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Abstract

Springback, the elastically-driven change of shape of a part after forming, has been simulated with 2-D and
3-D finite element modeling. Simulations using solid and shell elements have been compared with draw-bend
measurements presented in a companion paper. Plane-stress and plane-strain simulations revealed the dramatic
role of numerical tolerances and procedures on the results. For example, up to 51 integration points through
the sheet thickness were required for accuracy within 1%, compared with 5-9 typically acceptable for forming
simulations. Improvements were also needed in the number of elements in contact with the tools, and in the
numerical tolerance for satisfying equilibrium at each step. Significant plastic straining took place in some
cases upon unloading; however the choice of elastic—plastic unloading scheme had little effect on the results.
While 2-D simulations showed good agreement with experiments under some test conditions, springback
discrepancies of hundreds of percent were noted for one alloy with sheet tension near the yield stress. 3-D
simulations provided much better agreement, the major source of error being identified as the presence of
persistent anticlastic curvature. Most of the remaining deviation in results can be attributed to inaccuracies
of the material model. In particular, the presence of a Bauschinger effect changes the results markedly, and
taking it into account provided good agreement. Shell elements were adequate to predict springback accurately
for R/t greater than 5 or 6, while solid elements were required for higher curvatures. As R/t approaches 2,
springback simulated with solid elements tends to disappear, in agreement with measurements presented in
the companion paper and in the literature. © 2002 Elsevier Science Ltd. All rights reserved.
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Nomenclature

h arc height at the center of the strip

Ngp number of elements along the length of sheet strip
Nip number of integration points through the thickness of sheet strip
Fy actual back force

F, yield force

Fy normalized back force

Fy actual front force

m mixed hardening factor

R tool radius

R anticlastic radius of curvature on the curl region

a
R, 6, radius and corresponding angle for the region of sheet strip that
has undergone only bending

¥, 6, radius and corresponding angle for the region of sheet strip that
has undergone both bending and straightening.
t sheet thickness
w arc width of the sheet strip cross section
0 overall springback angle of sheet strip
Kq anticlastic curvature on the curl region
(o) standard deviation
1 friction coefficient
1. Introduction

As lead times are shortened and materials of higher strength are used in manufacturing, the
simulation of springback following sheet forming is essential for designing tooling and processes.
Traditional trial-and-error methods are time-consuming and expensive, while empirical rule-based
adjustments for springback [1] are not usually applicable to complex geometries or materials without
a large database of experience.

Early analytical solutions for springback of plane stress, pure bending with large R/t (radius
of curvature/thickness) springback were established for elastic-perfectly plastic material response
[2], and were extended to plane-strain pure bending [3], and initially curved cases [4]. Further
developments include solutions for plane-strain bending with superimposed tension for arbitrary R/t
[5—-13] and for plane-stress bending of narrow strips [14]. Reviews of pre-1950s developments have
been presented [15,16], as have more recent analytical springback methods and approaches [17,18].

Non-finite-element analytical methods have been applied to springback in die forming, often with
limitations to pure bending, as appropriate for U-bending [19], flanging [20], sidewall curl [21],
repeated bending unbending [22,23] or stamping with deformable tools [24]. These analyses rely
on radii of curvature during the forming operation established by geometrical considerations of the
dies, but do not usually solve explicitly for such shapes consistent with the material mechanics
and contact/friction with the tools. With superimposed tension, these methods may be applied to
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plane-strain draw die forming [25-27] with gentle tooling curvatures. Such methods have also been
applied to stretch bending of channels [7,28] or draw bending of top-hat sections [29].

With the rapid increase in computation power, finite element methods (FEM) for analyzing
and predicting springback have become more attractive. Recent benchmark tests and accompanying
papers [30-33,94] illustrate the state of the art in predicting springback with FEM. In particular, the
1993 benchmark [30] represents a flanged channel forming operation that was simulated by many
commercial and special-purpose programs with widely varying results. This result was surprising in
view of the reliability developed in forming simulations by that period.

FEM simulations of springback are much more sensitive to numerical tolerances than are forming
simulations [34-37], including effects of element type [38], integration scheme [36—41], and un-
loading scheme [9,36,42]. Because of the inherent numerical sensitivity, implicit schemes for both
loading and unloading (i.e. implicit/implicit) have been popular [35,36,38,43,44], as well as attempts
to link dynamic explicit simulations of forming operations (upon which many commercial programs
are based) to static implicit simulations of springback [39,34,45,46]. Nearly every possible approach
to simulating springback has been recently reported as successful, including explicit/explicit [47],
static explicit/static explicit [48)], and even one-step methods [49]. Hybrid approaches have been
developed for post-processing of forming FEM results for springback [50] and for optimizing die
design by iterating with analysis [51-54].

Springback is also sensitive to a range of material and process parameters, such as strain hardening
[27-29,55], evolution of elastic properties [56,57], elastic and plastic anisotropy [56] and the presence
of a Bauschinger effect [5,10,23,29,40,50,58,59].

In order to investigate the physical and numerical sensitivity of sheet springback simulations,
draw-bend tests were analyzed using finite element modeling. The draw-bend test was chosen as a
well-characterized example of a forming operation that produces springback similarly to industrial
press forming operations. The test mimics closely the mechanics of deformation of sheet metal as
it is drawn, stretched, bent, and straightened over a die radius entering a typical die cavity. As
such, it represents a wide range of sheet forming operations, but has the advantage of simplicity.
The tooling and specimen may be represented as two-dimensional and, more importantly, the sheet
tension may be controlled directly and accurately. In press forming operations, the sheet tension,
which dominates springback effects, depends on complicated and largely unknown interactions among
friction, drawbead configuration, blank holder forces and displacements, and material characteristics.
For this reason, it is difficult to identify sources of error when comparing springback simulations
and industrial forming operations.

2. Finite element modeling—numerical effects

FEM was carried out using a variety of elements (beam, shell, solid) and either the commer-
cial program ABAQUS (versions 5.7 and 5.8.14) [60] or the SHEET family of research programs
[61-75] (including SHEET-S and SHEET-3). Details of the element formulations and numerical
procedures employed in these programs are available in the references cited. After careful control
of numerical tolerance, mesh size, and integration strategy, the results were indistinguishable among
the programs using the same element, so no further distinction will be made here. (The SHEET
programs do not have a released solid element, so all solid simulations were conducted only with
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Fig. 1. Draw/bend test geometry: (a) specimen shape after unloading; and (b) original and final shapes during testing.

ABAQUS. Conversely, ABAQUS does not have a plane-strain beam element, so such simulations
were conducted only with SHEET-S.)

Except as noted, all simulations were carried out using von Mises plasticity and stress—strain curves
measured in uniaxial tension and fit according to procedures described elsewhere [76]. Standard
friction coefficients corresponding to the various lubrication conditions are shown on each simulation.
These agree approximately to those generated by comparing simulated and measured front and back
forces, but the ones used in the simulations were not varied from material to material. The sensitivity
of simulated springback to friction coefficient is presented.

The physical problem is sketched in Fig. 1. The starting configuration, shaded, is shown in
Fig. 1b. There are three major steps in the simulation: (1) the back force F} is applied at the
upper grip while the lower grip is held immobile (AX = 0), (2) while maintaining the back force
Fy, the lower grip is displaced at a constant rate of 40 mm/s, and (3) external forces from tools
and grips are removed according to an unloading scheme to observe springback. Regions 1 and 4
of the mesh (Fig. 1) remain straight throughout all steps while Regions 2 and 3 undergo bending
and bending/unbending, respectively.

The first simulations used numerical parameters typical of those in forming analysis: a uniform
mesh consisting of 150 plane-stress elements (for R = 9.5 mm) and five integration points through
the thickness, Fig. 2. The results showed negative springback for sheet tensions near the material
yield stress, contrary qualitatively to all experimental observations. A numerical sensitivity study
[36,38,77] was undertaken with respect to contact conditions, equilibrium tolerance, element size,
and integration strategy, as summarized below. Fig. 2 compares the first results to those eventually
obtained with optimized numerical conditions.
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Normalized Back Force

Fig. 2. Effect of numerical choices on springback prediction results.

Reliable results were obtained for all cases using a nonuniform mesh consisting of 600 elements
along its length: 78 elements x 2.6 mm original length in Region 1,60 elements x 2.8 mm in Region
4, and 452 elements x 0.31 mm in Regions 2 and 3. (As drawing proceeds, nodes flow from Region 2
to Region 3, but Regions 1 and 4 do not come into contact with the tool.) The turning angle for each
element in contact with the tools in this mesh is 1.9°, much smaller than the 10° recommended for
forming operations [78]. However, this mesh also gave satisfactory results, within 1% error, for a tool
radius of 32 mm, where the turning angle per element is 5.5°. Mesh sensitivity was investigated using
meshes scaled from this one to obtain total element numbers of 150, 300, 600, 900, 1200, and 2400.

The initial finite element mesh is in all cases based on an assumed stress-free state corresponding
to the configuration shown in Fig. 1. This unloaded starting point neglects the residual stresses
arising from the simple bending of the sheet around the tooling to conform to it and to form a 90°
included angle initially. In order to assess the magnitude of error that this starting state represents,
finite element simulations were carried out to represent the simple bending to a radius of 8-10 mm,
then unloading from this state, and finally stress relieving (via a viscous creep law). Relieving of
the internal stresses produced an angular change of less than 0.3°. This is less than the numerical
uncertainty and experimental scatter of the results.

The sensitivity of springback results to the number of integration points through the shell thickness
was even more dramatic and contrary to typical forming practice. As shown in Fig. 3, many integra-
tion points are required to obtain springback results within 1% of the limiting case (with sufficient
integration points that springback angle no longer changes with additional points). Although Fig. 3
shows that for two cases the minimum number of integration points is 21 or 35, depending on back
force, 51 integration points were required to ensure springback numerical accuracy within 1% of the
large-number limit for all of the springback cases simulated.

Springback analysis is generally composed of two steps: loading (forming) and unloading (spring-
back). For the unloading procedure, two methods are typically reported. One is the so-called contact
release method [79], which is the most commonly used method in commercial programs such as
DYNA3D or ABAQUS. During springback, all the external forces, including the contact restraint
forces, are reduced gradually to zero. The contact constraint is transformed into force boundary con-
ditions so that there is no contact treatment needed. An alternate method [80,81], may be called the
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Fig. 3. Convergence of springback results with increasing number of through-thickness integration points.

forming inversion method. It inverts the loading (forming) process, and is computationally expensive
but perhaps more realistic physically because of the satisfaction of contact conditions throughout the
unloading step.

To test the importance of the unloading strategy, three loading schemes were implemented in
SHEET-S, Fig. 4. Schemes 1 and 2 consist of two steps while Scheme 3 is accomplished in one
step. The schemes can be summarized as follows:

e For Scheme 1, the springback analysis reverses the process of forming. Hence the stretching force
at the end node of the sheet, where the displacement is imposed, is released first with the tool
contact in place. The contact between the sheet and the cylinder disappears at the end of this step.
A nearly constant moment distribution is obtained at the intermediate configuration (Fig. 5). The
second step consists of freeing the end node by reducing the nodal forces (transverse force and
moment) to zero.

e For Scheme 2, the contact constraint is removed by transforming the contact boundary condition
into an equivalent force boundary condition and reducing these forces to zero. During this step,
there is no real contact treatment: the process is a purely numerical one of force reduction. The
moment distribution along the sheet at the end of this step is quite different from Scheme 1, Fig.
4b, indicating that the paths are distinct. In the final unloading, the end node is freed by reducing
the nodal forces (tension, transverse force and moment) to zero.

e For Scheme 3, the contact equivalent forces and the nodal forces are proportionally reduced to
zero during one step, with no contact treatment. (This is the procedure implemented in ABAQUS.)

While the computation time differs for the three schemes (Scheme 1 requires much more CPU
time, and Scheme 2 is somewhat more efficient than Scheme 3), and the paths are different, Fig. 1a
shows that the resulting springback shapes vary negligibly. Less than 0.2° of springback difference
(out of 26.5° total) is obtained, which is smaller than other numerical tolerances.

The effective equivalence of the unloading schemes is surprising in view of the importance of
plasticity during the springback step, Fig. 5. As shown, the residual stress distributions are signif-
icantly different, and these distributions correspond to a difference of 10° of springback between
elastic—plastic and purely elastic unloading, the purely elastic case showing more springback. This
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Fig. 4. (a) Intermediate and final shapes; and (b) Intermediate internal moments as simulated using two unloading schemes.

finding calls into question the common procedure of treating springback as a purely elastic process,
either in concept [82,83] or by finite element implementation [84,85]. To summarize, while the un-
loading process requires elastic—plastic simulation for accuracy, the choice of how the unloading
scheme is implemented has little effect on the result.

All simulations reported in the next section make use of the numerical findings reported above.
Each simulation uses a mesh of 600 elements along the length, 51 integration points through the
thickness, elastic—plastic unloading, and unloading Scheme 3.

3. Finite element modeling—physical effects

Once numerical tolerance and procedures have been established, meaningful comparisons between
measurements and simulations can be attempted.

As shown in Fig. 1, the final specimen shape can be defined by two radii of curvature, R’ and 7/,
corresponding to two angles, , and ;. R’ and 6, are the unloaded values corresponding to Region 2
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Fig. 5. Effect of elastic-plastic unloadings on the loaded and residual stress distribution.

of the strip, which remains in contact with the tool at the end of the test (before unloading), and
which has undergone only bending, not straightening. »’ and 6, correspond to Region 3, which has
been drawn over the tool and which has undergone bending and straightening. The angular and
curvature measures are related by fixed arc lengths of Rn/2 (tool contact length) and 127 mm (the
driving actuator displacement), respectively. The springback angles are the changes of these measures
upon unloading:

AOy =0, — 00 = 0, — 1/2 = 7/2R/R — 1), (1)
Ay = 0y — 054 = 0, — 0o = 127 mm/r’, (2)
A0 = A0, + AD,. (3)

The change of 0, (A0, is generally negative) represents relaxation from a single bend to conform
to the tool radius while 0, corresponds to a region of straightening from this radius. Af,, generally
positive, is a measure of “sidewall curl” [18,86] in industrial channel forming.

Fig. 6 compares the three measured and simulated springback angles for one value of tool radius
and lubrication condition. At low normalized back forces, less than 0.8 times the force to yield the
strip in tension, all three plane-stress simulated angles are in good agreement with the measured ones.
For normalized back forces greater than 0.8, there is a sudden departure of the agreement, although
the values appear to begin converging at yet higher back forces. The discrepancy for a normalized
back force of 0.9 is very significant, the error for Af being several times the measured value of
A0. Fig. 6 also shows that the agreement or disagreement between simulations and measurements
lies largely in A0, the component angle corresponding to the sidewall curl, Region 3. Because the
experimental scatter for measuring A0 is much less than in deconvoluting it to obtain 0, and 05,
the remaining comparisons will be provided in terms of AQ. It is important to keep in mind that
the variation of A0 is dominated by the action in Region 3.
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Fig. 6. Comparison of three springback angles from measurements and plane-stress simulations for 6022-T4 aluminum.
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Fig. 7. Comparison of total springback angle from measurements and 2D simulations.
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Normalized Back Force

Fig. 8. Role of friction on springback angle, from plane-stress simulations.

The 2-D simulations and measurements of Af for all three tested alloys are summarized in Fig. 7
for a common tool radius of 9.5 mm and a friction coefficient of 0.15 (corresponding to the lubricated,
fixed tool). The plane-strain simulated angles are in marked disagreement with measurements over
the entire range of back forces, in spite of strip width/thickness ratios of 35—55. The reason for this
inconsistency will be discussed in terms of anticlastic curvature below. Only the aluminum specimens
(which have original thickness of 0.91 mm versus 1.5 mm for the steels) showed a marked departure
between simulations and measurements as back force varied, with the appearance of a sudden jump
followed by a plateau as back force increased.

The standard deviations shown in Fig. 7 and subsequently are computed on the basis of simulated
and measured springback angles as follows:

A g = A0 e
<0> - \/ N

. (4)

where N is the number of measurements and simulations for various back forces shown on each
figure.

In order to investigate the large springback discrepancy for 6022-T4 (as shown in Figs. 6 or 7a),
the sensitivity of springback angle to friction coefficient was investigated. Fig. 8 shows the simulated
dependence of springback angle with friction coefficient based on plane-stress calculations. The scatter
in the friction coefficients is in the range of 0.02 for a single alloy [76], and 0.05 between the two
uncoated materials. (The HSLA material, being coated, appears to have lower friction values.) For
6022-T4, the scatter of friction coefficient in the range of 0.02-0.05 has an effect on springback
angle of a few degrees, much less than the discrepancy observed for back forces near 0.9 times the
yield force.

Another possible source of error of the simulations was investigated in the guise of shell versus
solid elements. Simulations were carried out using 2D solid elements (Jet2D [87]), 3D solid elements
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Fig. 9. Role of element choice on accuracy of springback simulation.

(C3D8R [60]), and what may be termed “2.5D shell elements”. Shell calculations used meshes 300x 4
in the width, and 3D solid calculations used meshes 300 x 4 in the half-width x 6 in the thickness.
Both solid elements employed in these simulations, a four-node 2D one and an 8-node brick element,
use linear shape functions. The 2.5D shell elements are in fact 4-node shell elements (S4R), with
the nodes constrained to eliminate curvature outside of the plane normal to the tool axis. Thus,
this simulation allows for lateral contraction during stretching, but does not allow curvature outside
of the plane. The results for these choices lie in a narrow band containing the plane-strain results,
Fig. 9. Thus, neither the shell formulation nor the neglect of lateral straining is a significant source
of error in the 2D simulations.

When either 3D shell elements were used without constraint, or when higher-order 3D 20-node
solid elements were employed (C3D20 [60]), the simulations improved markedly. Comparison of
Fig. 10a and b demonstrates that the origin of the improvement lies with the persistent anticlas-
tic curvature*, that appears for normalized back forces greater than 0.8. For low back forces, the
secondary curvature is present during forming, but nearly disappears when the specimen is unloaded.
For normalized back forces greater than 0.8, the secondary curvature persists throughout the unload-
ing, and thus presents a greater effective cross-sectional moment of inertia resisting the principal
springback.

Fig. 11 compares typical 3D simulations with measurements. In view of computation time (in
some cases approaching 100 h), only 6 20-node solid elements were employed through the sheet
thickness. With this small number they are somewhat too stiff, although are much better than linear
solid elements. In order to match the shell’s 51 integration points through the thickness, an unrealistic
number of solid elements would be required. Comparison of the 2D simulations and 3D simulations
versus measurements (Figs. 7 and 11) shows that the only dramatic difference between 2D and 3D
simulations was found for the 6022-T4 aluminum, which, being thinner, showed a larger effect.

In spite of the numerical disadvantages, solid elements are required for accuracy, when R/t ratios
are lower than 5-6, Fig. 12. Under these circumstances, the assumed linear variation of strain through
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Fig. 10. Role of secondary curvature on the accuracy of springback simulation for 6022-T4 aluminum: (a) Comparison
springback angles; and (b) secondary curvature.

the thickness is no longer valid, and the additional expense of using solid elements is justified (even
if more approximate integration of stress through the thickness is required).

The physical effect of friction on springback angle can be now examined more realistically with
shell elements (as compared to the plane-stress simulation results presented in Fig. 8). In Fig. 13,
shell simulations for 6022-T4 using various friction coefficients and a normalized back force of 0.9
are compared with measurements. The trends and sensitivities are in good agreement, and the rapid
drop in springback angle corresponds to the appearance of persistent anticlastic curvature as the sheet
tension increases. For low values of friction coefficient, the sheet tension does not reach the yield
force. As friction coefficient increases, the sheet tension of material leaving the die radius increases
correspondingly, similar to an increase of back force for a constant friction coefficient (as shown,
for example, in Fig. 7).

The role of plastic hardening following a strain reversal (Bauschinger effect) in simulated spring-
back angles was investigated. As a preliminary test, measured uniaxial tension—compression results
[88] for the same lot of 6022-T4 used for draw-bend tests, Fig. 14a, were fit by a simple mixed hard-
ening law [89,90]. The hardening type is partitioned according to a parameter m (m =0 for isotropic
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Fig. 11. Comparison of total springback angle from measurements and 3D simulations.

hardening and m = 1 for pure kinematic hardening of the Ziegler type [91]). It was necessary to
introduce m as a function of von Mises effective plastic strain to fit the tension—compression data ad-
equately for a single tension—compression loop, even ignoring the small-strain transient immediately
following the reversal [92]. This hardening law was implemented in ABAQUS and a uniaxial tension—
compression test was simulated to verify the accuracy of the constitutive equation obtained, Fig. 14a.

Fig. 14b compares simulations of the draw-bend test with and without accounting for a Bauschinger
effect. The isotropic hardening simulations, as utilized for all previous simulations presented, shows
a standard deviation from the experiments of 3.6°, while including the Bauschinger effect in the
constitutive equation reduces the deviation to 1.8°, a 50% reduction. These results are based on fitting
to only one cycle of tension—compression, at one magnitude of strain. Work to extend the constitutive
model to other strains and materials is now underway. It appears likely that the Bauschinger effect,
which in aluminum reduces the flow stress following a path reversal, is the cause of the pervasive
over-prediction of springback angles on the basis of an isotropic hardening assumption, Figs. 9-11.
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4. Conclusions

Simulations of the draw/bend test over a typical range of process variables were carried out
for three typical sheet alloys. The test corresponds closely to the drawing of sheet metal over a
die radius into a die cavity during a typical forming operation, with springback dominated by the
sidewall curl. The dependence of simulated springback on both numerical parameters and physical
ones has been investigated, and, where data was available, the results have been compared with
experiments presented in a companion paper.
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effect.

The following conclusions were reached regarding the choice of numerical parameters.

Whereas typical forming simulations are acceptably accurate with 5-9 through-thickness integra-
tion points for shell/beam type elements [30,31], springback analysis within 1% numerical error
requires up to 51 points, and more typically 15-25 points, depending on R/t, sheet tension, and
friction coefficient.

More contact nodes are necessary for springback simulation than for forming simulation, approx-
imately one node per 5° of turn angle versus 10° recommended for forming [78]. For coarse
meshes violating this guideline, the simulated springback can be of the opposite sense from phys-
ical springback.

Equilibrium convergence and contact tolerances must be enforced carefully throughout the form-
ing and unloading operations, but values typical of commercial implicit forming simulations are
sufficient.
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e 3D shell and non-linear solid elements are preferred for springback prediction even for large
w/t ratios (greater than 50 in the current work) because of the presence of persistent anticlastic
curvature.

e For R/t values greater than 5—6, current solid elements are too computation—intensive in view of
the large number of points which are required through the thickness.

e For small R/t ratios (less than 5—6), nonlinear 3D solid elements are required for accurate spring-
back predictions. This range has been reported as the division between thin shell and thick shell
behavior in bending [93] and the division where bending effects become important in stretch
forming operations [79]. For these high curvatures, the error involved in using a small number
of nonlinear solid elements through the thickness can be less than incurred using the thin shell
approximation with numerous integration points.

The following conclusions can be made regarding physical sensitivity of springback:

e The magnitude of the sheet tension during draw bending dominates other physical variables, as
reported by nearly all springback studies appearing in the literature.

e The effect of friction on springback occurs principally by increasing the sheet tension. In the
drawbend test, where back force can be controlled independently, the friction coefficient usually
has a modest effect on springback. For metal forming operations, friction may induce larger
changes in sheet tension via draw bead action and blank holder restraint.

e Persistent anticlastic curvature for the nominally two-dimensional draw-bend test leads to large
discrepancies between 2-D simulations and experiments as the sheet tension approaches the yield
stress, particularly for the thinner 6022-T4 aluminum alloy.

e The effect of R/t is a gradual reduction in springback for increasing R/t greater than 5 or 6. For
R/t less than S or 6, springback is reduced rapidly for decreasing R/t, dropping to zero around
R/t=2.

e The presence of a Bauschinger effect alters springback angles significantly and thus must be taken
into account in bending/unbending operations.
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