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Abstract

Aluminum alloys are increasingly used in automotive structural applications thanks to
their combination of low density, high strength, and good formability. Appropriate
strength levels for dent resistant automotive aluminum panels may be achieved by a
combination of alloy design and thermo-mechanical treatments. Unfortunately,
increased strength (hardness) generally limits homogeneous plastic deformation. Thus,
when shaping complex components large deformation and eventually strain localiza-
tion, necking and final failure is more likely to occur. In this chapter, we endeavor to
explore the best compromises between increased hardening and satisfying formability.
Sheet metal shaping generates large strains and eventually strain localization. The
accurate measure of metal behavior is discussed first. The following section is dedicated
to the kinetics of damage development during shaping. Then metal ductility at low
stress triaxiality and consequent strain localization are discussed. Finally, trimming and
hemming, the most complex shaping operations to perform efficiently are analyzed
providing a powerful tool for alloy design.

Keywords: plane strain compression, extended Bridgman model, damage criterion,
trimming, hemming, aluminum automotive alloy design

1. Introduction

Aluminum alloys are increasingly used in automotive structural applications thanks to their
combination of low density, high strength, good formability and the bonus of better corrosion
resistance. Appropriate hardness levels for dent resistant automotive aluminum panels (doors,
hoods) may be achieved by a combination of alloy design and thermo-mechanical treatment.
To insure adequate hardness values, most aluminum automotive alloys contain large amounts
of hard intermetallic particles. In ductile metals, voids are first nucleated by decohesion or
cracking of these second phase particles and then grow until they eventually coalescence to
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form a macroscopic crack. Hence, increased strength (hardness) generally limits homogeneous
plastic deformation. In the early 70s a new branch of material science (“the local approach of
ductile fracture”), was initiated by the pioneering contributions of Gurland and Plateau [1],
McClintock [2], Rice and Tracey [3], Koplik and Needleman [4], Gurson [5], Le Roy et al. [6],
Hutchinson and Tvergaard [7]. One outcome of all these publications is the major role played
by stress triaxiality. Furthermore, Marciniak and Kuczynski [8] highlighted the tremendous
effect of strain localization when sheet metal is submitted to large strains. Unfortunately,
shaping complex components imposes large deformations and eventually strain localization.

In Section 2, we outline the accurate characterization of the sheet material behavior at large
strains by adequate compression tests. Next, the measurement of the macroscopic strain to
failure by standard tensile tests is offered. In the same section, the relation between this
macroscopically determined characteristic and the local strain and stress triaxiality field is
analyzed. Then, the kinetics of strain localization causing damage is presented. As aforemen-
tioned, we end with two particularly discriminating forming operations, trimming and hem-
ming, which are examined in detail.

2. Characterization of sheet metal behavior

During deep drawing or cutting operations of sheet metal local strains up to 200% are reached.
Hence, large deformation compression and tensile tests on rolled sheets reveal the necessity for
finite element simulations of machining and forming operations. In Section 2.1, the most
commonly used compression tests providing sheet metal characterization are shown. These
determine material behavior under large strains without significant damage. As sheet shaping
and forming operations are limited by necking and consequent failure, Section 2.2 will dem-
onstrate how to determine the failure strain by classic tensile tests.

2.1. Measuring stress-strain curves to large strains on sheet metal

Due to necking, only comparatively small strains can be attained in standard tensile tests.
Standard uniaxial compression tests on cold rolled sheets (typically 1 mm thickness) are also
impossible due to friction. Finally, torsion tests on cold rolled 1-mm-thick sheets would lead to
extremely small sample sections. In this section the experimental techniques particularly suited
for high strain characterization will be presented.

Half a century ago, Watts and Ford [9] introduced the Plane Strain Compression punching
technique to determine the room temperature behavior of strip metal by compressing by
means of a punching tool which is longer than the test-piece. However using this technique,
the sheets can only be compressed along the normal axis. The maximum strain is much less
than unity and the deformed sample volume is very small. Recently, Vegter et al. [10] deter-
mined the initial yield stress of sheet metal by several tests (tension, plane strain tension,
compression of layered samples and shear tests). The tension and compression tests are limited
to strains smaller than 0.2 and the shear test is restricted to strains smaller than 0.4.
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The channel-die test is an alternative plane strain compression test without any lateral spread-
ing, but which was then relatively unknown and has so far been relatively little employed.
Maurice and Driver [11, 12] have developed original hot channel-die equipment which has the
advantage of imposing true plane strain compression without major friction as shown by
Bacha et al. [13]. Figure 1 shows a schematic of the channel-die apparatus first described by
Maurice and Driver [11]. The channel is composed of 3 separate steel plates of which the center
plate has the same thickness (7 mm) as the punch width. The equipment of Figure 1 was
installed in an a Schenck 100 kN servo-hydraulic machine whose electronic and hydraulic
control systems enable constant plastic strain rate tests up to about 20 s~ (according to sample
dimensions). Loads are measured by standard load cells and displacements by means of a
linear variable differential transformer (LVDT transducer) situated between the crosshead and
the base of the channel-die. More details concerning the channel-die equipment can be found
in the original papers [11, 12]. Channel-die tests have also been used for room temperature
testing on mono-block samples [14].

To our knowledge, Bacha et al. [15] were the first to apply PSC to layered sheet specimens
(Figure 2). The sheets were machined to obtain seven strips 1 mm thick 9.01 mm high and
10.01 mm long and bonded with standard cyanoacrylate glue. The sample preparation is crucial
to insure plane mutually orthogonal surfaces. The specifics can be found in Bacha et al. [15]. The
area reduction due to the glue layer is thus smaller than 1%. Since four major surfaces of the
sample are in contact with the tools, it is wrapped in a PTFE (Teflon) ribbon (50 um thickness).
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Figure 1. Schematic of the channel-die equipment [11].
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Bacha et al. [15] compressed two aluminum alloys, AA5182 and AA6016, widely used in sheet
forming particularly in the automotive industry, at a constant strain rate of 10~ s~ ', by
channel-die compression. For the AA6016 alloy two different grades (a, b) were considered.
Table 1 gives the chemical composition of the alloys.

Brunet and Morestin [16] determined the Langford coefficient of the AA6016 sheets by
tensile tests and showed that the anisotropy is negligible for the two grades of AA6016. The
5182 alloy was compressed along rolling and transverse directions and revealed in plane
isotropy.

To determine reliable stress-strain curves, particular attention should be paid to the influence
of the PTFE-layer and the compliance of the test rig. The displacement was corrected to take
into account the deformation of the test rig and the PTFE-layer [17]:

Qmeasured) ( hPTFE)
dcorrec ed — dmeasure T 1 - 1
it = (e — 32 N 0

hy and hprpg designate the initial sample and PTFE-layer thicknesses. deasured i the displace-
ment measured by the LVDT and dcorrectea takes into account the deformation of the PTFE
layer. Qmeasured 15 the measured load. k is the stiffness of the test rig and was determined by
measuring the punch displacement without a sample present in the channel (k = 91 kN/mm).
The measured load has been corrected to take into account friction effects [17] as follows:

Qcorrected -

Q
meus:/t;id (2)
1+t

Figure 2. Layered sheet sample (a) 3D view, (b) view along the direction of the compression z.

Grade Mg Si Cu Fe Mn
5182 4.25 0.09 0.06 0.29 0.35
6016 (a) 0.33 1.03 0.12 0.3 0.11
6016 (b) 0.43 0.98 0.15 0.3 0.11

Table 1. Chemical composition of the different grades.
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where Qcorrected 1S the corrected value of the applied load Qmeasured- Wr and Wp are the work
rates associated respectively to friction and to plastic deformation. The ratio between these
work rates was estimated by [17] as

Z+2h e (Z 4] ,

Z =P +4K? (3b)

We_ m [P
WP N 1210]’1060 4

where 1 is the Tresca friction coefficient .hy, lp, and h, I are respectively the initial and current
sample height and length. e; corresponds to the sample and channel width (7 mm).

To determine the equivalent stress ¢ and the equivalent strain €, the overall load was corrected
by Egs. (2), (3a) and (3b) with a value of 777 = 0.02. However the shear stresses and strains due to
friction were neglected, i.e., the stress and the strain rate tensors were assumed diagonal. Thus,
the equivalent von Mises stress and strain may be written:

V3 [Qeorrected < deorrect d) 2 < ho >
-2 correcte 1 _ Zcorrecte  F= In 4
2 e()l() h() \/§ h0 - dcorrected ( )

Figure 2 shows equivalent stress vs. equivalent strain curves for all the grades. To represent the
material flow stress, oy, at large deformations an extended Voce model [18, 19] has been
chosen.

Oy (5)

E is the Young’s modulus. € and ¢, are respectively the total and the plastic equivalent strain.
Oy, is the initial flow stress. 0., corresponds to the stress at very large plastic strains in the Voce
model. a€, is an additional term accounting for small positive strain hardening at very large
plastic deformation. The initial flow stress oy, was determined previously in simple tension.
Table 2 summarizes the coefficients of the different Voce models. The most significant results
are the different values of the a parameter for 5182 and 6016 alloys (Figure 3).

To assess the validity of the experimental method described above, Bacha et al. used the flow
rule (5) and reproduced the experimental load displacement curves by finite element model
[15]. Moreover, the finite element calculations showed that, using a Teflon film, the friction

Grade E (GPa) o, (MPa) 0.. (MPa) o « (MPa)
AA5182 70 130 264 14.6 101
AA6016a 70 130 310 16 15
AA6016b 70 100 248 12 14

Table 2. Voce model parameters for the AA5182 and AA6016 grades.
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Figure 3. Measured true stress-strain curves compared to extended Voce model.

coefficient between the test sample and the tool is less than 0.02 and the friction coefficient
between different layers of the sample only play a very minor role. The sample deforms
homogeneously over more than 80% of its volume irrespective of interlaminate (glue) behavior.

Barlat et al. [20] measured the initial yield surface by biaxial compression tests on cubic
specimens made from laminated binary Al-Mg alloy sheet samples. They used an expensive
biaxial compression testing machine. Because of the physical constraints of the loading dies,
their deformation step was limited to a strain of about 0.1. This technique was more costly than
the simple one presented here.

To our knowledge all previous methods (tension, shear, and compression) measure the initial
yield strength but are not very useful for analyzing the strain hardening of the material. The
PSC method is therefore complementary to these techniques, and hence particularly useful for
obtaining large-strain material behavior. However, very thin sheets (of thickness less than
1 mm) are also widely used in industry. The stress-strain curves of these sheets are even more
difficult to obtain than the stress-strain curves of the larger 1 mm ones. Determining the
minimum layer thickness that avoids instabilities and gives reliable results in plane strain
compression would be interesting for ultra-thin sheets.

For ductile materials, damage consists of void nucleation around intermetallic particles. These
cavities grow and coalesce up to the development of a crack and sample failure. Historically,
hole growth and coalescence have been analyzed by unit cell calculations consisting of finite
element simulations on a representative material element containing a single void [4, 21, 22].
During deep drawing or cutting operations local tensile and shearing strains up to 200% are
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reached. As a consequence, to satisfactorily simulate and thoroughly analyze shaping opera-
tions, the following material description is needed:

1. The o(e) curves for large deformations up to 200%;
2. The local strain at failure in tension;

3. A definition of a damage variable and the determination of its critical value for complex
stress-strain paths accurately corresponding to shaping operations.

The present section outlined some experimental procedures for determining large-strain o(e)
curves. The following will offer an approach for measuring the strain to failure by simple
tensile test on sheet material specimens [23-25].

2.2. The strain to failure in sheet metal

Historically, ductility is defined by the area reduction at failure (In(A,/Ay)) in a tensile test. A,
and A, designate respectively the initial and final cross-sectional area. Siebel and Pomp [23]
and Bridgman [26] developed expressions for the true stress-strain curves in the neck of
axisymmetric tensile specimens. Subsequently Needleman [27] and Le Roy et al. [6] studied
the necking of axisymmetric specimens by finite element analysis. In uniaxial tensile tests on
ductile rate-independent sheet material, plastic instability and flow localization occurs just
after the maximum load when diffuse necking starts. But, after the onset of a diffuse neck,
deformation continues under a falling load until the development of a localized neck then
ductile fracture [28]. Secondary strain localization depends on the shape factor (width/thick-
ness) of the tensile test-piece and the material strain hardening [29]. Large width/thickness
ratios and small strain hardening parameters lead to localization in the width of the specimen.
Whereas, small width/thickness ratios and large-strain hardening parameters cause through-
thickness localization.

As mentioned previously, most aluminum automotive alloys contain large amounts of inter-
metallic phases. Figure 4 shows typical micrographs of the two AA6016 grades [30]. These
contain Fe,,Al, or Mg,Si particles. Void nucleation and growth around intermetallic particles
may occur [31] and eventually failure happen.

Ductile failure is largely controlled by stress triaxiality at the core of the sheet even though this
is often considered in two dimensions. The stress triaxiality T corresponds to the ratio between
the mean stress o, and the equivalent von Mises stress &

Om

T= 6)

Kl
Void growth during overall straining was shown to increase exponentially with the stress
triaxiality. Early models describe the growth of a single cavity in an infinite elastic plastic solid
[2, 3] or an infinite viscoplastic solid [32, 33]. Finite void volume fractions were addressed first
by the plane strain analysis of Needleman [27] representing a square array of cylindrical voids.
Gurson [5] determined an analytical expression for the stress potential of a spherical volume
of elastoplastic material containing a concentric spherical void. Tvergaard [34] used an

209
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Figure 4. FEG-SEM pictures showing the typical microstructure of the two AA6016 grades: a (a,b,c) and b (d,e f).

axisymmetric cell model to represent a periodic array of spherical holes. All these models can
be summarized by expressing the void volume growth as follows [35]:

%?) = Aexp (aexp (T —1/3)¢,) (7)
€p is the equivalent plastic strain of the material surrounding the void, V, the initial and V the
current void volume. A is constant depending on the model chosen. The coefficient o may take
rather complex expressions in the different models. Nevertheless, the cavities grow exponen-
tially with the plastic strain when stress triaxiality T is larger than 1/3. The fundamental role of
the stress triaxiality parameter will be discussed hereafter.

Bacha et al. [36] ran tensile tests on the previously mentioned AA6016 alloys. Figure 5 shows
the initial sample geometry and the shape at failure. Tensile tests on sheet metal (rectangular
cross-section) obviously cause heterogeneous deformation in the cross-section. Due to strain
localization in the minimum section of test samples with a rectangular cross-section, the
macroscopic measurement does not provide satisfactory results. This section presents a simple
method for measuring true strain to failure by simple tensile tests on sheet metal.

The method to determine the macroscopic strain at failure is outlined in Bacha et al. [36]. The
macroscopic strains to failure for both alloys were found equal to 0.67 for grade a & 0.87 for
grade b respectively. In the same work, the local strain field was determined by FE simulation
based on the material behavior characterized by PSC. Figure 6 shows the FE-predicted geometry
of grade a sample at failure and equivalent plastic strain (¢p) in the minimum cross-section. The
center of the specimen exhibits a maximum plastic strain of 0.91, much higher than the macro-
scopic value. The second illustration in Figure 5 corresponds to the stress triaxiality distribution.
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Figure 5. Tension specimen (width w = 1 mm), the thickness (t = 1 mm) corresponds to the thickness of the rolled sheet
and height (1 = 32 mm). (a) Initial shape, (b) optical view of cross-section after failure and (c) specimen close to failure.

Figure 6. AA6016 grade a. Finite element simulation results: overall specimen shape at failure. Equivalent strain and
stress triaxiality maps in the minimum section.

Seeing the primary importance of this parameter on damage severity, the variation in the cross-
section highlights the damage development in the center of the specimen.

As ductile void growth rate increases exponentially with stress triaxiality, small errors in the
estimation of triaxiality lead to large differences in the cavity growth rate and poorly predict
material ductility. Even for materials with constant strain hardening, Bridgeman’s analysis of
the stress triaxiality in axisymmetric tensile specimens may not be extended to tensile speci-
mens with rectangular cross-sections.

According to the present analysis, the strain and stress gradient in rectangular cross-section
tensile specimens of is clearly larger than in axisymmetric samples. For material ductility
analysis, the local stress-strain in the central area has to be known precisely. The classic
Bridgman model was developed for axisymmetric specimens and therefore underestimates
the stress triaxiality at the center.
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The center stress and strain depend on the pre and post-necking material behavior. The
influence of hardening and the post-necking strain on test-piece center stress and strain may
be analyzed separately only for constant strain hardening. Only for these academic material
laws, the area reduction may be used to predict the center stress and strain. For actual
materials with variable strain hardening, the influence of the post-necking strain and material
behavior on the stress and strain field in the specimen center may not be separated. Hence, the
macroscopic strain given by the area reduction in the minimum section may not be used to
characterize the strain and stress in the center of the piece, nor to define material ductility. The
extrapolation of o(¢) determined by tensile tests to large-strain behavior predicts erroneously
ductility. To determine correctly the true ductility of the material in question, the o(e) curves
have to be measured previously by compression tests (Section 2.1) and the tensile test has to be
analyzed by FE-calculations.

Obviously, the values predicted for the strain at coalescence and the experimental values of the
failure strain are very close. Including damage during the tensile test prior to cavity coales-
cence by a Gurson-like model is possible in principle. But damage prior to void coalescence
only slightly affects the projected values of strain at coalescence. In addition, the parameters
required as input for a modified Gurson model are not yet well established. Moreover, in
present alloys, secondary void nucleation and growth around smaller particles may be
observed and have more influence. Precisely taking into account this secondary cavity coales-
cence requires a robust model for void nucleation. With a minimum of reasonable and verified
assumptions, the local strain in the specimen center at failure should be predicted very accu-
rately. Sheet metal large-strain behavior was obtained by PSC (Section 2.1), and the strain to
failure by a simple tensile test (Section 2.2). Most shaping or forming operations correspond to
straining under small stress triaxiality. The ductility (strain to failure) under such loading
conditions will be analyzed next.

3. Damage development in sheet metal trimming and hemming

3.1. Metal ductility at low stress triaxiality

Large stress triaxiality values (T > 0.4) decrease the fracture strain (ductility). Thus, during the
last 20 years, most research efforts dealt essentially with medium to high stress triaxiality
loadings. But, in many forming operations, the material is submitted to large compressive or
small tensile loads corresponding to negative or small stress triaxiality loadings. In this con-
text, Bao and Wierzbicki [37] deformed an AA2024 alloy under various stress-strain paths
covering small and large values of the stress triaxiality; their results are summarized on
Figure 7 [30]. The high stress triaxiality results are well described by the damage models
outlined in Section 2. However, when stress triaxiality is small, these approaches significantly
over-estimate the strain to failure and hence cannot forecast forming limit diagrams.

Bacha et al. [30, 38, 40] analyzed shearing of the two AA6016 sheets characterized previously
in PSC. During trimming or hemming of heterogeneous materials, the second phase particles
undergo large displacements. Figure 8a and b illustrate the microstructural changes observed
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Figure 7. Strain to failure as a function of the stress triaxiality as measured by Bao and Wierzbicki [37] and predicted by
Bacha et al. [30].
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Figure 8. Shearing of an AA6016 grade a sheet. (a) Overall shape, (b) intermetallic particle orientation, (c) simulated
overall shape, and (d) simulated intermetallic particle orientation.

and subsequently simulated during cropping of a AA6016 grade a sheet. The intermetallic
particles (Mg,Si) are initially aligned in the rolling or transverse directions (Figure 4). The
shearing (Figure 8a) generates significant rotations and smaller particle distances (Figure 8b).
Nevertheless, the broken particle matrix interface lost its load carrying capacity. Hence, subse-
quent failure occurs due to the reduction of inter-particle spacing and subsequent strain
localization. Based on Thomason’s void coalescence model [41], Bacha and co-workers [30]
developed a method to describe strain localization due to reduced inter-particle spacing after
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large material rotations. Figure 8 highlights the comparison between experimental and FE-
predicted particle orientation. The corresponding damage criterion, valid at small stress triax-
iality and large material rotations, is applied to trimming in the third section.

3.2. Trimming of aluminum automotive sheets

After stamping, the final shape of car body panels is achieved by cutting or trimming. Metal
cutting is a complex three-dimensional process [42]. However, the physics of this process can be
understood by a 2D model. Early work on blanking used macroscopic analysis. Deformation
localizes in a small band below the blade. Its width is controlled by the material. At the beginning
of the cutting process, the stress in the sheet corresponds to simple shear. During the cutting
process, tension stress increases [43, 44]. However, to properly analyze the stress-strain concen-
trations close to the blades observed in the actual process, a finite element model is essential. The
three principal parts of a trimming machine are the blade, sheet and die (Figure 9). Other
elements may also be added like a blank holder, and sometimes a scrap holder to prevent sheet
bending. The following parameters describe the geometry of the plane cutting process:

e  Sheet thickness T,

e Cutting angle «, i.e., the angle between the sheet normal and the direction of blade
displacement

®  (learance C between the blade and the die, i.e., the distance between the cutting section
and the die

¢ Blade (Rpjage) and die radii (Rg;e),
¢ Blade displacement U

Cutting a sheet generates a work piece and scrap. Here, the work piece is maintained under the
blank holder after cutting. Trimming or cutting an infinitely ductile material with no clearance,
would generate a straight cutting path. Actually, the presence of the clearance and finite material
ductility produce more complex cutting paths with various characteristic zones (Figure 10):

Blank holder

Blade

Rblade

Figure 9. Schematic of the planar sheet trimming process.
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Figure 10. Schematic representation of plane trimming process. Cut generating slivers (a), cut profile without slivers
(b) [40].

* Roll-over (height A,,) corresponds to elastoplastic shearing of the sheet material,
®  Sheared zone (height A,) corresponds to indentation of the sheet material,

e  Fractured zone (height Ag,),

e Burr (height Ay,,,,) depending on the crack path at the final stage of the process.
Two other crucial geometrical parameters associated with the cutting path are:

¢ Blade displacement at crack initiation Uy,

*  Angle between the fractured zone and the blade displacement direction 3

During the trimming process, small filaments of hardened material called slivers may be
produced (Figure 10b). Li and co-workers observed sliver generation when cutting
AA6111T4 and AA6022T4 alloys [45-47]. Figure 11 shows slivers observed when shearing
the AA6016 (grade a) sheet [38].

Bacha et al. [38—40] characterized the trimming of two steel alloys (1 and 2), plus a 5000 series
and three 6000 series aluminum alloys. In order to analyze the influence of the material
behavior on the crack path, the tool geometry was aligned to a reference configuration. The
values of the parameters of the following industrial tool set-up are frequently documented.
The clearance C, the blade (Rpjage) and die (Rg;e) radii were respectively 5, 5 and 10% of the
sheet thickness T. ({c, Rpjader Raie} = {0.05, 0.05, 0.10}). The cutting angle a was zero, and no
scrap holder was used. Figure 12 shows the corresponding fracture surfaces. The results prove
that sliver generation is related to small values of the sheared zone Ag,.

Cutting AA6016 (grade a and c) alloys, in the reference tool configuration, induces slivers.
Thus, the parameters controlling the tool geometry were changed. The results show
that enlarging the blade radius (Rpjge = 0.3) as well as an increase of the cutting angle
(a = 20°) or the use of a scrap holder completely prevent convex cracking (Figure 13).
Increasing the clearance does decrease the blade-bulge interaction but does not completely
prevent slivers.

The clearance and the scrap holder influence the specimen sheet geometry. All other parame-
ters influence directly the height of the sheared zone Ag,. The height of the sheared zone Asz
depends on the blade displacement at crack initiation Ug:

215
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Figure 11. Example of slivers generated on a AA6016 (grade a) sheet.

Figure 12. Fracture surfaces of trimmed alloys. The shear zone height decreases from a to f: (a) steel 1, (b) AA5182, (c)
steel 2, (d) AA6016 (grade b), () AA6016 (grade c), (f) AA6016 (grade a).

Uf o Asz + Ary + Rpjage

EAy t ®)

The experimental results reveal that small values of the blade displacement at crack initiation
(uf < 0.3) lead to convex cracking and slivers proliferation. Conversely, if us is larger than the
threshold 0.3, no convex cracking is observed. Bacha et al. [38—40] confirmed this by the finite
element model outlined in Section 3.1.

During trimming, the material undergoes locally severe rotations leading to a rearrangement
of the intermetallic particles and consequent strain localization. This localization controls the
blade displacement at crack initiation and hence both the crack path and sliver production.
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Figure 13. Influence of the tool geometry on the fracture surface of AA6xxx-b: (a) reference geometry, (b) increase of the
blade radius, (c) increase of the cutting angle, (d) use of a scrap holder.

In the next section, we address hemming, another process essential to sheet forming that leads
to significant strain localization.

3.3. Hemming of aluminum automotive sheets

Bending is important in the shaping of complex parts and also critical in the attachment of
outer skins to inner sheet panels by hemming. Appropriate strength levels for automotive
aluminum panels are achieved by a combination of alloy conception and thermo-mechanical
treatments [48, 49]. Several experimental studies underlined the influence of alloy composition
on bend performance of Al 6xxx automotive sheet [50, 51]. The bendability has been shown to
decrease with increasing copper, iron and Si content.

Most theories attribute bending damage to the development of surface roughness and intense
strain localization. Several authors conclude that shear bands initiate at points of strain con-
centration induced by initial thickness heterogeneity [7, 52, 53]. Other authors have analyzed
the effects of thermal softening on shear banding. Crystal plasticity simulations have also been
used, essentially to analyze the effect of particular textures on the formability and bendability
of sheet metal [28, 52, 54-56]. Probably the chief consensus of these studies is the close
relationship between surface roughening and strain localization. But strain localization is
difficult to characterize experimentally. Therefore, most experimental studies have compared
different alloys based on macroscopic measurements (bend angle), whereas theoretical dam-
age analyses focus on local behavior (shear band pattern).

Several tests to characterize bend performance have been described in the literature [57, 58].
Mattei and co-workers [59, 60] characterized bendability of 6016T4 sheet metal by the stan-
dardized Daimler-Chrysler (DIN 50 111). The test set-up is shown in Figure 14. During the
bend test the applied force F and the punch displacement U were recorded continuously.

Figure 15a shows a typical load displacement curve for the 6016T4 sheet with a punch
displacement at failure Us of 12.8 mm and a minimum bending angle (3¢ of 28°. The apparent
rigidity (dF/dU) plotted in Figure 15b exhibits a clear maximum at 0.92 U;. A crack develops
“suddenly” at a punch displacement of 0.92 U; corresponding to the maximum of the overall
rigidity [60]. Crack formation during a standard bend test occurs when the overall rigidity
attains a maximum.
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Mattei et al. [60] compared the bendability of samples with an industrial surface finish and
mirror polished samples. Initial surface roughness (undulations) favors the strain localization.
But eliminating the surface roughness at an intermediate bending angle does not enhance
the bendability compared to an initial mirror surface finish. Figure 16 shows an optical

Figure 14. Bending test overall view according to DIN 50 111.
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Figure 15. Standard bending test on AA6016 1 mm sheet. (a) Typical load displacement and (b) rigidity displacement
curve.

Figure 16. Optical micrograph of the initial microstructure (a) and after bending to failure (b).
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micrograph of a sample bent to the minimum bend angle. Strain localization leads to signifi-
cant changes in grain shape and orientation. Grain rotation and deformation at the outer
surface lead to surface undulations. This experimental work clearly shows that through-
thickness strain localization controls damage development during AA6016 sheet bending.

Mattei et al. [61] developed a finite element microstructure based model of the standard
bending test to predict strain localization. The sheet metal is modeled as a grain aggregate,
each grain with its own flow stress. This simple model facilitates industrial AA6xxx
sheet alloys conception by correctly describing the respective influences of sheet thickness,
grain size and shape, and work hardening. In particular, this model brings out the primary
importance of large-strain hardening and the flow stress spatial distribution. It can be used to
furnish simple guidelines for designing highly bendable sheet metal.

4. Conclusion

First, we showed PSC, a relatively easy and reliable method for determining large-strain (o,¢)
curves on sheet metal. In other words, layered sheet metal samples can be deformed in channel-
die (plane strain) compression up to strains of 120%. Then, the strain to failure was discussed,
based on an extension of the well-known Bridgman’s model, to specimens drawn from sheet
metal, exhibiting a rectangular cross-section. This thorough, but non exhaustive discussion of the
material behavior, was followed by an analysis of strain localization during sheet forming. The
main factors controlling strain localization and consequent damage were offered.

A new damage criterion by Bacha et al., particularly suited for small stress triaxiality and large
material rotations was introduced. This predicts perfectly hemming behavior. Finally, the
chapter finished with a novel analysis of hemming. Clearly, strain localization defines hem-
ming limits. This hemming model (based on sheet geometry, grain size, and PSC measured
large-strain behavior) is a powerful tool for alloy design.
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