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NOMENCLATURE

a A constant whose value is to be determined

b A constant whoce value is to be determined

B(y) A function of y whose value is to be determined

5 Height of upper ram (see Fig. 1)

Hy -Héfght,oftlower die wall (see Fig. ’)

HZ‘ | Héﬁghtaofupper'dier11 (see Fig. 1)
J* Upper bound on power

m Friction factor
Average~ram:pressure;

R. Lower- ram radius

R ~ Upper die radius

Ry Lower die radius (see Fig. 1)

Ro Upper ram radius (see Fig. T)
Sf Surface of velocity discontinuity

T ~ Distance between ram and lower die

X "~ Substitution parameter

! - Ram velocity -

U, Velocity components in the i direction.
v, Velocities '

v -~ Volume of deforming zone




N J“x\

Power to overcome friction losses

Power of internal deformation

Power to overcome shear Tosses

| Substitutioniparamﬁter

Boundaries of velocity discontinuity
Strain rate

Yield strength in uniaxial tension

Shear stresses




ABSTRACT

The upper bound approach is used to analyze combined backward -

forward extrusion. The deformation region is divided into five zones

separated by planer and cylindrical surfaces of velocity discontinui ties.
Thezinterna1\p§wer'of deformation«ahd shear~énd friction losses, are
computed individually and<Summedﬁ The pseudo-independent process |

' parameter is the backward rate of flow with respeﬁt tOJWhﬁéh the total
power of deformation is optimized. The optima]-baékWard rate of flow

is assumed*toﬂbe-tﬁeiactdéi.one; Thus, the backward rate of flow be-
comes -a dependent parameter to be studied through this analysis. Con-
ditions covéringrbackward rates of flow from zero to maximum are demon-
strated gfaphiCa]Tyi’ Examples are given for which combined flow results

and for which either only forward flow or 6nly backward flow occur.




INTRODUCTION

| In recent pépers-(T,Z) upper bound analyses (3) were,presented
for impact extrusion. The present study is an extension of that

-WQrk fb cover the case of backward - forward extrusﬁon,’

VELOCITY FIELD

A representafian.of backward.- forward extrusion is shown in
Fig. 1. The ram is shown moving forward (downward) with a velocity
U (the downward direction is taken to be negative). Zones I and v,
;matéria1‘Which5has a}readyfcempleted its deformation, are treated
as rigid bodies. In Zones II, IIT, and IV the metal is undergoing
deformation. The surfaces [y through T'., are surfaces of velocity
dﬁscontinuity. The deta1TedfanaLysis.Of the velocity field is given

in the Appendix.

;Ln-the~Abpendﬁx, the power for internal deformation, friction
losses, and shear Tosses is calculated and equated to the external

power provided through the ram. The rQSUTtinqzneTatfanship is
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In symbolic form Eq. ( la) reads,

b 9 D 9 ] b 2

2 U ()

" The first eight terms in the dimensionless expression fully describe
the geometry of the process and.m denotes the friction conditions. The
term‘vb/u denotes the value of the exit backward velocity. The ratios of

the relative backward exit velocity (vb/ﬂ) and the relative forward exit

velocity (vf/ﬂ) in this study for Eq. (1) are dependent on each other,

Here (Vb/U) 1s considered a pseudo-independent parameter chosen by the

process of minimization on the total power and the ram pressure. This.

admissible value of (vb/ﬂﬁwhich‘minimizes Eq. (1) is considered to be the
actual chosen value. According to the upper bound theorem metal flow will
actually take place under conditions which minimize the relative ram pres-

sure for a given geometry, ram velocity, and friction.

The relative ram pressure was calculated for several different type

geometries and plotted versus relative backward velocity as shown in Figures

2 through 5,

In Figure 2, the relative ram pressure is shown for the case in which
both the upper and Tower gaps between the ram and the die aré appkecfable,
Under these conditions both backward and forward extrusion take place, |
This can be seen from the fact that the mihimum'for re1ative ram pressure
is 1ocated at a finite positive value of vb.1és$ than (v, ) max.

If the lower gap_is'almost c]osed'(quRi) the situation shown in

Figure 3 results. Here it can be seen that the bulk of the metallfTows




backwards (vb ~(vb)“max), ‘
The case for which the upper gap is almost closed (R2?~Ro)is‘shown
in Figure 4, Under these circumstances the bulk of the metal fTowé

forward (v,¥ 0). An interesting variation of this case is in Figure 5

in which the upper gap is sTightly smaller than in Figure 4. Under

theSE'conditionS'MEtal in Zone V actually flows forward (vb <0).

CONCLUSIONS -

ZAH upper bound solution has been given for backward-forward ex-

trusion. Examples have been given for which backward-forward flow re-

sults and for which only forward flow and backward flow result.
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APPENDIX

1. Velocity Fields

When thE-ramfﬁmVés'fOrward with velocity U, the metal flows back-
" ward with velocity Vi and forward with ve1ocity_vf. Tosmaintain volume
constancy the following relationship must prevail. (See Figure 1.)

0= m(Ry"™ Ry%) U+ m(Ry ™ R,) vy = m(R %= R.E) v (2)

Solving equation (2) for the relative forward velocity
Ri 2 .sz V |
e Rz 2 "o

0 ¢ R 2

R .
LA
( 2) (R;z’)

Also solving equation (2) for a maximum relative backward velocity
| 2 | |

1 - (5

U {max 2 |

(2
Rs
(R-

R
1 - ('R'Ez)‘)

In Zone I, since the metal flows forward as a riQlebcdyajwith no rotation
because of axial symmetry | 2 )




y

0

= 0

Qy islas$ymed;to change Tinearly.

the same axial symmetry is assumed as in Zone I.

Obtaining the values of a and b by using the boundavy cond1t1ons

fy:O5»

Yy |
y=T
Then

1

b==|-'

EheF

It
o

(U -a)

- 2

R L

. > ) -1 - <p92*) ] -

R 2

_?_

R.

- 'E .l;-. - Camr
1 :

Substituting equation (9) and (11) into equation (8)

(

R
i

2

R

S - 2

R>

2.
Vv
) ]2
U

(11)

(12)
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e a3

The strain rates as function of the velocity components are:
.U | -

o0 =

. A

fyy T By

(16)

H
m

Il
M. .
|
-

“Re

From the condition of volume constancy

éRR:+ éﬁ; +{§-;-='“*'* — ey = 0 (17)

Rewriting equation (17) in differential form

8“_ . 1-,: - B . .

- Integrating equation (18) and solving fqr“ﬁR

0 - _R>

R




Substituting equation (15) into equation (19)

o

f

- 12 =

R IR B R

Using the boundary condition

UR [

"R=Ri

n

And solving equation (20) for B{y)

Substituting equatiQQ(ZZ)

1

~|=

into equation (20) -
2 2

e




:Ih-ane>1115'th9vsame procedure as described in Zone Il is employed to
“-dg;érmine-&yand bR . As in Zone I and II .

Obtaining the values of a and b by using the boundary conditions
U =a=0

bT = U

-
n

jo7)
<+

_ y=T
Then

b = T (27)

Substituting equations (25) and (27) into the analog of equation ( g8)

oy |
u = U (28)

~ As the normal component of velocity across the boundary between two zones
should be continuous because of volume constancy, the boundary condition

-is introduced for the radia1‘ve1ocity:fPOmaZQﬁe 11.

1 R
!

] U

R
1= G

2

2

BRI

R
2)
R, ]

2 )

U

(

R

R

1
2

2

R

) - ()

2

2

R
|- Q§T

2
)1

(29)
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Substituting Equation ( 30 ) into the analog of Equation (19) -

o1
h = -5

Using Equation (29) as a boundary condition for Equation (31)"anﬂ

solving the equation-fof B(y)

(

- 1 |
Bly) = 5 + U

Substituting equation (32) into equation (31) and rearranging the ob-

tained equation

=27

Equation (33) can also be obtained by the application of the boundary

condition fromfZGne.IV;

In Zone IV, the same procedure in ZQne;II 1s again used,

As in Zone I, IT and III

- 14 -

R
:

R

22 1 - (5=
VR

T (]

2

Gl1-]1-0-6)

‘Yb f

(1= ()1




Obtaining the values of a and b by using the boundary conditions

gl

"
Qv
I
D
N

Uly oqp=a+bT=y, (36)

Then
V.
w_ b

Substituting equation (35) and (37) into the analog of equation (8)

Yy T

i - | (38)

3.

€ Y J

U

Substituting equation (39) into the analog of equation (19)

vV

oo ]

b |, Bly) |
g = -grz U+ (40)

RD
T
Using the boundary condition

Urlg = R, =0 (41)

And solving equation (40) for Bly)

2

Vi, - |
D (42)

U

oy 1 R
B(y) = 5T

- Substituting equation (42) into equation (40) f
_ 2.

RT2 '
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In Zone V, the rigid body moves upward,

APrager-andeodge(S) formu]ated thé upper bound theorem. If“sukfaces
of velocity discontinuity are fo be included and for pheﬁtase~of a Mises
,materia1, it'reads: "Theorem 2., Among all kinematica]1yﬁaﬁmi$sib1e strain
rate fields the actual one minimizes the expression:

zT '! 3 .

P o] Saeyegd o+ | nlwlas (46)

| fe
y s,

The individual terms of equation (46) are now computed.

a) Power for internal deformation

The qenéra1 form to calculate the power of internal deformation 1%
[

L2 T _' ~
‘Ni = j§? o, % /// 7 i Eﬁj dv (47)

Lones T and V with rigid body motion require no power of internal deformation.

In Zone II (as well as III and IV)

yR = 0, thus equation (47) becomes

“Re = Fgy T E
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Wie = 2o T Zve 24t O g
J

v

The normal strain rates are

m :
@
|
a
N

(51)




-’]8,,

Substitutfng equations (49), (50) and (51) into equation (48)

&. _

2
111 /3— 0O

Considering the integral

B 3 R

R=R1

Substituting the values

Y Sﬂi
R™ = X B

into equation (54) — 7
. R,
| r //x2 TR

7 =

dx

1
2

R, 4

[[3+(z1) 1 2nRaRT

| —

(60)
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Integrating equation (60)

- / R 4 Ri? B |
o 4 2 /2 i — -

/ A R. R. /X"t t | o
|/ x5+ L 1n 3 /3 | (61)

;
3 /3 { X

Substituting equation (61) into equation (53)_affgﬁAﬁégTaCjng_x'by:Rz.

Wipp = =94




Evaluating equation (62) in the specified range and rearranging

the obtained_équation

. [«] Rs
Wopp = o,mU] ) R,E R

(63)
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In Zone TIII, the same steps are taken as_in Zone II.

The normal strain rates are

el

D@26 | e

€60

et

Substituting eauatmns (64) . (65) and (66) into equation (47)

o rR2 Fam
2 11
Wiprr = = % .

2 \2

B B 10 @12 ]
~ | )

X 2mRdRT | |  (67)




Y

4.

!

In

Mirrp = - 29, |

16§ SN

S |—

R%~Rearranging equation (67)

Integrating equation (68)

+
w| —
-
H‘
i
~
el
1
—

(68)

(69)




Evaluating equation (69) in the specified range and rearrangi ng

the obtained equation

+ 1n f:

(70)




In Zqﬁe'IV‘tHE.ﬁcfmaﬂ;Strainaratesgare~

(73)

Substituting equation (71), (72) and (73) into equation (47)

71 & ZQ‘) 3+ (;2) ] 2nRdrT (74)




Evaluating equation (76) in the specified range and rearranging the

obtained equation

b) Friction Tosses

Friction losses are determined by the relation

f T !Av |ds
J S

A constant shear stress s assumed as
o

.3
where 0 <m < 1
The shear velocity is th e velocitv difference between the metal and the
tool surface. .

Along Fys N oting the velocity difference between the downward flowing

metal in Zone I and the stationary die

- 'I | o
—mo
0

r 0

y="‘_'|

—

d

o)

2 |

R

2

0

2

1

R

7

Ry

2

) |

Rl

]

(80)




Evaluating equation (80) in the specified_range after integration

fl.ﬂl.R'z f 2 2 U
R R, 2. I

V3

(81)

Along I'ps noting the velocity difference between the downward flowing
metal 1n Zone I and the downward moving ram

. R 2 R 2 'b
1 R~ RNt D E- R

(82)

Evaluating equation (82) in the specified range'after-integratfan

, 2 - 9

I R;.‘: ' R V.

B (8 - - () 72
(g, 2 1

].. > (83)
(7)) (RZ)
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.Aleng'Fs, noting the velocity difference between the downward flowing
metal in Zone II and the downward moving ram

TR RN B |

4 r R.

)
~N —t

| ;UI o)

2 ” S

X 2mR.dy | | (84)

Rearranging equation (84)

T

2k

- g-mAO'mﬁ

f5 3

| | - T |ty

2 b y:()

(85)

Evaluating equation (85) in the specified range after integration
ey ne
] - ( - 1 - D K3
02 |2 2

%) - &

(86)




Along FG’ noting the radial velocity difference between the metal in

Zone II and the ram

%

=
'—h
N
i
3
Q
~No| —

Rearranging equation (87)

W= =~ mon 3

f6 "= " %0 T

IRE - R,TIdR

| 1

(88)

Evaluating equation (88) “in the;SpeCTFiedzkangef@fter integration

. X [2(§l)'+‘(§1)'.3 Cﬁi)




| Rearranging equation (89)

J 1Ly L p0y 5 b
1 R317(R)HU,%2], -

Along T'; and Ty, noting the radial velocity difference between the fetal

in Zone III and the ram,

1. R .0y 7
?UT.1-H-_%2

1}
nNO
|
3
Q

y [(55) - 1 ||2nRdR

f7,9 /3- 0

| R=R

(92)

e




R e—" 4
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Evaluating equation (92) in the spec1f1ed range after integration and
rearranq1nq the obtained equation

l_? oy

Along Tyqs noting the radial velocity difference between the metal in
Zone TV and the stationary die,

Heyg = | Zmag)- = [1 - (g) 1 {2nRdR

—I-o

-—‘-’- (94)
N .

Rearranging equation (94)

o

° ] b U ‘
W = —Mo.T - R" - R " |dR (95)
0 g ey T o - |

J:
R R2

Evaluating equation (95) in the specified range after integration

T V- R23 "RO 2 fPO A B .
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AWONQ'T1],:no¢ingithe velqcity*djfferenc@@bétween the upward moving
~metal in Zone IV andéthe-statﬁohary‘dje

T

. : Ve .| |

Jy:O

Evaluating equation (97) in the specified range after integration

39.I_.R 2
R

b RS (98)

Weey = =mo mis— U

Aang:F]B}?HOting the veTOCffy“dﬁffefenCEabéfWEéh.the;upward7fTowing

metal in Zone V and the downward moving ram

UlerRdy (99)

Evaluating equation (99) in_the:SpECﬁfiedirange#aftg%*ihtegration
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Along T,,, noting the velocity difference between the upward flowing

metal in Zone'V'and'thé‘stationary die

f14 [ 3 Oy

=
"
|
Q

A 2 . |
W = =mag 7|+ U|=— R Tl
f14 3 0 U R2 2 'Ry

€¢) Shear losses

Shear losses dre HTsa-exanQSedfby Equation (78)
.

| T]av]ds

W

The maximum shear the metal can stand is

(101)

(103)

(78)

The shear velocity here is the velocity difference along the boundary

between two zones.
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A]onQ-PB, noting the radial velocity difference between the metal in

Zone I and II, W

&t

>
:nl:n ;nl:b'
—lr\)—J

R

n-.G§Li -[1 -

£OMEQ4+%

<3 is obtained by replacing m with 1 in equation 90;.

(104)

Along T, noting the velocity difference between the downward moving

metal in Zone IT and Zone ITI

=
wn
S
& lo°
— ,_",”C_ —
Nl

(105)




i

Rearranging equation (105)

2

2

I 2 U

—I<
'

(106)

Fvaluating equatidni(lbﬁ) fﬁ‘tﬁetgpecifieﬂir&ngé“&ffer‘Tﬁfeﬂﬁatiﬁﬂ

\;J

S4

1 R

T 52

‘/—_-O'OTTIU'R

R2

J-(R>-n-<

2

R

0 b
2 12
RS

(107)

A]ongFB,noting the velocity dﬁfferente,beiwe9n-thefdcwnwardﬂmﬂyjng

metal in Zone III and the,upward?m@vingfmeta]‘in,ZQne-IV

s g

(T

o)

1
‘/3- 0)

._\{_._P_ U -
U

Rearranging equation (108)

58

2 R

=

AN ST
OO’HT( U - U)

U

< 0

(108)

(109)




.

Evaluating equation (109) in the specified range after integration -

Q»ﬂ,=: l=6jﬁ;(1~+ )1 U

S A

ATonQ_P]Z, noting the radial velocity difference between the metal in

Zone IV and V, w?12 is obtained by réﬁ]acihg m with 1 in equation (96);

thus

W = —— G Tlor] UJ5=f] T = 3 (—9? + 2 ('99 || (111}
S12 =3V§'O§U . 1 || R2 | RZ | |

d) Relative ram pressure

The ‘external power supplied by the press through the ram is

R 2

J*

J*

wRéZ“[] - ( ) ] pRlu| . | (113)

2
Fquating the_externanpQwer~tO the'required;Dower~and550mving for the
relative ram pressure for internal deformation, friction losses and shear

losses equation (1) is obtained.




FIG.1 GEOMETRY OF COMBINED BACKWARD - FORWARD EXTRUSION .
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