Spring 2008 Lecture 11
SHEET METAL FORMING PROCESSES

Elastic Plane Strain Bending
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Figure 1: Coordinate System for Analysis of Bending
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Let r be the radius of curvature measured to the mid-plane andz the distance of an element from
the mid-plane.
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Figure 2: Strain and stress distribution across sheet thickness. Bending strain (a) varies linearly

across the section. For the non-work hardening stress-strain relation (b), the bending moment

causes the stress distribution in (c). Elastic unloading after removal of the loads resultsin the
residual stresses shown in (d).

Let us here assume an ideally elastic-plastic material (yield stress Y =constant). For plane strain,

Sx+S: Sx

e =0 theflow rule givess, = . With the assumption of thin sheets.=0, we have, s, ==

Substitution of these expressionsin the von-Mises equivalent stress gives, § = \/25 Sx. Thustheyield condition

resultsin the following:
2,
Oy = ﬁ} (4)

To calculate the bending moment, M, needed to create the stress distribution in (c) of the figure

2, we have:
b2 £)2
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For theideally plastic material with anegligible elastic cores. = 7

Y =s. (ap is here introduced

to simplify the notation), and



4

Ef2 12
M = E'rrﬁn_,./ zdz = u'ar,I (6)

Example

A steal sheet, 0.036 inches thick, is bent to a radius of curvature of 5.0 inches. The flow stress

Y= % 33x10°psi (i.e. s.= 33x 10°psi). E' =33x 10 6 psi.

What fraction of the cross section remains elastic?

What percent error does neglecting the elastic core cause in the calculation of the bending
moment

Solution

1. Theelastic strain at yielding isex = ay/E', where E' is the plane-strain modulus,E/ (1 —v2)
The limit of the elastic corewill beatz= rex = rag/E'. TakingE' as33x 106 psi, z= 5x 33 X
10 3/33x 10 6 =0.005in. The elastic fraction is 2 x 0.005/0.036 = 0.28 or

2. To caculate the bending moment, for the elastic portion (O£ z £ 0.005), s.= eE = zE'/r,
and for the plastic portion (0.005 £ z £ 0.018), s =s..

(L0 _ 0.018
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1] ! 0.005
233 x 108 : . . .
= qem.mm}" w+ 33 x 10° (:1.{118j —u.nn.#) w = 10.42w (7)
' o

Using the equation which neglects the elastic core,

) (0.036%) w

M= (:53 % 107 = 10.96w (8)

The error is (10.69 - 10.42) /10.42 = 0.026 or 2.



Let us denote with D@)= (the value of a after unloading) - (the value of a before
unloading), for any quantita . Let us also denote with a ' the quantity a after unloading.

When the external moment is released, the internal moment must also vanish. Asthe material
unbends (springs back) elastically, the internal stress distribution results in a zero bending
moment, i.e.

M+ AM =10 (9)
Since the unloading is elastic,
Ao, = E'Ae, (10)

where, because of plane strain, E' = E/ (1 — V). Thechange in strain is given by

Ae==—= (11)

wherer' istheradius of curvature after springback. This causes a change in bending moment,
DM, of
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SinceM'=M + DM = 0 after springback,

wE't 11 ot
=)t =0 (13
12 (1’" r) 4 115)
The resulting residual stress,
fTi. =g, +Ag, = J”—|—Efi\fr = fTu_EI: (r]_f o :l) = J“—E'-’f (f%})

Thisisplotted in case d. Note that on the outside surface wherez = t/2, the residual stressis
COMpressive, s ¢=- 5/2 , and on the inside surfacez= -t/2 itistensiles ¢= +S/2 :

A similar development can be made for awork-hardening material. 11" =ke", then
s =Ke} =K¢Z/)" where K¢= K(%)‘“*WZ, Finaly,
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Since DM is till described as before andM' = M + DM = 0 after springback,

E ) () )
= () () ()]

Thevariationsof, s ,, Ds, and s ¢ through the section are shown below. The magnitude of the
springback predicted can be very large.

Finally,

Example
Find the tool radius necessary to produce afinal bend radius ofr' =10 in. in apart made from a

steel of thickness 0.03 inches. Assume ayield stress of _\{T§ 45, 000 psi (s ,= 45, 000 psi).
Solution

If the bend was in a portion of acomplex stamping it would be almost impossible to design tooling
for so much of an overbend.

1L =30 ¢ =10,t =0.03,0,=45,000,F' = 33 x 105 = r = 4.2 in.

Note: The springback problem is actually greater, since at abend radius of 4.2 inches, the elastic
coreisz=rs/E'= 42x 45x 10 %33 x 10 °=0.0057 in., i.e., 38% of the cross section. This

introduces » 5% error in the moment val ue.

Bending with Superimposed Tension

Such alowances for springback would cause severe problems in tool design, but fortunately
thereisarelatively simple solution. Often, as in stretch forming, the tooling does not apply a
pure bending moment as assumed above. Rather, tension is applied simultaneously with bending.
With increasing tensile forces,F, the neutral plane shifts towards the inside of the bend and in
most

Figure 3: Stress distribution under bending moment and after unloading for a work-hardening
material.



operations, this tension is sufficient to move the neutral plane completely out of the sheet so
that the entire cross section yields in tension. For such a case, the strain and stress
distributions are sketched in Figure 4.

Sheet Bendability

If bend radius is too sharp, excessive tensile strain on outside surface can cause cracking, while
buckling can occur on the inside surface.

The limiting values of r/thave been shown to be function of thetensile ductility (% of elongation
at fracture or % of areareduction at fracture).

==——1 (solid line on the graph) (19)

- A
where R = inside radius of curvature (i.e.TR:%- %) and A = AOAO !

(we don‘t use the notation

r for areareduction here to avoid confusion with the radiusr ).
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Figure 4: Bending with superimposed tension. With sufficient tension, the neutral axis moves
out of the sheet so the strain istensile acrossthe entire section, (a). With the stress-strain curve
shown in (b), the stress distribution in (c) results. After removal of the moment, elastic
unloading leaves very minor residual stresses, as shown in (d).

The above correlation is not accurate for sharp bends (low r/t) because the neutral axis shifts
from the mid-plane and the amount of shift depends upon the applied tension and the frictional
conditions. With tight bends (smallr/h), the neutral axis shiftstoward theinside; there are several
reasonsfor this.

The cross section at the inside will increase while the outside decreases and the magnitude of

the true strain (and hence the flow stress in a work-hardening material) increases faster withzin
compression than tension. As a consequence, the neutral axis moves inward to compensate for
the higher stresses and greater cross section. In non-symmetric sections, transition from elastic to
plastic flow will not occur simultaneously on both sides of the bend and, consequently, asyielding
starts, there will be a shift of the neutral axistoward the heavier sections.
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Figure 5: Correlation of limiting bend severity f, with tensile ductility




