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Nomenclature r: : Boundary of velocity discontinuity
A, B,C, P : Function of process parameters X, : Distance of apex from exit
m : Shear factor J*, Js* : External power of strain hardening
ts : Final thickness material and non-strain hardening
to : Original thickness material
€ : Crack size 8 : Coefficient of strain hardening
a : Inclined angle of die
B, 52 : Angles representing deformation zone 1. Introduction
V,, 17+ : Original and final velocity
vV : Velocity The previous studies in referencet® deal with
o . Effective flow stress velocity fields and applied stresses corresponding

Oesors : Back and front pull stress to drawn sections without defects. Proportional

*Member, Pusan National University flow of sound metal through inclined planes is

*#Member, Graduate School, Pusan National University shown in Fig. 1. A strip of initial thickness(Z,)
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is pulled through the inclined plane. While the
metal is passing through the die, the plastic
deformations take place and the metal is reduced
in thickness, emerging with final thickness(fs)
which is the exit gap of the die.

The main independent wariables in the process

siné, sin8,
/v= sn(8,+¢) i

snn(52: a1 Yo

(b) Void enlargement by bursting flow

Fig. 2 Kinematically admissible velocity flelds for
void enlarging and closing

— Xy

Fig. 3 Central burst flow associated with the trian-
gular velocity field

of drawing are reduction, inclined angle of the
die, friction, and coefficient of strain hardening.
For severely cold worked metal with voids at
the center point P, the proportional flow of Fig,
1 is a kinematically admissible velocity field,
and it gives the same applied stresses to drawn
sections as those for sound metal®”, This prop-
ortional flow makes the size of voids decrease in
height as shown in Fig. 2 (a). However, products
become sometimes more defective as shown in
Fig. 2(b). The central bursting flow of Fig. 3
is another kinematically admissible one for metal
with voids at the center. This defect found in
strip drawing, is in essence the two-diemnsional
analog of the “cuppy” wire described by B.
Avitzur®, and is reported by Rogers and Cof-
fin®,

This defect appears only when a unique range
of combinations of the process variables develops
during processing, and this makes voids burst
into axial direction as shown in Fig. 3. Gene-
rally, when central bursts occur, the conditions
are varied on the basis of the common knowle-
dge that central bursts are restricted to large
inclined angles of the die and small reductions®®:
® Furthermore, central bursting can be preve-
nted by a preliminary annealing treatment bef-
ore the formation of voids. This study provides
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numerical boundaries for the range of variables
which cause central bursts in drawing by comp-
aring the solution of the proportional flow with
that of the bursting flow for strain hardening
metals with voids.

2. Derivation

2.1. Veloeity Discontinuities

In the proposed triangular field(Fig. 1), the
surfaces of velocity discontinuity I’y and /7, are
plane surfaces meeting at a point with an arb-

itray distance, X, from the incoming material,

zone I, moves as a rigid body at velocity V=
At I,, the
material point undergoes a velocity discontinuity

Ve, until it contacts the surface I,.

and continues to move through Zone I parallel
to the inclined surface of the die.

Another velocity discontinuity occure at Iy,
and the strip exits the die as a rigid bedy with
velecity Vy. Zone I is already deformed strip.
The optimal value of X, is found by minimiz-
ing J* of the proportional flow by differentiat-
ing with respect to X,, thereby becoming a
pseudoindependent parameter. By continuing still
further, it is possible to use the triangular field
to model the flow of central burst. For the flow
of central burst(Fig. 2),
that the surface of wvelocity discontinuity, 77,
and 7',

one simply assumes

intersect at an incremental distance,
—52—, from the center line where ¢ is the size of
the existing void. Zone [ is moving more slo-
wly than zone I[, so there the zones, at their
common interface, I's, must split and dript ap-
art. The computed /* becomes a function of a
pseudoindependent parameter, namely, X,. For
the flow of central bursting, X, is fixed at the
same position with the optimal value of the

proportional flow of rigid plastic metals®,

2.2. Power Consumed

A summary of the values of the velocities of
zones 1, I, and TI, of the velocity discontin-
uities across the surfaces and the lengths of the
surfaces of discontinuity and power consumed
for each surface is provided in Table 1, In Ta-
ble 1, friction losses are calculated for the fri-
ction factor m assumed to prevail along the
tool-workpiece interface. The total power J*
consumed per unit width of strip is therefore

sin
JlooVits= o (1+0.5608) 02— e
0.5 sina .
S, +{1+8(A&,+0. 5A81)}W
0.5 sinfB; 0.5

sinﬁldi_m(l_*—ﬁAé2> sin(B,—a) " Tsina

{l-a—) - )xa-5) ®

where

ﬂl—tan’l{(l— Z )/2( X, )} @)
fa= tan-l{—~—>/z<L ool »
L/t,=0.5<t—°—1)cota @

( X, >Opt =(. 5[—cota

. Q—is/ty)

+1/ sm2 1+m CCEAD) U )
(l‘o/l‘ e/ts)

Vf— I/O (1 - E/ff)j (6)

Asl=sina/ v3 sinfy - sin(a+ By @)

A&, =sina/ +/73 sing, - sin(B;—a) ®

Because As; and Ag, represent the total effec-
tive strain increment across the velocity discon-
tinuity surfaces, I’y and I',, the average flow
stress on the velocity discontinuily surfaces be-

come:
71=00 {1+ B(Ag,+0. 5A8,)} on I'y ()]
7,=0,(1+0. 5848,) onI',  (10)
F3=0,(1+ BAE;) on I’ an

where 8 is the linear coefficient of strain hard-
ening.
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When ¢/t;=0, Eq. (1) represents the total
power of the proportional flow of Fig. 1. For
non-strain hardening material, 8=0 and J* of
the proportional flow reduces to

1
J*looVite= «/3 T/ 2Dcota+X,

(Z) &+ 2+ ()Xo
L 1 ]

cosa " Sina

+(t/2)7 +m a2

which is given by reference (1).
From the next equation,

6—2(;(]:*/00 Vits) =0 as

the optimal value of X, in Eq. (5) can be der-
ived, and held fixed to the same value for cen-
tral bursting flow.

Eq. (1) gives us the drawing stress of prop-
ortional flow when &/f, becomes zero, and oth-
erwise that of central bursting flow. The reas-
oning behind the technique employed in this
study is as follows:

Computing internal power of deformation, sh-
ear and friction losses evaluates the power req-
uirements for proportional flow and central burs-
ting flow. If the flow with central bursts, as
computed, requires less power than the propor-
tional flow, then under the same conditions,
actual flow will occur with central bursts.

For non-strain hardening metals, Eq. (1) can

Table 1 List of velocity discontinuities and power

V,= (1—¢/ts) — sing,
o=Vs o/tr—e/ts) " sin(B,—
. . Power consu-
Sur- | Tangential velocity -
face Length L: discontinuity AV./ Vs $?é1t(hp)er unit
I |o. E;Ei!"sje) sina/sin(a+8,) \/%aIAVILl
.rz O.S(to—E) (1—5/tf) . 1 _
singe | Goll—e/ty S (75
/sin(B;—a)
I3 0.5(—ts) A—e/t) o IR WP
sina (to/ts—€/ts) sinf: ngas
/sin(Be— AVils

be simplified neglecting higher order terms of
e/t; as shown in Eq. (14)

tana
J*)oog Vits= —_—
’ ‘/ 3 (1+2—X°tana)
Ly
(4+P¢] (14)
where

A=) gl i:: N
) wwme (1)
B=2+2() (1 ){(Lt,X)
) erem ()

C=1+< 22(" )tana

P=A-C—B

For drawing, the flow of central burst will
occur when

P<o as

3. Results and Discussions

Proceeding with the analysis, we find

J* /06 Vits=[f(bo/ts, @, m, B, Xo, and ¢/ts)  (16)
for both flows.

J*/o, Vil, was plotted against ¢/fy, with all
other parameters held constant as shown in Fig
4 and Fig. 5. These curvese indicate the slopess
at the point ¢/f,=0. For the negative slope, the
lowest point of J* curve exists at positive value
of ¢/t;, and thus flow with central burst will
occur. A positive slope indicates that the mini-
mum in J* occurs for ¢/{,=0, and the propor-
tional flow is expscted. In the actual study, J*
was plotted with respect to e/f; by using “QIK-
PLT” program(developed in Lehigh University)

In effect, the conditions leading to horizontal
line in Fig. 4 and Fig. 5 sought, giving the
conditions separating central burst flow and pr-
oportional flow. Resulting criteria are shown
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for strain-hardening materials

in Fig. 6 and Fig. 7. When friction is suffic-
iently high, no safe zone exists at all. In real-
ity, friction promotes the central burst defect in
strip drawing.

The ability of a material to be strain-harde-
ned is measured by 3, the slope at any point on
the true stress-true strain curve. This parameter
was introduced into the analysis and the results
are shown in Fig. 5 and Fig. 7. For non-strain
hardening material, § is zero. For higher values
of the strain hardening coefficient(3), the dan-
ger zone becomes smaller. Under the large inc-
lined angle of the die and small reduction, the
flow of central burst will occur. These facts
agree well with the study of Rogers and Coffin®
which shows that the larger the inclined angle
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Fig. 6 Criterion for central burst in strip drawing
(effect of friction factor)
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of the die and the smaller reduction, the larger
the inclined angle of the die and the smaller
reduction, the higher the hydrostatic tension in
the center line.

In the actual drawing of strip, voids would
not open throughout the whole width, and the
condition presented in Fig. 3 does not happen.
Only one part of the width would be open as
void.

Thus the flow of central burst is more diffi-
cult to occur in plane strain than in axisymm-
etric wire drawing in actual productions.

4. Conclusion

The major conclusion of this study is that,
for a range of combinations of inclined angle
of the die, reduction and friction, central burs-
ting defects of plane strain drawing are expected
in any strain hardening metal that shows voids
at the central axis.
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