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Department of Mechanical Engineering, Flanging is a commonly used sheet forming operation to increase the stiffness of a sheet
Northwestern University, panel and/or to create the mating surface for subsequent assemblies. This paper presents
Evanston, IL 60208 an energy approach to predict the onset of wrinkling during a shrink flanging operation.

A curved sheet model is established to obtain the critical buckling stress in terms of stress
state, geometry properties and material properties. The predictions of wave number agree

Ming Li well with the experimental results. The results indicate that the sensitivity of wave number
Alcoa Technical Center, on the plan view radius (PVR) increases as PVR decreases, and the wave number de-
Alcoa Center, PA 15069 creases with the increase of flange length. The critical flange length is significantly influ-

enced by PVR, sheet thickness and material work-hardening, and is not sensitive to
material strength and anisotropy[DOI: 10.1115/1.1381397

1 Introduction plate under uniform tension on its inner edge were studied by the
In the manufacturing of automotive panels such as hoods, d cq(mbination of the Kantorovich method and the Galerkin method
. X S: 98f%yy and Zhand7], Zhang and Y{8].
lids, fenders and quarter panels, a flange operatiég. 1) iS  The energy method has been another widely used analytical
commonly used to fold the edge of a sheet metal part to increagshroach to investigate wrinkling problefis-17]. Theoretically,
the stiffness of the panel and/or to create the mating surface {§e energy method cannot guarantee a necessary and sufficient
subsequent assemblies. Flanging is performed after the drawitgution if the deformation system is nonconservative, which is
for almost all sheet metal parts. In general, flanging has thrgest the case of plastic wrinklingvu and Zhand 18]). However,
different plan view curvatures, i.e., straight, concave and convekjs method has its merit as relatively easy to be implemented to
as illustrated in Figs. 1 and 2. Wrinkling, tearing and surfacearious geometry and deformation patterns. Therefore, this
distortion are major defects which may occur in those operatiorigethod is applicable especially when experimental verification is
In the case of concave flanging, the outer edge is stretched lead@vgilable. Recently, Wang and CBtb—17) proposed a wrinkling
to possible fracture failure. In convex flanging, wrinkling can bériterion for side-wall wrinkling in sheet metal forming consider-
problematic in the flanging area as the outer edge is compres&gthe boundary restrictions of the examined area. This approach
when the punch moves down to deform the material. TheléS applied to the cases of straight side-yaB], curved wall

wrinkles can significantly reduce the assembly accuracy. Furth%‘f'—thb?n infinite curyaturebln gnog)er dlreg}nﬁm],%nd shg_et with
more, wrinkles are sometimes presged ironed out when the ouble curvature, i.e., tube bending problgri. The predictions

. . ree very well with experimental results in all the cases exam-
clearance between the punch and the die is small. This comp ad y P

cgtes_ the_ deformation hist(_)ry and generates an uneven _str_ess diﬁﬁ-the present paper, the energy method will be applied to ex-
tribution in the sheet, which makes the accurate prediction gfnine the wrinkling in shrink flangin¢Section 2, which provides
springback(or distortior) extremely difficult. Therefore, an accu-a stress-based criterion for the onset of wrinkling. Based on the
rate prediction of the wrinkling in shrink flanging is crucial inenergy equalities calculated for a curved sheet, the critical buck-
assisting design of tooling and forming processes. ling stress is obtained as a function of material properties and
Past study on shrink flange wrinkling includes the work bgeometrical dimensions in shrink flangit@ection 3. Finally, the
Wang et al[1] who studied axisymmetric shrink flanging. Theybuckling modes predicted from our analytical model are compared
applied bifurcation analysis of a double curvature sheet develop&@h our experimental results in aluminum shrink flanging tests
by Hutchinson and Neal&], and Neale and Tiay [3], where the (Section 4. Discussions on the effect of material properties and
Donnell-Mushtari-Vlasov (DMV) shell approximations were
adopted. In their approach, wrinkling was assumed to occur only
along one principal axis, i.e., the hoop direction in the free edge of
the flanging area. The methodology they used, plastic bifurcation
analysis, is one of the most widely used analytical approaches to
predict the onset of wrinkling and used by many authors, e.g., Chu
and Li[4]. A recent review on using this methodology to predict
wrinkling can be found in Tvergaard].
Other than bifurcation analysis, Zhang et [@] used a modi-
fied adaptive dynamic relaxation approach to investigate plastic
wrinkling in the conical cup with an axisymmetric model. This
method allows a complete analysis including pre-failure deforma-
tion, prediction of wrinkling and post-wrinkling deformation.
Nevertheless, it is difficult to apply this theoretical analysis in 3-D
sheet metal forming with complex geometry and boundary condi-
tions. In addition, both elastic and plastic wrinkling of an annular
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straight Concave/stretch Convex/shrink
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Fig. 2 Types of flanging processes

geometry on the wrinkling are also given in Section 4. The results 1

obtained from this work are being utilized to predict springback EHBZE(UQ,,@“ Ug, o) T DopW

distortion in shrink flanging and will be reported later. 3)
Ka,B: _W,aﬁ

2 Wrinkling Criterion where a comma denotes covariant Fjerivative With respect to sur-
) ) ) o face coordinatesx( ,x,), u, are the displacements in the in-plane
This section focuses on the investigation of the onset of shegfection (x;,x,) andw is the buckling deflection normal to the
wrinkling in the shrink flanging process. The prebuckling state ifiddle surface of the sheeb,,; is the curvature tensor of the
the region examined for wrinkling is assumed to be a membrag@ddle surface in the prebuckling state. A 3-D constitutive law in

and the shear strains and stresses are ignored in the analysis ﬁl - L :
) o0 . the' form of =L is adopted, where the tangential
the formulations are developed within the context of thin plate an Tap™ “aBry®ry 7op 9

shell theory. The thickness of the sheet and the stress stafdduli under plane stress condititn,, are defined in the Ap-

through the thickness are assumed to be uniform before bucklif§ndiX- . .
The strains are expected to be small in the flanging area. Thender the assumption of DMV thin plate and shell theory, by
characteristic wavelength is large compared to sheet thickness 23g1Ming the virtual displacements=0 and using the deforma-
yet small compared to the radii of the sheet curvature so that &1 theory, the incremental internal energy of the sheet can be
strain measures given by the Donnell-Mushtari-viagpmy) —derived as
approximations can be adopted. Also, the deformation theory of 3 [(— t[—
plasticity is employed in the analysis by assuming proportional AU= — LaBKyW KyW «pd S+ _f Laﬁwbaﬁbedes (4)
loading before buckling. 24) s e 2)s
In the energy approach employed by Wang and CHg, a
wrinkling deflection form in the normal direction is assumed, an
the critical buckling condition can be obtained by equating the
incremental internal energy of the buckled platd), and the N
work increment produced by the in-plane membrane forads,
If the incremental internal energy for every possible assumed de- - -
flection is larger than the incremental work done by the membrane AT= Ef (NywWi+Now5)dS ®)
forces, the sheet is considered to be under a stable equilibrium S
condition. Hence, the stability condition can be defined as For a thin sheet, the boundary condition or continuity condition
AT<AU 1 along the edges of Fhe region_ being e_)_<amined for wri_nkl_ing
strongly affects the critical buckling condition, as the admissible
To obtain the internal energy for every possible assumed dgeflection mode can be differeft6]. By appropriately choosing
flection, the formula for a general double curvature sheet wettee deflection form to reflect the boundary restriction in forming
derived in Wang and C&d.6]. Choose the surface coordinates operation and equating the enerdy) =AT, the critical condi-
andx, to coincide with the principal curvatures of the shell withtions can be calculated as a function of the in-plane stress, mate-
X3 denoting the normal to the undeformed middle surface. At thi@l properties, and the geometrical parameters.
instant of buckling, the in-plane components of Lagrangian strain
tensore .z at a distancex; from the middle surface of the curved

sheet can be approximated by 3 Buckling Condition in Shrink Flanging
e4p=EaptXskap 2)

here S is the area of the sheet middle surface over which the
rinkles occur.

The incremental external work done by the membrane forces
«a» acting on the middle plane is represented by

Stress and Strain States in Shrink Flanging. In a shrink
where the Greek indices range from 1 td&2,; and«,,z represent flanging operation as shown in Figs. 2 and 3, a compressive stress
the stretching and bending strains defined as in the hoop direction develops in the flange area as the material at

Rolling Direction

Nominal flange
length f; =R-Ry

Flange Breakline

Plan View Radius Ry Blank Radius Ry

Flange area

Fig. 3 Top view of an undeformed blank in a shrink flanging process
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the original radiusR, is folded to a smaller radiuR; . The cir- Side view

cumferential straire , in the outer flange edge can be calculated L ON6.2
R+ f,sing ~ R
gp=In| ——— (6) 0
RO ,// Ny

wheref, is the nominal flange lengttiFig. 3) and 3 is the folding
angle(Fig. 4). The flange section is treated as a plane stress prc
lem, i.e.,o,=0. For simplicity, the thickness variation during the
flange section is ignored. Also, considering the fact that the blai
is wide enough, the hoop strain is assumed to be uniform by ) )
neglecting the boundary effects. The material’s hardening behav- Fig. 4 Schematic of a curve sheet model
ior is modeled with the Voce’s lawr=A—Bexp(—ce), which
describes aluminum alloy materials very well. Hill's 1948 yield - - .
criterion is employed to describe the normal anisotropic behavipndition(shown in Fig. 4. The sheet is compressed by the force
of the material. The anisotropy parameReis defined as the ratio Uniformly distributed along the hoop directiaih=0 and 6= 6.

of plastic strain in the width direction to the through-thicknesSOnsidering the possible failure modes, the boundary conditions
plastic strain in a uniaxial tensile test. Correspondingly, the a| f the curved sheet model are assumed to be simply supported at

| h h fl e sidesf=0, andf,, andr =R, under which the experiments
ilgdcagobpe Zt:iisédatast e outer edge during flanging, where were performed, and the outside edBg=R;+ f;sin B is as-

sumed to be free. Therefore, the deflection surface of the buckled

2(1+R) R¢+f,sin B plate can be represented by the double sine wave as
T applie=A—Bexp —c 172R In
Ro (mmwé\ [ nw(r—Ry)
. . . W= W¢gsin sin - (8)
This stressp ppiieg, COrresponds to the maximum compressive 0o fising

hoop stress in the flange sheet and will be compared with th
critical buckling stressg,, as calculated below. Wrinkling is .
assumed to occur whem,p,eqis greater thamr, .

w%erewo is the amplitude of the deflectiomis the wave humber
n the compressive hoop direction, ands the wave number in
the radial direction.
Critical Buckling Stress. This problem can be simplified to  From Eq.(4), whereb,, =0 andb,,= 1/r, the strain energy of
be the buckling of a curved flange sheet under a plane stréke sheet is obtained as

( W)2+f Z(zﬂiﬁz_v'v)izf ﬁi‘v(&%iﬂ)
fJ 222 rarz r2 962 21122¢9r2 ror r?96° cdrdo ©
|—1212(1 7w _i&_W) +1_2|—2222(ﬂ)
rorae r2 96 t2 r

For such a curved sheet undergoing the uniform field of a com- n\?
pressive stressy,, in the hoop direction and a zero tensile stress, A= 772(—> sin a (13a)
o,, in the radial direction, the stress resultants are expressed as
Ni;=—to,=0, Ny,=—to,=0, and the work done by the mem-

2
brane forces acting in the middle plane is given by A 1 n)COSa 77( m) sin (13)
== — G
f r2\ 6
t [fo (Ru 1 0w l °
AT:_E Ogl —— rdrd @ (10) n 2 1/n alm 2
o Jre \T d6 Az=—|—| sina| =| —|cosa— —| —| sina| (1)
By equating the energies calculated from E. and (10),
AU=AT, the critical value of the compressive stress becomes T nm 1m .
A4:——— o0sa— — —sina (13d)
2 rf 6 r< 6o
Ucomp:—(fa:l—zl—u (11) wherea=nmu(r —Ry)/(fsin B).
[

The critical buckling stressr,,, is the smallest value among all
the o ¢omp Obtained from Eq(11) whenm andn vary. It is found
numerically that the minimum stress exists whreaquals to 1/2.

2 Therefore, the wave numben,, corresponding tor undern
.l IR“} sina dr (12) ~ Y2 s the critical wave number defined in this paper. It can be
v Ry seen that .z, are functions of the stress compone(gse Ap-
pendi¥, which indicates that Eq.11) is an implicit function of
J'Ru _ _ _ _ the critical buckling stress, therefore numerical iteration is needed
| =

where

to

(L1naA1+ LogoAo+ 2L 110A3+ 4L 12 Ag)r dr to obtaino,.

(12b) Assessment of Wrinkling. The onset of wrinkling in shrink
flanging can be easily assessed after calculating the applied hoop
with stress in the flange sheetqpicq, from Eq. (7) and the critical

Ry
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Input material properties and
geometry parameters

)

Calculate strain and stress Gapplied in Egs. (6-7)
as initial Gigpys

oy

[ Calculate tangential moduli using Eq. (A4) J

Y
[ Find the minimum buckling stress 6., and the

corresponding my, for various m in Eq. (11)

Fig. 6 Flanged panels of AA6111-T4 with PVR of 500 mm and
flange lengths of 10 and 15 mm

Ceal < Gapplied

N N press punch travels progressively. Tables 2 and 3 present the com-
parisons of the predicted and experimental wave numbers under
various nominal flange lengths for materials AA6111-T4 and
Y AAB022-T4, respectively. The nominal flange length is defined as
y .. . . . .
] the original blank radiu®, minus the flange breakline plan view
Qbmm wave number m ) <N0 wrinkling > radius,R; . It appears that the predictions agree very well with the
experimental observations. In a total of 36 cases examined, exact
predictions were obtained in 24 cases and the predictions were off
by only 1 wave number in most of the rest cases. It is worth
mentioning that the experimental data were made available after
] ) the analytical predictions had been completed.
buckling stressg,, from Eq. (11). If oappieq €XCEEASTC,, WrIN- In the paper by Wang et dl1], a wrinkling criterion based on
kling occurs. Assuming thalt , 5., monotonically increase with the bifurcation analysis was applied to shrink flanging problem.
the hoop stress, the predictions of, and the corresponding Their predictions on the onset of wrinkling at the flange edge
wavelength can be simplified as follows and illustrated in Fig. ®greed favorably with three experimental cases. In their approach,
Step 1: The stressgpieqin EQ. (7) is taken as an initial input wrinkling was assumed to occur along one principal axis, i.e., the
Tinput t0 Calculate the instantaneous moduli in E&4). hoop direction, and the stress states were assumed to be uniaxial
Step 2: The corresponding critical buckling stress,, is ob- compression. The critical wave number was obtained as
tained as the smallest value among all thg,, obtained from Eq.
(11) whenm varies anch=1/2.
Step 3: If oy is greater than the calculated,,, repeat pro- ) )
cedure 1-2 by decreasin@ipy Until |oinpu— ocal is within a Table 1 Material Properties of AA6111-T4, AA6022-T4, and
specified tolerance. Thus, the finaly is the critical stress, and AKDQ steel

Fig. 5 Flow chart for obtaining wrinkling wave number

the corresponding wave number, is the critical wave number | Material Gy(MPa) | A(MPa) [B(MPa) | C KMPa) |n_ e |R

presented in the following section. AAGULTA 11910 14175 12303 8624 0.679
AA6022T4 | 1786 13928 [2181 | 8.663 0.738
AKDQ steel | 172.55 522 022 [0 | 155

4 Results and Comparisons

The validation of the wrinkling criterion proposed above wag ;. » Comparisons of wave number between predictions
investigated by comparing the predictions with shrink flanging,q experiments for AA6111-T4
experiments obtained by ALCOA as shown in Fig. 6. The material
used in the experiments was currently the most common alur
num alloy for autobody applications, AA6111-T4 and AA6022|PVR=500 mm

T4. Both sheet materials are 1 mm in thickness, which is tt -
typical gage used in North American automotive production. Tt mﬂ

material properties are listed in Table 1, where the sheet rolli|pvR=1500 mm | N TN T ;
(No ljustseen [8 |5 |

PVR=1000 mm

direction is in the radial direction as shown in Fig. 3. The exper
ments were performed on dies with flange breakline plan vie| PVR=2000 mm |
radii (PVR) of 500 mm, 1000 mm, 1500 mm, and 2000 mm. Thi
widths of the blanks were 356 mm with their shapes cut to the
flange breakline plan view radius plus 5, 8, 10, 12, 15, or 20 mm.
Three duplicate tests were conducted for each data reported in flable 3 Comparisons of wave number between predictions
paper. The buckling modes were found to be very repeatabf®d experiments for AA6022-T4
Figure 6 shows flanged panels of AA6111-T4 with PVR of 500
mm and flange lengths of 10 and 15 mm.

As observed in the experiments, the waves occur at a very early

stage. Even at this early stage, the positions of the waves have| PVR= | No. | No. o ((No. /No §i8 15 |

been established. Only the amplitude of the wave increases as the 2000 mm | Exp No |No No [No|5-6 |45
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Fig. 7 Wave number versus plan view radius for AA6111-T4

with a flange length of 20 mm Fig. 9 Critical flange length under various plan view radii

(PVR) for AA6111-T4 and AKDQ steel
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The effect of thickness on the wave number is also investigated,
Using the above equation to study the cases examined in i d the results are shown in Table 4. For both aluminum and steel
work, it is found that the wave number is almost independent eets, the wave number is almost independent of sheet thickness.

flange length, which is close to 3 for AA6111-T4 with a PVR o owever, sheet thickness significantly affects the onset of wrin-
500 mm. HO\;VGVGI’, this prediction is not consistent with the e ding during §hr|nk flanging. F'gwe. 10 ShQWS that the critical
perimental observations, as shown in Tables 2 and 3. lange length increases as sheet thickness increases.

Material Effects. The results in Tables 2 and 3 indicate that
5 Discussions the wave numbers vary only slightly with materials AA6111-T4
and AA6022-T4. Other than aluminum, AKDQ sheet steel with a
Geometry Effects. The three most significant geometry paPVR of 500 mm was also investigated and compared with the
rameters on the wrinkling analysis are flange breakline plan vigyedictions of AA6111-T4 in Table 4. All the geometry param-
radius(PVR), nominal flange lengtiR;, and sheet thickness. As eters were kept the same as those for AA6111-T4. The material is
shown in Tables 2 and 3, wave number has weak dependencycracterized by the power law=K(e+z,)", and the param-
the plan view radius. It needs to be pointed out that this tendengjers are displayed in Table 1. It appears that the steel material has
only holds when plan view radii are relatively large, like the caseg few more wave numbers than the aluminum material. In addi-
studied in this paper. The sensitivity or dependency of wrinklingon, it is shown that AKDQ steel has a slightly higher critical
on PVR increases as PVR decreafE3]. Wrinkling can be ex- flange length compared to aluminum 6111-T4 as shown in Fig. 9.
tremely sensitive to the change of the plan view radius when thggure 11 represents the effect of power expomeni the critical
plan view radius is very small. This tendency is demonstrated flange length. Generally, the critical flange length increases with a
Fig. 7, where the wave number is presented versus the plan Vigighern. However, it is found that material strengthand anisot-

radius for AA6111T4 with a flange length of 20 mm. ropy parameteR have insignificant effects on the critical flange
For the plan view radii studied in this paper, the wave numb@sngth.

predominantly depends on the nominal flange length. As shown in

Fig. 8, the wave number decreases when the nominal flange length

increases. Figure 9 shows the critical flange length under various

plan view radii. The critical flange length is defined as the min'LI-.alble 4 Comparisons of wave number between AKDQ steel
mum flange length at which there is no occurrence of wrinkling, 4 Aa6111-T4 aluminum

during a shrink flanging operation. The critical flange length in-
creases with plan view radius, since the maximum strain at the fmm) |5 18 |10 |12 115 |20 |30
outer edge depends on the ratio of flange length to plan view | AA6111-T4 tf(l)’;‘gn E" }2 ig }i g ; :‘5
radiusR; [Eqg. (6)], where the stress determines the onset of wrin- 12D 7omm | 20 5
7

w

: ARDQsteel | t=lmm | No | 13 | 10-11 |9 5634
kling [Eq. (7)]. 1=0.75mm | No | 13 | 10-11 |9 563

20
3
£ 3
8 157 £
=]
E g
c 10 2
=]
s — g
= 54~ 4 — Predictions =
[}
—&— Experiments 2 2 —¢—AAB111-T4
0 - ‘ , . | 4] — # — AKDQ steel
0 . . : .
0 5 10 15 20 25 0.5 0.7 0.9 1.1 1.3 1.5
Nominal flange length (mm) Sheet thickness (mm)
Fig. 8 Wave number versus nominal flange length for Fig. 10 Critical flange length versus sheet thickness for
AA6111-T4 with a PVR of 500 mm AA6111-T4 and AKDQ steel
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= normal deflection
w, = deflection amplitude
external work done by membrane forces
AU = bending energy
o.p = stress components,3=1,2
= strain components
6 = Kronecker delta
= bending strains

oy = initial yield stress
oy,0y = stress components

o = effective stress

0.15 02 025 03 0.35 — X .
¢ = effective strain

Power exponent n 6, = span angle
B = incline angle

Fig. 11  Critical flange length versus power exponent 1 o, ,0, = stress components in curvilinear coordinates
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6 Conclusions Appendix

The prediction of wrinkling in forming processes has been a For a 3-D constitutive law with the form of ,z=L .g.y&«y
challenging topic. The analysis of shrink flanging is simplified ae tangential moduli are given by
the buckling of a curved sheet. The analytical solutions for the
onset of the wrinkling of an elastic-plastic sheet are developed s |1 Vs 1
using the energy method. By defining appropriate boundary con- ikl =77~ 5(5ik5il + 8 dj) + 1_2, 8ij O~ asijskl
ditions, the critical condition for wrinkling is obtained in terms of s s (A1)
stress state, geometry dimensions and material properties through
energy equality. The predictions on the onset of wrinkling agreghere sj is the stress deviator andl; denotes the Kronecker
well with the experimental results from Alcoa as shown in Tablegelta, the secant modull&,= /¢, and the equivalent Poisson’s

2 and 3. ratio vy is obtained from
The effects of geometry parameters, material properties and
sheet thickness on the wave number and critical flange length are ve v 1[1 1
investigated. It is found that the sensitivity of wave number on the F—— + SlETE (A2)
plan view radii increases as PVR decreases, and the wave number Es Es

decreases with increased flange length. The critical flange Ienqltqe

largely depends on PVR, sheet thickness and material parameter

n. However, it is not sensitive to other material properties such as oE

material strengttK and anisotropyR. o _ _ q= [ (1+7v) Tt g
This wrinkling analysis is useful for directing engineering de- 3(Es—Ey)

sign and it also could provide a guideline for model setup or

re-meshing in numerical simulations such that a reasonable wrife tangential moduli for plane stress condition become

kling pattern may be initiated. Furthermore, the enhanced model-

ing method will become a more reliable tool and be beneficial to — L opaalsacy

the accurate prediction of springback in shrink flanging. Lapiy= Laﬁkfm (A4)

parameteq is given as

2
‘=
30 (A3)
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