameters.

A stress–strain curve for a typical uniaxial tension–compression experiment [102] for 6022-T4
aluminum alloy is presented in Fig. 2, with a monotonic uniaxial tension curve for comparison. The
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Fig. 2. Fit of anisotropic hardening laws to uniaxial tension–compression data [102] for 6022-T4 aluminum alloy: isotropic
hardening, mixed hardening [128], nonlinear kinematic hardening [111], and Geng–Wagoner hardening [127].

curve following the reversal shows the three characteristics described earlier: a transient region with
low yield stress and rapid work hardening, and a persistent o4set of the 5ow stress (or, equivalently, a
strain o4set) from the isotropic hardening curve. Fig. 2 illustrates the .t of standard hardening models
to these data compared with a Geng–Wagoner model. Isotropic hardening reproduces none of the
Bauschinger e4ect, mixed hardening reproduces the stress o4set but not the transient characteristics,
and the Chaboche model reproduces the transient region but not the persistent o4set. Both the
transient and large-strain characteristics following the stress reversal are reproduced adequately by
the Geng–Wagoner model.

It should be noted that a better .t can be obtained using the Chaboche model by dividing the back
stress into multiple values and allowing each component to evolve at a di4erent rate (as proposed
by Chaboche [111]). This approach can produce a transient shape better matching the experimental
results (at the expense of additional .tting). However, at large strains following the reversal the
5ow stress must still approach the monotonic curve. That is, the entire subsequent hardening is
treated as a transient response that gradually disappears, leaving the monotonic response. The ap-
parently permanent recovery shown by the experimental data in Fig. 2 cannot thus be reproduced
by even multiple transients of this kind. Ohno’s model was not compared because .tting it requires
multiple-cycle testing that was not available.

Uniaxial tension=compression test data are available from tension–compression or compression–
tension tests at three or four prestrain values, ranging from 1% to 8%. Trial functions of variations
of these material parameters with prestrain were .rst created from the measurements of the re-
verse 5ow curve; then a theoretical reverse 5ow curve was calculated. Depending on the .tting
results, the parameters were adjusted accordingly. Curve .tting was performed one-by-one on the
test data at di4erent prestrains, with each parameter calibrated at three or four prestrains. Two sets
of material parameters, labeled the C–T (for compression–tension) model and T–C (for tension–
compression) model, were obtained for each material based on the uniaxial compression=tension
test data, Fig. 3.
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Fig. 3. Geng–Wagoner hardening law compared with measurements for 6022-T4 aluminum alloy for several prestrains:
(a) uniaxial compression–tension; and (b) uniaxial tension–compression.

Fig. 4 shows the calibrated functions of material parameters with respect to prestrain. In the .gure,
calibrated values of reverse yield stress, bounding surface size and Hp

r at various prestrains are
plotted. Each data point comes from .tting to each reverse 5ow curve. Piecewise linear interpolation
was used between the determined material parameter points. For the material parameters at strains
higher than the measured strain range, the value of m and Hp

r are taken to be the same as those
measured at the highest prestrain available; and the rate of active yield surface expansion is assumed
to be the same as that of the bounding surface.

5. Yield functions

To take into account the planar anisotropy of rolled metal sheets, the hardening model was ex-
tended to include three anisotropic yield criteria: Hill’48 [26,27], Barlat’s three-parameter yield
function (Barlat YLD89) [29] and Barlat’s YLD96 [30]. Only the plane stress condition, appropriate
for thin shell elements, was modeled.

Hill’s quadratic yield function [26,27] was developed to account for the orthotropic symmetry
of rolled metal sheets. Although its use is controversial for materials with low r-value [13,17], it
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Fig. 4. Anisotropic hardening parameters obtained by .tting to experimental uniaxial tension=compression data [102]. The
value of H0 is 114 GPa.

has been widely used with .nite element modeling because of the relative ease of formulation.
Considering back stress terms, the yield function can be expressed as follows:

f(� − Q)− �0 = (Fs2y + Gs2x + H (sx − sy)2 + 2N s2xy)
1=2 − �0 = 0; (12)

where, s=�−Q. F; G; H and N are material constants, which are typically determined from r-values
measured at 0◦; 45◦ and 90◦ from the rolling direction: r0 = 0:73; r45 = 0:44; r90 = 0:63 [134]. The
r-values at angle � from the rolling direction can be expressed as follows:

r� =
H + (2N − F − G − 4H) sin2 � cos2 �

F sin2 �+ G cos2 �
; (13)

from which the parameters in Hill’s yield function can be determined as follows:

F =
r0

r90(1 + r0)
= 0:67; G =

1
1 + r0

= 0:58; H =
r0

1 + r0
= 0:42
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and

N =
(r0 + r90)(1 + 2r45)

2r90(1 + r0)
= 1:17: (14)

Barlat et al. [29] proposed a modi.cation of Hosford’s isotropic yield function [35,36]. Anisotropic
material parameters were introduced and a shear stress term included. This surface can be extended
to include the back stress term:

f(� − Q)− �0 = { 1
2 (a|K1 + K2|n + a|K1 − K2|n + c|2K2|n)}1=n − �0 = 0; (15)

where

K1 =
sx + hsy

2
(16)

and

K2 =

√(
sx − hsy

2

)2

+ p2s2xy; (17)

in which a; c; h; and p are material constants introduced into formulation to account for planar
anisotropy. These parameters can be calculated either by 5ow stress (uniaxial 5ow stress, shear 5ow
stress or biaxial 5ow stress) at di4erent orientations, or by r-values at 0◦, 45◦ and 90◦ from the
rolling direction. In this study, the second approach [29] was used:

a= 2− c = 2− 2
√

r0
1 + r0

r90
1 + r90

= 1:19; (18)

h=

√
r0

1 + r0

1 + r90
r90

= 1:04: (19)

The value of p cannot be calculated explicitly. However, the r-values at an angle of � to the
rolling direction can be expressed as follows:

r� =
2m�n

0

(9f=9�x + 9f=9�y)��
− 1; (20)

where �� is the uniaxial 5ow stress in the angle of � from the rolling direction. Typically r45 is
used with this equation to iteratively determine the value of p; which is 0.947 in this case.

Barlat et al. [30] developed a more general yield function to describe the planar anisotropy of
aluminum alloy sheets. For plane stress conditions, this function can be expressed as follows:

f(� − Q)− �0 = { 1
2 (�3|S1 − S2|n + �1|S2 − S3|n + �2|S3 − S1|n)}1=n − �0 = 0: (21)

where Si are the principal values of the symmetric matrix Sij:

Sij =



Sxx Sxy 0

Sxy Syy 0

0 0 Szz


 (22)
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and where

Sxx =
C3(sx − sy) + C2sx

3
; (23)

Syy =
C1sy − C3(sx − sy)

3
; (24)

Sxy = C6sxy: (25)

C1; C2; C3 and C6 are material constants, and �1; �2 and �3 can be expressed as

�1 = �x cos2 2�+ �y sin2 2�; (26)

�2 = �x sin2 2�+ �y cos2 2�; (27)

�3 = �z0 cos2 2�+ �z1 sin2 2�: (28)

Typically �z0 = 1, and � is the angle between S1 and the rolling direction.
The material constants C1; C2; C3; C6 and �x; �y; �z1 can be determined by tensile yield stress

and r-values measured at 0◦; 45◦ and 90◦ from the rolling direction, along with the balanced biaxial
5ow stress measured by the bulge test [30,135]. The recommended n-value is 8 for FCC materials and
6 for BCC materials. For the 6022-T4 aluminum alloy used in this study, the appropriate coeLcients
have been determined elsewhere [135] as follows: C1=0:9243; C2=0:7967; C3=1:0458; C6=1:0590
and �x = 3:25; �y = 3:30; �z1 = 0:45.

6. Simulation of the draw-bend test

In order to test the accuracy of the derived constitutive models, simulations of the draw-bend test
were carried out using ABAQUS [137] and compared with existing experimental results [132,133].
The material models were implemented via the UMAT interface of ABAQUS utilizing a backward
Euler algorithm [129] for integration of the incremental plasticity equations and a consistent tangent
matrix derived from this algorithm for Newton–Raphson iteration.

The draw-bend test, shown schematically in Fig. 5, was designed for the measurement of friction
[130]. A constant resisting force (expressed as a fraction of the force to yield the sheet in tension)
is applied to the upper leg and the lower leg is drawn at a speed of 40 mm=s for a distance of
127 mm. The specimens are oriented along the sheet rolling direction, and are 50:8 mm wide. When
the specimen is under load in the grips at the end of the draw, the angle between the legs is 90◦,
the radius of curvature in contact with the rod is nominally the rod radius (�), and the radius of the
drawn length of the specimen (R) is in.nite, i.e. it is straight. Upon removal of the specimen from
the grips, the included leg angle changes by W�; the contact radius of the sheet becomes �′, and
the radius of the drawn length (i.e. the “sidewall curl region” in industrial parlance) becomes R′.
Experimental results [132,133] for three sheet alloys, including 6022-T4 aluminum, show that the

magnitude of W� is dominated by the response of the sidewall curl region (i.e. R′), and that this
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Fig. 5. Schematic of draw-bend test as implemented for springback measurement.

quantity can be measured more accurately than the radii of curvature. (The measurement repro-
ducibility of 0:2◦ corresponds to a strain di4erence of 0.001% at the outer .ber of the sidewall curl
region [133].) The results also show that signi.cant anticlastic curvature 2 occurs with the 6022-T4
alloy (50:8 mm width specimens were used throughout) for back forces in the range of 0.8–1.2
times the yield force. Therefore, three-dimensional modeling is required in spite of the nominally
two-dimensional nature of the problem.

Simulation of the draw-bend test using isotropic hardening and, an isotropic yield function has
been carried out and reported elsewhere [140]. Sensitivity studies [11,140,141] showed that special
care of numerical tolerances and mesh con.gurations must be taken to obtain accurate solutions after
springback. These results were used to con.gure the simulations reported here. The mesh consists of
.ne elements where contact is made with the tooling (226 elements × 0:62 mm original length, the
turning angle for each element in contact with the tools in this mesh is 3:8◦) and coarse elements
in the straight legs away from contact (39 elements × 5:2 mm original length). Along the width
direction, 8 equal-sized elements are used in the half-width of the specimen. The springback step
is elastic–plastic, as plastic deformation can occur during this elastically-driven process [140]. A
friction coeLcient of 0.15 was adopted throughout, consistent with experiments that showed a range
of results from 0.12 [133] to 0.15 [132].

2 Anticlastic curvature [138,139] is the secondary curvature orthogonal to the principal curvature. It occurs because
of di4erential lateral contraction from the top of the sheet to the bottom under the principal bending action. However,
in the draw-bend test, the principal and secondary curvatures are typically concave toward the tool contact side of the
strip, which violates the formal de.nition of “anticlastic”, although this term has acquired the meaning of a secondary,
orthogonal curvature resulting from a primary bending. The proper term would be “synclastic” because the concavity of
the two curvatures is on the same side of the sheet.
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7. Results and discussion

Fig. 6 shows the simulated springback angles (W�) for a range of back forces and for four yield
functions. In each case, the Geng–Wagoner anisotropic hardening models derived from tension–
compression (T–C) and compression–tension tests (C–T) are compared with isotropic hardening.

Fig. 6. Comparison of measured springback angles with simulations using isotropic or anisotropic hardening and four yield
functions: (a) von Mises; (b) Hill’48; (c) Barlat YLD89; and (d) Barlat YLD96. 〈�〉 represents the standard deviation of
simulated and measured angles.
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For all four yield functions, springback predictions are in better agreement with experimental mea-
surements for the Geng–Wagoner hardening model. At lower back forces, the springback angle is
more sensitive to the hardening model: a 5–9◦ reduction of W� is predicted for the modi.ed hard-
ening model. At high back forces, the springback angle is more sensitive to the yield surface type,
especially for the back forces close to yield.

For the models with the Hill’48 yield surface (Fig. 6b) or Barlat YLD89 yield surface
(Fig. 6c), the simulated springback angle tends to linearly decrease relative to the increasing back
force, with consequent large errors at intermediate back forces (near yield). However, the springback
angles predicted by the material models with von Mises (Fig. 6a) and Barlat YLD96 (Fig. 6d) show
a trend similar to the experimental measures: a rapid decrease in springback for normalized back
forces near 0.9, with a plateau thereafter. In particular, the model with the Barlat YLD96 yield
surface and modi.ed hardening predicts a springback angle at back force of 0.9 very close to the
experimental value.

The measured rapid drop [131–133] of the springback angle at back forces near yield is associated
with the appearance of signi.cant secondary curvature (anticlastic curvature) [133], Fig. 7. Anticlastic
curvature increases the moment of inertia of the sheet cross section, which reduces the bending of
the sheet strip during springback, thus causing the precipitous drop of springback. In Fig. 7, the data
for six repeated experiments carried out at Fb=0:9 are shown to illustrate the scatter. (In Fig. 6 and
in subsequent .gures, the multiple experimental results for Fb = 0:9 are lumped into a single point
and the experimental result for Fb=1:3 is not shown because it was not possible to obtain converged
FEA solutions for this case for comparison.) The di4erence in anticlastic curvature between C–T
and T–C derived hardening models is insigni.cant. In plots comparing anticlastic curvatures, only
the C–T results are shown.

The simulated anticlastic curvature, both in the loaded and unloaded states, depends little on the
details of the hardening model (i.e. the presence of a Bauschinger e4ect versus isotropic hardening);
instead it is closely related to the magnitude of the back force and the form of the yield function.
In contrast, the simulated springback angle is in5uenced signi.cantly by both aspects of the consti-
tutive equation. This distinction provides an intriguing capability to discriminate both yield surface
anisotropy and strain ratio anisotropy using a single experiment.

The simulated anticlastic curvature under load (i.e. before springback) decreases slowly with in-
creasing back force for all yield functions and hardening laws, Fig. 8a–d. However, there are marked
di4erences in the behavior of the anticlastic curvature after springback. (The anticlastic curvature in
the unloaded state following forming is referred to here as “persistent anticlastic curvature”.) For von
Mises and Barlat YLD96 yield functions, Fig. 8a and d, the persistent anticlastic curvature shows a
sudden, large increase as the back force approaches the yield force, in agreement with measurements.
It appears that once this transition is made, the anticlastic curvature remains approximately constant
for higher back forces. The jump of persistent anticlastic curvature obtained with these two yield
functions corresponds to the simulated and measured rapid decreases of springback angle.

For Hill’48 and Barlat YLD89, the persistent anticlastic curvature increases more gradually and
the transition to persistence occurs at higher back forces, in contrast to the measured behavior. The
corresponding springback angle variation with back force for these yield surfaces (Fig. 6b and c)
are continuous and approximately linear instead of showing a sudden decrease near the yield force.

The Barlat YLD96 yield function reproduces both springback angles and anticlastic curvatures in
remarkable agreement with measured values and variations. The von Mises isotropic yield function
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Fig. 7. Variation of measured draw-bend test quantities with the back force: (a) springback angle; and (b) anticlastic
curvature.

is better than the remaining anisotropic yield functions, in spite of having no adjustable parameters
corresponding to anisotropy.

Fig. 9a shows the variation of plastic anisotropy parameter with orientation for the four yield
functions as compared with measured values from tensile tests. Barlat YLD96 and Hill’48 are nearly
identical throughout the range whereas Barlat YLD89 di4ers near the transverse direction. As shown,
multiple measurements of r-value (r =plastic anisotropy parameter) were reported, with the values
of Shen [134] used to .t Barlat YLD89 and Hill’48, and the values of Barlat [135] used to .t Barlat
YLD96, hence the slightly di4erent results.
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Fig. 8. Comparison of measured anticlastic curvatures with simulations using isotropic or anisotropic hardening and four
yield functions: (a) von Mises; (b) Hill ’48; (c) Barlat YLD89; and (d) Barlat YLD96.

Fig. 9b shows the variation of tensile yield stress with orientation for the four yield functions.
Hill’48 and Barlat YLD89 are similar, with Barlat YLD96 quite di4erent, having nearly the opposite
variation near 45◦. Of course, there is no variation for the isotropic von Mises law. Comparison
with experiment reveals that only Barlat YLD96 captures the variation adequately in comparison to
oriented tensile tests.
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Fig. 9. Comparison of measured and .t r-values and yield stresses for four yield functions.

The two parts of Fig. 9 provide insight into the performance of the four yield functions in sim-
ulating draw-bend springback and anticlastic curvature. Because the long axis of the draw-bend
specimen is oriented parallel to the rolling direction of the sheet, the stresses producing the in-
ternal bending moment are parallel to the rolling direction. As shown in Fig. 9b, these stresses
will be identical for the various models under the same kinematic constraints. However, the lat-
eral contraction of the sheet is related to r-value in the rolling direction (r0) as follows: (width
strain=principal bending strain) = − r0=(1 + r0), assuming plane stress conditions. While the three
anisotropic yield functions have virtually identical r0 values of 0.73, the von Mises value of 1 is
considerably higher, hence the lateral contraction and anticlastic curvature would be expected to be
considerably larger.

In addition to strain ratios, the lateral yield stress (i.e. the yield stress at 90◦ to the sheet rolling
direction, i.e. in the sheet transverse direction) a4ects anticlastic curvature in two ways. A higher
lateral yield stress and correspondingly higher lateral yield strain (the value of which may be obtained
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via the elastic constants) resists the development of anticlastic curvature during forming because for
a given lateral strain (with an assumed plastic component), the resisting stress is larger. For a given
loaded anticlastic curvature, a higher lateral yield stress reduces the persistent anticlastic curvature by
increasing the magnitude of the elastic unloading strains. Since Hill’48 and Barlat YLD89 are nearly
identical in both r-value distribution and transverse yield stress, the simulated anticlastic curvature
and springback angles with these yield functions would be expected to be very similar, as con.rmed
by Fig. 6b and c, and Fig. 8b and c.

For Barlat YLD96, the r0 value is the same as for the other anisotropic yield functions, but the
yield stress in the transverse direction is considerably lower (Fig. 9b). Therefore, one would expect
higher anticlastic curvature in both the loaded and unloaded states, with concurrent reductions in
springback angle. These expectations are con.rmed by comparing Fig. 6d with Fig. 6b and c, and
Fig. 8d with Fig. 8b and c.

For the von Mises yield function, there is an o4-setting of tendencies. The considerably higher
r0 value tends to increase anticlastic curvature, but the transverse yield stress is much higher, thus
tending to reduce the anticlastic curvature. These two e4ects nearly balance such that the springback
angles are reasonably well predicted (Figs. 6a and 8a) by this less accurate yield function (as shown
in Fig. 9a and b). At a back force of 0.9, the larger recovery of anticlastic curvature can be seen for
the von Mises yield function as compared with Barlat YLD96, Fig. 8a and d. This is presumably
a result of the much higher transverse yield stress exhibited by the von Mises yield function, such
that there is little persistent anticlastic curvature until higher back forces are reached.

It is clear that the planar anisotropy of sheet metal is an important factor in5uencing springback
which involves anticlastic curvature. The draw-bend test has interesting features to recommend it
for investigation of both springback and elastic–plastic constitutive equations. Very .ne strain reso-
lution is possible, to approximately 0.001%, and the test is easy and fast to carry out. The spring-
back angle and anticlastic curvature depend intimately on both yield surface shape and Bauschinger
e4ect=anisotropic hardening. When combined with a series of oriented tensile tests, it is possible to
obtain a clear picture of the accuracy of common yield functions.

8. Conclusions

Reported springback angles and anticlastic curvatures measured using draw-bend tests [132,133]
have been reanalyzed using .nite element modeling techniques developed for this test [11,140–142]
in conjunction with highly developed constitutive equations for 6022-T4 aluminum alloy. The con-
stitutive equations incorporate (a) a new anisotropic hardening rule [127] .t to tension–compression
data appearing in the literature [102] for this particular lot of alloy, and (b) four yield functions
(von Mises, Hill’48 [26,27], Barlat’s three-parameter yield function (Barlat YLD89) [29] and Barlat’s
YLD96 [30]) .t to oriented tensile data for this lot of alloy.

The following conclusions were reached:

1. The draw-bend test is particularly well-suited to the investigation of springback and constitutive
behavior because springback angle and anticlastic curvature depend on the details of the hardening
law upon strain reversal and upon the yield function shape. The e4ects can be separated because
the hardening model dominates at low back forces (where anticlastic curvature is minimal) and
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the yield function form dominates at higher backforces approaching the force to yield the material
in tension.

2. A new anisotropic hardening model reproduces well the three principal characteristics of strain
hardening following a reversal of uniaxial stress: a transient region (strain range of approxi-
mately 0.01) with low yield stress and rapid work hardening, and a permanent (strain range of
approximately 0.1) o4set of strain or stress following reversals at higher prestrains.

3. Of the four tested yield functions (von Mises, Hill’48, Barlat YLD89, Barlat YLD96), only Barlat
YLD96 faithfully reproduces springback angles, anticlastic curvatures, and oriented tensile results.
The agreement of the constitutive equation combining the new hardening rule and Barlat YLD96
yield function gives remarkable agreement with all measured quantities.
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