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1.  INTRODUCITON

The present technological  mater ia ls rmrst  have the canaci ty
to support strains, temperatures and. other external influences and.
to ensure a hi-gh electr ical  conduct iv i ty j .n certain c i rcumstances.

Such requerements are sat isf ied.  in some c&ses by composi te
mater ia ls,  part icular ly by bimetals.  One of  the causes l imi t t ing
bimetall ic roaterial forming is an insufficient knovulege of' the

workj-ng out process. In th in bars and bimetal l ic  wire manufactur ing
the final operation isr ?s knovnr, the material d.rawing thf,ough a
con ica l  converg ing  d ie .

Unh-ke in the process of  monometals drawing the existence

of two materj-als having different mechanj-cal properties 'provid.es

spec i f i c  charac ter is t i cs  to  th is  p rocess ,  thus  the  core  may break

ot/and t ine external  cover defol iates,  This enforces the ensurance

of  an  op t ima l  course  fo r  the  process ,  the  d- im inush ing  o f  re jec ts

and of  scarce mater ia ls consumption, as wel- l  &sr the increasing

of the f in i -be proo.uct  qual i t r r r  t .  Bl  .- ! J

Ih is paper concerns a mathematical  model of  the bimetal l ic

wire and bar d.rawing, using viscopl ;Ls-t- ; ic  const i tut ive equat ions

and integrating the govern^ing system b;r means of the perturbation

method..  The d-rawing force is determinecl  as a funct lon of  certain

parameters of  the procer is,  proving by some nurner ical  exaunples the

process  op t im iza t lon  poss ib i l i t y .  Thc  rna thema. t i ca l  n ie thod-  used.  fo : :
-bhe in 'begrat ion of  "bhe governi-ng eqr- ln.-bions is the one lve haLve usecl

in  our  papers  [ f  -  71  fo r  var ious  meta l  p rocess ing  proced-Urcs .
L _  ' J

A bina.ry systen is a m:r ter ia l  con-binuum, occupying ar,  region

. f r -= ,n .  f  7  t2 '  r  n  d . i scon 'b in r - rous  homogene i 'byev -  4,v( / )  r /  7 U i le)  r  Possessing a

along a =eparating surfac * ! betv',reen frr,a.nd oQ g z; o

0n the surfac ,3f  tn" constan-bs of  the mater ia l  aTe discont i*

nuous.
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In case -bhe domain I end tne surfac 
" 

/ have an axis of

synrraetry such a binary system reFresents the theoret ical model of

a birnetal l ic bar or wire.

The viscoplast ic deformation, desct ibed" by Binghe'"m type

constitutive equations of the binretal- , tetlces place in the dotnalin

f r  =  {& ,0 , r f  ) /  Lc (4q " (0 ) ,L t i t , ( g ) , 0€ [o ,  oc )  , 9 t f o , zw) ] ,
ca l l ed  t he  de fo rma t i on  z ,o l t e ,  whe re  ' l ' : LC i l l ' r c ) ,  i , i : l ' 2 '

aTe the ecluations of the unknovlTl d.iscontinuity surfaces of the

velocit ies and the stress Vtr l t  ,  Lr j  = lr2 at the entrence and"

exit of the material from the 
-d.ye 

i 4 , O , Cf are the spherical

coordinates rvi th the origin in the top of the dye cone' The regions

& 1,r1 and fr tzl are fr ,n, = {to,0,9 / t a (t-c1rt z(&)t'z6t r @il,&*lc'e{!\

,+nio*n* and fr&t :  { tz,e, i l  I  La(tp1zG),\"t t( t)),  *G (or{4),*) '
I  .  r  ' J

4 * lor tZt l lwhere 

-g 
='gs ( t t )  

'  
Ls the separat ion surface ecluat ion'

apri-ori unknor,,yr, denotee hy y' , of the two materdal components'

up to the entrence into the rlefoi:mation zavle and" after the

exi t  of  th is zone, the ma.ter ia l  has a r ig id mot ion character ized-

b y t h e f o U . o r , . , i i n g g e o r r e t r i c a l d - i m e n s i o n s : R 3 , R 4 a r e t h e r a a i u s

at, the e.Ll"Tarrle arndt e>litr respectively, of the core, Rl and R,

which are the reid.iud at the entrance and- exit of the binary slrster0

and t '  and. ,2 which are the constant veloci t ies of  the r ig i i {

m a t e r i a l a t i h e e n t r e n c e a n d e x i t o f t l r e d f e .

I

tp &c,l
J (/)2

&
\ / x
l / "

Fig.  1.  Geometry of  the binary system dravr ing
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2. EQUATIONS 0F THE SROBIEIvT

The governing equations in the fr Lr'), i = l, 2

aTe2

the Bingham type constitutive equati-ons

. 1  . ' ,  I  ' : r  J L- D ,ilrT 1iS ,
d t  

'  / / '

cont inu_i ty equat ion for  incompressibl-e mater ia l

t t t , i t  = - ftr i t  l [* ( Znkit* H,,) dJrr, , T.+'&,> l<, '1is , (z'r)

the Caruchy's equations(int{*"*gi=ence of the body forces)

?cdt
the

( 2 . 7 )

w a L

L u G t t  \. , . . r
4-+ u

ttit 6- eoXg 0

I  d,rtt* o ,
r n  ( 2 . t ) - ( 2 . : )  L ' G )  i s

s t ress  i enso r  ,  d  d l  
i s

the pressure,  Id- t i t  and

the rate of  deformat ion

is  the densi ty ,  ' l lg , rand.

Equat ion (2,3) l -eads easi ly to the fo lJov'r ing relat ions

urr)o : Y:ro vz , f t  L'):  f7t I 7 ' L = 1 r Z

the following d"imension-1-ess combinations €.Te put into evid"ence

TLci t
numbers.

2  L  = 1 r Z  ( 2 . 6 )

that is i;he Bingh.rr.m anrl Reynolds

We shalI suppose that

R - e c L l < a 4  )  L : 1 r L

there fore  neg lec t ing  the  iner t ia l  te ims in  (2 .2 ) .

Equat ion (2.3) in spher ical  coord. inates has the fol lowing

form

the velocity vector , t 1a1 tsthe ,.,-lj;"
the rate of d.eforma.t ion tensor, f t t i l  - ;-s

'ii- ^'^ ihe first tiryo i-nvari;.rnts of! d d >  * : o

tensor ,  t 'C i )  t s  the  s t ress  dev ia to r ,  ?< t l
'k 

t i ;  are roaterial  constants.

oomat-ns

( z . z )

( 2 . 4 )

coord.inates and turning

the  re la t ions

( 2 . 5 )

' r l ,  R ? -- trRt, r., R : : u,R:,
By  vn r i t i ng  (2 , r ) - (2 .3 )  i n  spher i ca l

them into non-dimensional form by means of

, 1 ,  =  ao  R ,  ,  t t i l t , :  V r l l o  Vz ,

,., hcu R,,5n( i )= 
T&r,

fu. rr,

1'(.u1tt"

R e

f c . l  YzR,

&
=  Q ,  ( e . B )
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which al lows the introduction of the stream funct ions
7 . O

Y rcl  (1,0) -  Rz Yz Y ct  t  (4-o ro) ,  L = l ,L
in the d"omains &t i )by means of  the relat ions

v r r r o :  -

t i e t o :

, t \ o' r  d Ycol
, f L s i r t y  

" eo1  ?  Y c c r
L : 1 " 2 '

)

( 2 . 9 )

Lo sLru7 z La
By assuming that Bg6a I and foflorving the rnethod used in

tt 
- 7l we shatl d.evetop the unknorvn functions y trr, lr'rtl 

in
power ser ies wi th respect to the Bingham's number

ir, (Lo,$) : 
Fra/r,, 

var j (4o,0),

fL, (zo,t) :7,*/r,, fLi,t j (ao,o),
( e . r o )

w h e r e  Y C i - r o  -  V c i s o  ( t r ) o  ^ 4
and Ycd; 1 :  4 '  

'  
ef  7is(05 .

By subst i ' r ;u i ; ing the d evel-o1:ments (  z. lc )  in the cau-chl . . 'g
equat ions,  in the const i tut ive equat ions r , , r i t ten in spher ic i r l  coor-
d . ina tes  and.  equat ing  the  te r rns  hav ing  the  sa- ]ne  uegree in  Rq, ; ,  ,
one  ob ta i ns  t he  svs tem o f  equa t i ons  f o r  Y i f l o ,  y i  ) t > . . .  Lo ) ' i , ,
i .e.  the approximat ions of  the stream funct ions and. o . '

|  :  ^  : : : " ' * : : : " - ' :  
" " '  D U r v c l r l r  t r ' / ' , r - u t / r u r ! ; j  i j i ' r r t ' L  

l L r r ' l o t  f r u t ,
.  ,  ,  ) =  l r 1  i .  e  .  t h e  p r e s s u r e s  .

Turning back to dlmensional  var iables a"nd. funct ions one sets

u(0)
s ine

%;t ts ) :
I

sln0

4

o

d-Y61o
.L0-
d * 4 u t
a ^tci I

L : l > 2 '

Y(, )(e,&):R,'Lr" y frto [0) - fu t r{rr, $) t U(g{rr,),
1 ( r ' )  

!

Lrri) +(L,0) = - 
* 

e rr)(*) * 
t 

4vt, )(s) + C(,r 1'r,,,,),, r.,.,_,

b', u
L t i t

Vt t t t ( f r rT)  =  3 * O( B1'tt),  L=t,Z

where the functions

(o)  =
4.r t  -  A

( z . r z )
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may be v,rritten in the form

a t  / / r \  p*r" ) (o)  = q( t )  + b 6 l  l t (&)  t  dr i l  f7&),
A , ,

1fc4 (* )  :  
T *  B,r  ) /L( t )*  Dr  i )1 /&)  + (2.13)

+  , <  t i s , t G )  1 z ( * )  +  K G , z ( g )  ? ( q ,  i = 1 , 2 '
=.  DCt . ,  :  Q ,where  we used the  no ta t lons

f, + @4I"o,

(t * a4 ze) h(tX *) 
- (^ - s c-@s s)(t + cns 0) .

with d.Ul;

|tt-o) -

1 ' @ -
( 2 . : - 4 )

ph; rs ica l  components  of  the s t ress tensor  are
L  _  z ? t u t v r R | ,  

^  ^  .  / a r - r
4 r  

" - 1  l . a r ; t -  3 t r r 4  ( o , t l  -

St-rcT , gG),

(t) s<n g, firc) , L =4,2

'l*-*
R 2

t)
{ t - q ( b )

( * )
{ , , ,

{ , , ,1 6

12.t5)

( e . 1 6 )

given by

-  . 1 2 ,  u t i ; - - - . L t t t t  I  e o t n 0  
-t w

-  
f t (  t  i = 1 , 1

e 
+3 c-st r {<,rr,lArr, t,, !,- {trrr(o)*

L -

r  /  t  . . t  L  I

V 3 l , t i , - ,  - r  4 '  ( r ' t
, 4  , /

^ z s"ai) (t)l + Q (A Xir,),

Lrr, r* :. * & l tt t V"Rl a.ct ) ^2 3

n- f<ras I a, ,) u1. k-
'.-€ '' ^ .'lJu!q)>eorX&,  , t r

+  c(s  q7r , \  ,

c c i t  +

+ 4 tlri, G) - 
(z 'l-7l

The funct j .ons l { tcSr@)and l ( , ;  lz (0)  sat is fy  .bhe equat ions
" 4 K t u J

* 0

el, l{ tq z
d L *

where

{ut@)

The

L- 
Lt) ruL

= *  I
t 6

I

+ 2  u t i t  ( * \
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L l tit 1r" R:LwLb L?q

4 3
cLd)-  W 

c-<t )n l r rnr [A, ,  ank,-

hr r t ( t ) *  LL f tq@)  +  6eo tn | ,  
W 

-

, LL cit^ re
V  3 u i t t  a

1

Lt- Ci)  4.O

I * S (*ei,,),

fu#Ewi1;1(*) *t{c,:t
I* g l + U b y t , ) ,

2,V3uto*u ' . t r , ' J  
\ ' '

t -  -+ :" ;  '1E L e S V q  :  t r t i ) + - q  :  O  
"  

L  : 1 r Z

lvhere

(ri) +

SYSTEM DEFORI,iATION ZONE

l-u',r,

(
I

Lr(

L
d &

h o @ ) :

3.  TH.

' I

- 3 u ti,Jg)
4 t n/-V 3ut.,, * fg

1

il.

- \-1 
I

.1\T ̂ I?V. l r r u t  I

{ ' z . tB )

(  3 . r 1

\ J . z )

0n the sur faces t 'Crr j  ,  L ,  j : '112,  cons ider"ed-  as d iscont inu i ty
surfaces for the velocity and. stress f iel-ds, aecord. ing to the previ-

ous assumptions, the fol lovring relat ions are sat isf ied"

I 1 } t ' r , .  l : 0 ,

I t c " ,  k t , f t f t l : 0 . ,
where fr  is the normal unit  vector to the surface.

I f  / r 7 ' = -  A L i ) i  ( , J ) r L r i = 1 r Z  w i t h  6 e L O , S s ( r r ) l  f o r  L : 1
a n d  $ e  t g . ( a ) ,  d ]  f o r  L : 2 -  ,  a r e  t h e  e q u a t i o n s  o f  t h e
surfaces f t t  t  I  

then by neglect ing the terms A@ gir)t"  (  3. r) ,
we get

Biv"yt,,o (s) -r + alr,i@t gut@) -
r P l  2

F  l - o l t i ( t ) s u + ' s :  c L L ) i  ,  L , j : 1 , L '

I f  rve require t '  r ,  i  
to pass through pj  

,  j= t  ,^
.t

Le, j - R;tr, ./.1,o (.c)

then  resu l ts

l ;  r \
\ J . J /

E B O



,  
, h" l lherefore the equations for frrt i .u"u 

given by

R; v, l ,wt".ro(0)-V t , ,o(. ,({  *  
H,"ol .r , iga(g) 

-

% . r n '  g t t n ' A - R ? 1 - r l  '

By assuming that the equation of the surfac u I has the form

S = 0 + B q , . . B .  t  * V ( r , f l 1 , ) ,  ( 3 ' 5-  f  * 7 t t )  
f t  R i  

v \ - d L t ' / )

where b and. b^ eire constants, the cornponents of the nornal unit
I  \ ' .  -

vector to this surface vr i1l  be

( 3 .+ )

( 3 . e 1
r L - =  

' o o i r c l  
=  3 B''a' 

{;effi 
r"r b 3

X t  > ' f  '4  *  U(sei) '

r L 6 :

The contirrui . ty cond.i t ions of the vel-ocit ies and stresses on

the surface q al^e

( 3 . 7 )

rzp/g

no/r

v,''t o fgr= %', r/y' t(', r/y : u"e, o I y
and.

tg l+ . , r ,11-4  r  t r r r t - * ree f  yo  =  t r rs ' ,n f t r r t1asz&

tu, ,rt tL, + ttnl eo rue 
f y-- t(r, 1s n-4*tss oo

2

l, ' 'u'
By  in t roduc ing  (2 .11 )  : . n  (3 .7 )  one  ge tF

il rr) @l 
:- '/,'L1zs 

G) , 
( 3 ' 9 )

( p ) ,  ( 3 ' 1 0 )

B q t ,  
o T u )  

( 3 . 1 1 )
n uq '?' W's Li l  - t i" '( i l
? r  a / ' r , t (p l -u i " , (P  ,  a

since 'v.ie have V n gcq,l =lPtf , j :t,r, there follorvs
o .  ,  '  t  r Z i .\ f l , o ( d ) -  Y c " - , " ( p ) :  L U -  f t ) ,  

( 3 . 1 2 . )

?,'l ir ',"( e) * W, Q r,,( P) : o
The'  eond. i iu ions that  l r r l  jcontains the points Pi  ,  X 

: l rz

A1t,e;mi1es the values of the g-trrJ constantsrso that the ecluations

og 4u jf inally become

l

| + LL O!2 (4)
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0 - 3

si r,f v 1,,. (o) -vi,, (P)l * +:,[a u',tul

- 4i,,i @) e u'ttP;l * 
+, P,e\,i'(il1':,

1 r , ' r , s  
i @ ) s i n r e _ R 1 , r J  : 0 ,  i =;  L 4 L ' t J '  -

By  pu t t i ng  i n  (3 . f+ )  0 :  0  2  one  ge t
, L

Yi , ,  (p )  -Y i , ,oG) :  +  k '

qrc)

, j (p

l r 2 .

) -
(  3 . 1 4 )

n /

g c,t (p) r p, '  ry, l ," ( p) :  o.
f he  ] -as t  re ra t i on  acco rd ing  to  (3 '9 ) '  ( : : ro )

j -dent iea. ] .  to  i3 , t3) .

0n the d'1e surface 0: &- we have VcUtf

is described. bY the relat ion

- r -  I  ' t = -  |t  (" ,  n* |  n= €.:  mY l I  +t ,  I  o=n 7
vrher :e .n 1s the f r ic t ion factor ,  sat is fy ing the

fhese boundary condit ions imply L} 
-  Zl

9 e>(*) -  o

and.

4L' rrr(oc) - - zVT Y u c"t (n),

(  3 . r 5  )

( 3 . 1 6 )

and.  (2 . r2)  ib

4. CON}ITIONS OI{ TI{E DYE \"IA],I AND CONTI}ruITY OF STRESS ON )U

tf[") (oc; - !7 Y Uirt (a) ,

where

v _  
r y ] '

d - 
\/TfrT

From (3 .8)  one a lso  ob ta ins

' 9  o r n ,  t  c s l :&(r) = 
,Lr^l

w'u,7il =, 
#, 

u'r,, (?) ,
t 'c , t  (e) -  

Wrur ' , tQ)-  
l2

,r.f ,,, (6 ) 1 =

Ctt )  "

O ancl  the f r ic i ion

c o n d i t i o n  o < n r  a  I

( 4 . r )

( 4 . e ;

(  + . 3 )

(  4 . 4 )

( 4 . 5 )

( + . e ;

Ycry (F)
e ?r, (P)t Q"(P) -

( 4 . 7 )
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A
I

I

t l t ^ t  up ) (o ) l6go l
= -

,Lu) z Y b.nu>
t l

kut  Ao; :  ket  Aet
V r 4,-;:: "';rB;1zt

_  , t  _ l
t  . I

,J sr;,(p) r- Li" '''6lP'
'ltit I

( 4 ' B )

and.

tLr:,
kut

-  6  ( r

{ro,(p)* {t,1(B) " 4lv1r1@ - 
fr U,,(P) -

w
t 1 1
R e t  1 : 0
t  f l rkc,t Vl*.1,(p.l * ry

5. IHE DRAWING FORCE

Let  t  be  a  sur face  o f  equat ion  l t '  :  L (&)  '  O eLo 'eJ

located vsi th in the deformat ion zov]e;  we shal l  compute the stress

resul tant  which acts on this surface. As in Lt  
-  ?]  lve get

X = Y = 0 ,
Z = ,o \ ' t t ln.o4o' t (1)nr-  

L(0)+'(o) 3c' ' t0 '  tut&* '

o
* (t (0) n-t p) cnt 0 - t@) st-n 0) to' u*J 3it'0 oLT 't

d,

( 4 . 9 )

( c  r \

+ 2.1i \ l" r'tul eoa 0 t , ur+ 4(0) l'gl st'na '\rr u* -

Sstzs

- (zt*l 'r-'(g) c'o4 0 , t(q su''T)to, o,eTsin& Lo '

where X, Y'  Z are the components of  the stress resul tant  in the

frame 0xYz.

. ,  2

f ,lo,v, Ri w- + L'to,vrRi qu,ffi

.  z t .  tw n2 +|tztcf  s+n< t-o 's* ' ,  
*L (n l sL rLoc -1g ,V2R ,  

T  I

@ ) i , { * t f  t  / a ) *  
' . c t l t u s r  

1 "
Z  l t u t ' t r v s / '  

@ l
r -  

4

+ 24'(e.) t ' ., @.\ sin'g.,

BY substituting
t e

Z = Lfi L- ,lru Vr R,

* c(^)
'lro t"

h e r e  ( 2 . L 7 ) ,  o n e  o b t a i n s

u', , ,  (oi sin ot co's os
L(6s)

4-(0) 3+n ts
2 z

ej

L R ,

I,rJ t
scn-A? 5

zni k
,tqtsl

Lcnt (0s)
( 5 . 2 )

/ , ,  (or;

Hlff ieut(€)-, /*@L

+
,l-L 

Ul



+ 2ri h,{ L'(s)-si,}*sL{,u,Gr), &-l'- L \-zl ' 
Vs 14416) n rt6@)'

t)Gr) unrsu z

8

, 2 / n  t
a lvs)

A ,

t@;

_10_ ,
l t

vu, @) sLrLu.&s - 3+'70r) !<u (*r) en< O, 1 
*

v(r)(&) s+rt\&" r I +| grS cl s(*s1 coe o, +

c"(<s s+n"* Xn
z'Gcs s.'fa.1 _

4 /
LG*)

R 2

l{"r,, t*l

+'A(, . ,

" 2

b y u

6 r ; J J  D

r _

Z

and.

one

z

4)

2

, 2
5+ru 4- r  ( * r r (  " c )

1

denoting .

r - -7  |  ,a t -  - "7  I^ 
lyn,, L) /ss, 

' L- =- - ^lfr,,ru%",t

s i n g  t h e  e o n d i t i o n s  ( 3 . 9 ) ,  ( 4 . 5 ) ,  ( 4 . 6 ) ,  ( + . f  )  a n d

-t-

(  5 . 3 )

(  4.9.) -

LJ; [ -Lr la tu ,R:  &c^)  
*  

-c* )WR:-

otcrt" 
"i 

u'r" t*li:,*k ina< 
1*

+
z

5*;rSns* ry
+ 414(a) - vL,@) uqa I ,

Lt\g *q*)
L

2

+ 2b (<)

By

r

r / '  L  $ e
V 3urr('c) I 4

sin"< (*ur(*) r, # d.,,(4))'
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,* = - 2ti l,rg*rt,{,&o) * 
- c-es

- ) , 2

N : - 2C 34'rL &-

.L

-  I f  E and" N" are the stress resultants act ing on the die

s u r f a c e  0 = & ,  b t u  z ( < - )  =  b  l  L r r y t ( < ) ,  t h e n

-+ \ztq(<)*
- " - |  ,  t  l  l  L  t ,

T:  i ; s 'nu  l< ,  \  t  s14 .& l r :nL{h ' t
Lp.7(e)

4<rtt ("c) -

t f

k, \ o1r, se ls:q 
t7-d.,L -

\rtr(<)

ns  o f  (2 .L7)  one ob ta ins

r,tt R;(*- k\*rfn cnld"'d,,,i".1 -

1 ^ . 1

X *t3x-ltt6,(*)
I

rl'ps (d)
.

Ia l . .2- UL!, t"cl
\ Jq r )C"c ) r -  1

r, 
{- 

z,tuto, Bi(t - 
;) 

&(,s et nLd,

By mea

- (
T : Lt; lIL

$ ,  j )

( 5 . e ;

( 5 . 7 )f

--+

] Cu,'- R;) \ A ,

N =
( l . a ;

ry#c."r (Ri- R.') -

4Bi tAu, (h  # i) -
("c) -

(kq (q-)
r 4 V t l {"c,t{f,



-L2 '
t

- F e t p " [ A .  / ! ^  1  -  t - ) -n T Fz L^(z) luL Tn- T /
44zt (*)

f

+ 41fi21 ('c) - 4rs1 ({

One clarL easilY verifY

**** f r  *T:d,

w
' l  ta
that

fo rces  ac t ing  upon the deformat ionthat is,  the resultant of the

zorre boundar1 .3 is zer:o.

By denoting with

ZIL5*,. : - )

J' R;

f r o m  ( 5 . q j  a n d  ( 5 . 5 )  t h e ' u ' e  r e s u l t s

e ur* 6*r-  ZTtrytrR;t ; ;
^ {  I  -  1  \ o '  

z  r  '
!  \  B.3 ooJ 

f , tunLLQ1z,  Sur t 'd  -
P.:

- 7 7
J-r

t\o * , r - =  
w  

7 (  5 . 9 )

* Ir'urtn) @4n1 * krrrA c9 h, E 
'

we d iv ide the s t resses by St r ly  -^  kgr lT

d.rawing stress

6 *n 2-

6*rv F ugo,

L'(r)({) u4 nl (1

f _ '

LZ 
qC"S 3u1, oC ̂

(  5 . n 1

R r
( 5 . r 0 )

1 or l€  gets  theI f

re lat ive

I  6Ez l . Lg'Lru,d

6, NUTiERICAI, EXAI,{PIES

I n  o r d e r  t o  d - e t e r m i n e  t h e  c o n s t a n t s  t ( i )  ,  b 1 i ;  ,  " ( i )  
,  d ( Z )

* n a  t n *  a n g l e  P  ,  r t r / e  l l s e  t h e  e o , u a t i o n s  ( 3 . 9 ) ,  ( 3 . t 2 ; ,  ( 3 " r 1 )  '  ( 4 . 2

(4 .0 ) ,  (4 .6 )  and ( r .4 )  ' , vhere  rve  &ssume t l r .e  d rawing  baek- fo rce  : )s

knov,,n.  The relai ; ive C,.reLwing stress grven by (5. t t )  being the most

important global  character ist ic of  the proeess, the parameters invol-

ved in its ale d.etermined. :-rs fol-l-owsi i;tr.rsuming that Vi,t,t , (-0) "="O,

t h e  c o n s t a n t s  u ( Z ) ,  b (  2 ) ,  U ( r )  a n c l  t h e  a n S l - e  (  r e s u l t  f r o m  t h e

fol lowing sYstem

r 7  / ,  '  0  l '  I

b e@t tt - rysp) 
- 6r,, 7t' (P) srn( - Aut ? @ ilLP =

^ Itnt R;
=. I 

--- )

lat R,'

6 orns (*s& - cosf) o [or Lf'@l s+nd - f'fflsuzp ] +

6t"l)r
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( t , . J l

64 'lcns

3 let 1=
= - 6 'b l'tws*tz/t@t ##i,

ltu f,GSs"n?

, r , - 1 3 -
d("t1,1,'t*S sLrud - q'@) st t+ p] = - 3 (l

4* (r - H,l* 6u,(r- ,ry lL(p) r
+ ds1 [ 

o'%ft(u) - T.ut 
1r@] : o,

L 
ft 

(p) Tet

2-Ui I or*t * 0o, Lf'(n) + zt/i { 1tt<t] +

+ det 1,1,' tnt + z./7 y g@) I : o .
'  

fo determine the angle € we use the transeendent equat ion
which  resu l - ts  f rom the  compat ib i l i t y  o f  the  sys tem (6 .1 ) .  l ye  a lso
ment ion the fol lo lv ing relat ion

(L$) = 
# 

tLc,)@) + fr uu,G) s"np, (t -

A@)ry+Be)[5, | i1r tns g't4f =

( 6 . 2 )

? 
#,)3" tes /L(o) ^ ?@ r' rc')

r n  o r d . e r  t o  d - e t e r m i n e  t h e  c o n s t a n t s  o ( i ) ,  B 1 i ; ,  o ( r ) ,  h ( t ; ( o ) ,
h ( r ) ( t 3 ) '  f 1 . r ( P )  a n d  ( t  w e  u s e  t h e  e q u a t i - o n s  ( j . i o ) , ' ( : . n ) l '
( 3 . t 3 ) ,  ( 4 . t ; ,  ( 4 . 3 )  ,  ( 4 . 7 ) ,  ( + . 4 ; ;  ( 4 . 9 )  a n c r  ( 5 . j ) .  B ; ,  d i f f e : . e n t
combinat ions of  these re la t ions one gets  the fo l1o 'o ing cyste ie  -co

d .e te r rn ine  A(z ) ,  B (ey  and .  o ( r )  : , vh i ch  a re  p resen t  i n  (5 . r r ;

:. - K(z) r (cc) ly t[i ptnt * yttnt]- K1r1: t*) [d 
,'t3 

{4 
^ g' tn) 1 ,

A (t ' ' tpt" ' f f irra-
^o' 

t 
* 

/'ut s+rrP

+ 2' ry?\? tt - #)#,\-8,,

l(,", coc) -



.  ' :
,  a ,-L+-

T

h,, rl'rc) + t2 /L(P)
t({q(()

_-
uiq(8) sul| &0 +

a
Sft,,@t
ok*t

^ 6 4
3

, eI@,
' T -

'lut

ku

k ,
f't(l s*(

tLet (?)

kt*t uLt(p flt@) ein\

u'u, (P) [ 1r,
2, L rur)

K c o " ( 0 *

4

,,1 sut",@1, ry

t,knt

A*, I e4d- co4p -r

4 - \ u t' 
It*t

- 
t'@s son ( +

Dtt, L?
r tlu,
t l -'lt t

. t

\ lg4, tpsok 4#
T;, 1

6 lletG) p1t2 (*o? -
aL@ p'tet

1 - H , u 4 4 ) - ?,)@ 4F'l * Bu, lf,*,s,n*-) -  
"1Xe l  

J  - ' '

? 'Io uk,t(p; vtryft'(n) t"noc 1..-
r ,  I  r

+

' (n) sir, <, - qr' t?l st'rv ( +

tuoG) ft(0, qt(<) sut< -
(r-  Hluir@)/, ' t (s

32 lut ag K) - ..- -
3 'tc't (t- P) "L,Qs 1t'(Pl'  

l . o t t  
"

J=

] rc,r, ("c) r

n a f u  u c q ( i l  |- o  
kn  U -6 ) " i , ,@) / , '@L

*/,(?) f+,,oll^o,to),

'(p)

t 6
g Klez(p) *



-15-

where

(  6 , 4 )

,h :  
W 

v tPa, |  =  o r l l

L :  o r o g

been taken out

YlPa.. 3,

M P 4 . 5 .

or Lgl for copper

l, =20o/.

l r y=042

t.0

0-3

0.8

0.7

a6

0s

0.4

0.3

0,2

o./

20 /c
-  u , t

)

2 0 %
0.33

Q)

= 2
lL;,
( r=

V'

f

B

r
t

lr =
\Bo =
I ' tz)

Kcr,(<) : - 
tl,f'*sKoy 

('t') * 1!@1K,.,'("c)] Ett-<+
4

+ | \ 4", G) sit" sto .
b " p

The naterial constants have

and aluminium, that is

and.
,L_  

f f  mpat
respec t ive ly .

7o
,+2

3

- '  1lt .r$l inL um

lO 7o
o.4€

z" 4o c '  6o /oo /zo /4 '  /€ '  lg" zo" 22'  z+'

Fig. 2. The relat ive drawing siress,depend.lng on the

angle oC , in case 1 .

fhe drawing velocity is vlor = L n/s .  The geometr ical d.ata
\ 1 1

for thin wires have been consideied as folJ-ows ,

tr) t

\copper
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Rn =  0r824 rn rw.  ,  R l  =  A16++ r rL f tL

a n d  f o r  r e d u c t i o n s  r / o =  1 0 0 ( 1 - R . ' / g i  )
corresponds to the foLlowing va. lues of  RZ

RZ =  0 .??BB ru t  and RZ =  0 .?343 mro

.  respec t ive ly .

Two cases have been consid.ered. l

Case 1 - wires with copper external cover and alumlnium core

f o r  w h i c h  r o / o  =  I O / " ,  B S I Z ;  =  O . 4 5  a n d -  r / o  =  2 O / , ,  B S I Z ;  =  0 . 4 2 .

Case 2 - wires with aluminlum e*ternal cover and" copper core

fo r  wh ich  r fo  =  AO%, BSIZ;  =  0 .35  and.  ry 'o  =  20 f "  '  BS lz ;  =  0 .33 .
For both cases, when v'/, = 2O/", the drawing stress values have

been compared. wi th the corresponding ones for monometal l - ic  v* i res of

copper and a. lumlnium ,  respect ively.

The numerical d.ata obtai-ned are i l lustrated in figures 2 and. 3.

* t

I r 
= 20"/,

\ut=o 
ot,

of 101 and 20"1, which

f .  /O%

BS cA= 
0'35

= 207"

7r= o' 33

= 20",/o

, = 0,33

r
I

l ' =

8g

r G

Bo,g

(
I
{
I
L

{
\

t.0

0.9

0.8

0.7

0.6

o.s

0.4

0,3

a2

0. /

I
t

2 0  + "  6 0

I i g .  3 .  T h e

6'  /0"  /2"

re l -at ive

angle

/4' /€" /8" 20" 22' 24"

d.rawing stress,  depend. ing on the

o C  ,  i n  c a s e  2 .

co PPer

> alurninium
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As mentioned. above, the d.eformation zorLe, geometry d.epends on
the form of the separat ion surface Jt of the two components, whose
equat ion is  g iven by (3 .5)  ahd depends on the paraneters  (  and $,

In  both cases the system (6.1)  aetermines the parametu"  p
as

in
t '
I
I

a .function of the angle 6r

f i g .  4 .

. fhe numerical results are shown

d.etermined. f rom (3. t t )  au a funct ion

is  g raph ica l l y  represented  in  f ig .  5 .

200

18"

16"

l4o

120

/0'
o

I

6 '

t ctt

2 0

6 ' 1 0 0  / 2 ' / 4 0  / 6 "  / 8 ' 2 0 "  2 2 ' 2 + "

Fig.  4.  The d.ependence of  the parameter p on the angleoc

/ ory2 0 6 '

The parameter Pf
of the angle & , and.

J ; f ,

7,  CoNCLUSTONS

The drawing process of  a wire wi th two ts ingham type components

through a conical .  converging dfe has been theoret ical ly d"escr ibed-

and numerical ly exerapl-- i f ied.  The inf luence of  the d.rawing, vel-oci ty

on the d-rawing stress is given through the Bi-ngam's number.

The existence of  a opt i rnal  d ie angle for  which the relat i .ve
drawing stress reaches a minimum has also been establ ished. for

b i m e t a l  4 r a w i n g . .  l J ) ^ . J  4 t ; r i i l , ,
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o4'

0,1'

2o 4o 6o 6o l0 '  /2 '  /4 '  / i61 /6 '  20'  22'  24'  o(

F i g .  5 .  f h e d.epend.ence of the paramet*t 
€n 

on the angle & ,

loca ted- r  &s  i t  was  expec ted . ,  be tween

of the monometal l ic  wires

within the deformation zone has

given above.

two components of  the bimetal l ic  wire

aLso been spec i f ied  in  the  examples

Acknowledgement - The authors wish to thank dr. H. Georgescu for his
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a5

This  re la t i ve  s t ress  is

the two corresponding stresses

The boundarY between the
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