
AFSTRACT 
I n  production, most extrusion contn i n e r s  a re  cylinder.icc1, but . 
the extruded s e c t i o n  is  of ten  o ther  than round. I n  t h i s  poper the 
flow of pure aluminium was analyzed during the e r t rua ion  of non- 
c i r c u l a r  aec t ions  from mund b i l l e t s .  A modified v i e l o p l a s t i ~ l t y  
technique m a  uaed t o  obta in  quan t i t a t i ve  values of s t r a i n  r a t t ,  
strain and flow stress i n  the deformation zone. Also the ex t rus ion  
pressure wae measured and analysed, The e f f e c t  of the extrueion 
ret io  and extruded shape geometery on the previous parameters was 
discussed and waa compared with t h a t  occured when extruding round 
ahepes. Extrusion experiments were ca r r i ed  out  on commercially 
pure a lumin iw  through square cornered d i e s  and d i f f e r e n t  ex t rus ion  
m t t o a ,   result^ shoaed tha t  The extrueion e f f i c i ency  
wes found t o  be maximum a t  an extrusion r e t i o  of 14:l. The maxFmam 
vnlue of the extrueion e f f i c i ency  ranged between 45 and 51% depend- 
ing on the  extruded sec t ion  geometery. The square s ec t tons  has a 
more hpmpgeneous flow than t h a t  of rec tan lwlar  eect ions.  

When extruding a rec tangular  aeot ion the flow i n  a d i r ec t ion  
pasallel t o  the l eng th  i a  more homogeneous than t h a t  i n  a d i r ec t -  
ion  p a r a l l e l  t o  the  width depending on the width t o  length  r a t i o ,  
The meximum value  of' the flow stress, n e a r  the d i e  e x i t ,  or? a 
plane of symmetry p a r a l l e l  t o  the width of an extruded rec tangular  
s ec t ion  is  more than t h a t  found on a plane of aymmetrg p a r a l l e l  t o  
the length depending on the width to  length  r a t i o ,  
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1 Coeff icient  of f r i c t i o n .  P2 : hiinhum pressure.  rs;/mm2 

Ai : f i n i a l  b i l l e t  area ma2 v * Axial ve loc i ty  component. m/ni, 
R : Extrueion r a t i o  = AO/Af u : Radial ve loc i ty  component. ,, 
f 8 R t r u e i o n  ef f ic iency .  -L t2 : Equivalent s t m i n  r a t e  sec'l, 
D I n i t i a l  B i l l e t  diameter. mm 

2 : Equivalent s t r a i n  , 
Y : Average y i e l d  a t r e a s  

1 
Kg /mm n : S t r a i n  hardening exponent. 

r t Extrueion reduct ion ( 1,- g ) K : Strength c o e f f i c i e n t  . k/rn2 
P1 s Maximum preeaurs. a/m2 zr Equivalent a t raea .  

# I  

L : Billet l eng th  up t o  the coring point.  mm 

L1 t Bi l l e t  l eng th  up t o  the maximum preseure. 3, 

L2 1 Bizlet l eng th  up t o  the minimum preosure. 
2 )  

V r Averege v e l o c i t y  between two points. mm/min. 

k t r u a i o n  of non c i r c u l a r  s ec t ions  from c y l i n d r i c a l  containers  
ha8 been s tudied  by severa l  workers f o r  d i f f e r e n t  meter ia l s  end 
conditione, repor ted  by Jhonaon and ~ u d o l .  Generally these workers 
bad found t h a t  t he  hole shape f o r  a given reduction influenced 

2 
the ex t rus ion  pressure only s l i g h t l y .  Jhonson s tudied  the flow 
pa t t e rn  of square,  rec tangular ,  t r i a n m l a r  and I-sect ion ex t rus ions  
and concluded t h a t  flow pa t te rns  on planes of symmetry were s i m i l a r  
t o  t h a t  of plane-otrain o r  axisymmetric extrusione of equivalent  
sections. The present Paper concerns a complete ana lys i s  of the 
e f f e c t  of the extrusion r a t i o  and the geometery of the extruded 
sec t ion  on the  t o t a l  extrusion pressure i n  terms of the homogene- 
ous, redundant deformation and the f r i c t i o n a l  woxk . A modified 
v i s i o p l a s t i c i t y  technique, proposed by ch i lds3  end, Parag and 

% l l e r s 4 ,  wae used t o  study the flow of metal using o p l i t  specimens 
and t o  ca l cu la t e  equivalent  s t r a i n ,  equivalent  s t r e s s  d i e t r ibu t ione  
on planes of symmetry of the extruded specimens. Also the value of 
the redundant deformation was ce lcu le ted  and compared wi th . tha t  
obtained from analysing the extrusion pressure. 

EXPERIbiENllAL WORK 

Experimental work was ca r r i ed  out  with d i r e c t  extrusion of  non- 
c i r c u l a r  shapes using sharp edged (90') square dies .  Ma t e r i e l  
used was  commercial pure aluminium (39.97%) supplied i n  form 
of 40  mm diameter hot extruded rods. B i l l e t  dimensions were 
m i n t e i n e d  conetent  a t  30 ram nominal diameter and 40 mm long. 
The b i l l e t  was s p l i t  i n  ha l f  longi tudina l ly  p r i o r  to  extrusion 
and a g r id  i s  applied t o  one o f  the s p l i t  faces ,  The g r i d  cons i s t s  
of a s e t  of l i n e s  p e r a l l e l  t o  the b i l l e t  a x i s ,  ca l l ed  flow l i n e s ,  
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and a s e t  perpendicular t o  the f i r s t  ce l l ed  t ransverse l i nee .  The 
two halves of every epecimen were anealed f o r  one hour a t  350° t o  
produce auniform g ra in  s i z e  and were put back together ,  the b i l l e t  
i s  p a r t i a l l y  extruded, removed from the d ie ,  separated along the 
same plane and the g r i d  l i n e  d i e to r t i ons  a r e  obeerved. The ex t rus ion  
experiments were ca r r i ed  out  i n  a sub-press mounted on a 200 ton . 
Amsler compression t e s t i n g  machine under constant  ex t rus ion  speed 
of 7 mm/mln. The extrusion conta iner  was 30 mm i n n e r  diameter. 
Lubricant used was a suspension of c o l l o i d a l  graphi te  I n  acetone 

and was appl ied  t o  the b i l l e t  before extruding, t h i s  gives an 
even m of graphi te  when acetone had dr ied off .  'The method 
was adopted f o r  a l l  s p e c h e n s  t o  prevent s t i c k i q  & both duping 
the extrusion.  Eight  extrusion r a t i o s  of (1.767, 2.5, 3.25, 7.07, 
9, 14.14, 28.3 and 36) were used i n  the present  work, and were 
divided i n t o  three  s e t s ,  every s e t  contained a square,  rec tangular  
and c i r c u l a r  shapes. A t  every s e t  the length  of the  square shape 
and the width o r  length  of the rec tangular  shape equals t o  the 
diameter of  the round shape. Thus, there  was three  s e t s  of meridian 
planes, where the flow d i s t o r t i o n  was examined, passing through 
the a x i s  of eymmetry of the extruded specimens and h v i n g  an 
i n i t i a l  dimension equals t o  the conta iner  diameter and e x i t  dimens- 
i on  equals  t o  : 20 mm i n  the  f i r s t  s e t ,  10 am i n  the second s e t  
and 5 mm, i n  the t h i r d  s e t .  Extrusion experiments were c a r r i e d  
out  a t  room temperature. 

METHOD OF ANALYSIS 

I- EXTRUSION PRESSURE 

Tho ext rus ion  p r e a s u n  waa analysed a s  ~ o n a a ~ ,  rho considered the 
extrueion pressure t o  have three components, 
a- The homogeneous o r  i d e a l  work of defoma t i o n  (Ph). 
&-The extra-pressure-  due t o  the lnhomogeneoue o r  redundant 

deformation (Pr). 
4 

c- The pressure required t o  overcome the s l i d i n g  r e s i s t ance  t o  
the b i l l e t  l ength  beyond the dead metal zone due t o  f r i c t i o n  
(P*). 

and defined the t o t a l  extrusion pressure a s  : 
Pe " Ph + P* + Pf 0 . .  (1 )  

The maximum extrusion pressure obtained experimentally under 
d i f f e r e n t  ex t rus ion  condit ions was analysed according t o  the 
following procedure :- 
1- I d e a l  ex t rus ion  pressure (Ph) . The value of i d e a l  ex t rus ion  
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pressure wes celcula  ted from the r e l e  t ion  of 

P, = WAJA,) = L~(R) ... (2 )  

and the ex t rus ion  e f f i c i encg  (7 ) was then defined aa 

7 - *h/% * . *  ( 3 )  
Rresaure t o  overcome f r ic r tboml  WOA (Pf )  

Thie reasure was eetimated accarding t o  the  suegeesion of t Jonae and Co-worker8 a s  
Pi = Pe - Po 0.. (4)  

and ae  Pe = PO exp 4f L/D w e *  ( 5 )  

and Po = Ph + P, st  the  coring point.  

Therefore the f r i a t i o n e l  work m t i o  was taken a s  (Pf/Pe) . 
Pressure required f o r  redundan t deformation ( P,) 

Redundant deformation i n  ex t rus ion  a r i s e s  beaause of f r i c t i o n  
efong the conta iner  wal ls  and the d i e  face, t h i s  r e e t r a i n e s  
the f r e e  flow of the ma te r i a l  resulting i n  i n t e r n a l  eheering 
i n  the b i l l e t ,  mainly i n  a zone t h e t  b e l l  shaped i n  s e c t i o n  
with the narrowest pa r t  of the b e l l  a t  the d i e  o r i f f i c e .  The 

drop i n  pressure from the s t a r t  of ex t rus ion  t o  the coring poin t  
can be a t t r i b u t e d  t o  t h a t  required f o r  f r i c t i o n a l  work. The prese- 
tare a t  the coring point  t he re fo re  exceeds the preaaure f o r  homo- 
geneous deformation by an amount equal t o  t h a t  required f o r  redun- . 
dent deformation, on this b a s i s  the redundant work can be est imated 
from the following r e l a t i o n  

Therefore the  redundant work r a t i o  can be ca lcu la ted  e e  the r a t i o  

DETERMINATION OF TRE FLOVl STRESS 

For a non work-hardening ma te r i a l  the y i e l d  stress has  a 
cons tan t  va lue  but  when the ma te r i e l  is one o f  work - hardening 
ma te r i a l s  the  y i e l d  stress haa an increas ing  velue with 

6 s t r a i n  increasing.  Johnson suggested an average ve lue  of the 
y i e l d  s t r e s s  ? which wes defined ae the average value of  the t r u e  
strees over the range of logari thmic s t r a i n  from 0 t o  (0.8 + 1.5 In 
1 ), and r, is defined a s  : 

r = (1 - Af/AO) 
The flow s t r e s s  of the ma te r i a l  used was considered t o  be the 
overage y i e l d  s t r e s s  i! corresaponding t o  the velue of reduc t i o n ( r ) .  
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ESTIMATION OF TILE COEFFICIENT OP FRICTION 

The apparent c o e f f i c i e n t  o f  f r i c t i o n  ( p )  between the b i l l e t  
ma te r i a l  and the conta iner  was ca lcu la ted  i n  the present work 
from the expression developed by n i r s t  end Uroel 7 

Expression (8) is based on the assumption t h a t  the drop i n  extrusion 
pressure i s  due i n t i r e l y  to  reduced f r i c t i o n  between the b i l l e t  and 
the container .  

The flow of aluminium under the d i f f e r e n t  extrusion condit ions 
was analysed from measurements of g r i d  l i n e s  machined on a meridian 
plane of p a r t i a l l y  extruded b i l l e t a .  The measurements a r e  based on 
the  assumption t h a t  g r i d  l i n e s  i n i t i a l l y  p a r a l l e l  t o  the b i l l e t  
a x i s  coincide with the s t reamlines of the flow and g r i d  l i n e s  
i n i t i a l l y  perpendicular t o  the b i l l e t  a x i s  represent  the progress 
of deformation a t  i n t e r v a l s  of ram t r e v e l  equal t o  the i n i t i a l  
g r i d  spacing, i .e.  s teady s t a t e  condi t ions.  
The calculations of metal-flow parameters a r e  baeed on a procedure 
repor ted  by ch i lds3  and modified by Fareg and s e l l e r s 4  a s  follows : 
( i )  the average ve loc i ty  V over a length  of o streamline between 
two g r i d  poin ts  was taken a s  proport ional  t o  t h a t  length and the 
d i r e c t i o n  coincides with t h a t  port ion of streamline. Graphical 
methods were ueed t o  compute the r a d i a l  and a x i a l  compontnts of 
ve loc i ty ,  u and v, respec t ive ly ,  from V and t o  emooth t h e i r  va lues  
independently along the streamline. 
( i i )  the equivalent  s t r a i n  r a t e  was taken a s  

The values  o f c  were ca lcu la ted  a t  1.8 mm i n t e r v a l s  through out 
the flow zone. The s t r a i n  r a t e  components i n  the above equation 
were obtained graphica l ly  ae the s lopes of the p lo t ted  curves 
which deaoribe : 
1- The v a r i a t i o n  of v,u independently with r a t  constant  2. 

2- The v a r i a t i o n  of v,u independently with z a t  constant  r. 



where r , z  a r e  the  r a d i a l  and a x i a l  coordinates of the point  a t  
which the mean equivelent  s t r a i n  r a t e  vms calculated.  
( i i i )  the  equivalent  s t r a i n ,  , a t  points  on the s t reamline was 
cs l cu la t ed  from the  equivalent  s t r a i n  r a t e , z  , by in t eg ra t ion  
along the  s t reaml ines  a s  the  expression represented by Fawg and 
s e l l a r a 4  : - 

E = \ a 6  = * \ $ a .  - . ( lo)  

( i v )  Equivalent s t r e s s  ( c6 ) :- The s t r e s s  s t r a i n  curve of many 
metals i n  the  region of uniform p l a s t i c  deformation can be exprerssed 

8 by the simple power curve r e l a t i o n  
-s. = K ( e ln . . . ( 1 1 )  

EXPERILIENTAL RESULTS AND DISCUSSION 

1- Mechanical behavior of Aluminium : 

A com&esaion t e a t  was performed on the mater ie l  'used through out  
the experiments end a t rue  s t r e s s - t rue  s t r a i n  curve was obtained, 
and i t  was not iced  t h a t  the ma te r i a l  used is  a work-hardening 
mater ial .  Then the ma te r i a l  constants  i n  the power curve r e l a t i o n  
6 P ken, which descr ibe  the p l a s t i c  deformation of the mater ia l ,  
was obtained from a log-log p l ~ t  of the t rue  s t r e s s - t rue  s t r a i n  
curve. 
The values of the  e t m i n  hardening exponent, n , and the s t r eng th  

2 coe f f i c i en t ,  k, of the material., were 0.31 and 14.45 kg/mm 
reepec t ive ly .  

C 

An average y i e l d  s t r e s s  (Y) was ca lcu la ted ,  f o r  d i f f e r e n t  extrusion 
reduct ions ( r ) ,  as the area under t he  t rue- true s t r a i n  curve =orreas  

1 ponding t o  a logarthmic s t r a i n  renged between 0, (0.8 + 1.5 la ) 
1 divided by a va lue  of logarthmic s t r a i n  of (0.8 + 1.5 I n  ). 

- Coeff icient  of f r i c t i o n  : A s  previonsly i l l u s t r a t e d  the f r i c t i o n  
between the conta iner  w a l l  end d i e  f ace  playa en important pa r t  i n  
de t e m i n i n g  the  pressures  required f o r  extrusion and the homogeneity 
of mete1 flow. I n  the present  work, the coe f f i c i en t  of f r i c t i o n  was 
ca lcu la ted  during the  extrusion experiments and was found t o  have 
an  average valve of 0,042. 

- Extrusion pressure : 

Fig . ( l )  shows that The values of Ph and Pe increased 
with l o g  ( A , / A ~ ) ,  but  there is a d i f fe rence  between t h e i r  values 
due t o  the inhomogeneous pressure l o s t  i n  f r i c t i o n  and redundant 
deformation. 
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The dif ferer lce  between I'e and Pk, inc reesed  wi th  the  i n c r e e s l n g  of 
A U / A f P  because o f  ? h e  i n c r e a s i n g  of inhomogeneous p ressure .  
The pyessure ,  Pe , %..as found  t o  i n c r e a s e  wi th  i n c r e e e i n g  t h e  r a t i o  
of l e n g t h  t o  width for non c i r c u l e r  shnpes ,  t h i s  ia due t o  the  

i n c r e a s e  i n  - d u d a n t  defon;letion with Encreese of l e n g t h  t o  width  

r a t i o .  ~t was found t h a t  t h e  pe rcen t  i n c r e a s e  

of t h e  maximum e x t r u s i o n  p ressure  f o r  non c i r c u l a r  s e c t i o n 8  over  
t h a t  r e q u i r e d  f o r  round s e c t i o n s ,  o f  t h e  equ ivn len t  e x t r u e i o n  r a t i o ,  
v a n i e d  between 5 4 5 %  f o r  square s e c t i o n s  and &3-33$ f o r  r e c t a n g u l a r  
s e c t i a n ~ ,  of width t o  l e n g t h  mt io  = %, depending on the s x t m s i o n  

=tfo, 
~ ~ ~ ( 2 ' )  shows " c h a t  t h e  f r i c t i o n a l  work m t i o  Pf/% a b o s t  

cosaterrt ,  which is m d e w a t a ~ d a b l e  84nee ( p  ) w s  constant. 

The redundent work  r a t i o ,  JPr/BeB Pig, ( 2 )  decreased wi th  incxeeeing 
extnmicn r a t i o  (and tended t o  increeee a g a i n  a f t e r  e x t r u s i o n  r a t l a  
1 24) Tho decreesse I n  P,dPe with the i n c r e a s e  i n  reduc t ion  indicates 
a  more homogeneous flow. The redundant work r a t i o  showed a minimum 

* i r a l ~ e  f o r  a111 ahapes! s t  ex t rus ion  r a t i o  = 14.  Fig, (2 ) shows 

t h a t  the square  s e c t i o n s  had a more homogeneity i n  flow than 

pec tengu la r  s e c t i o n s  of width t o  l e n g t h  r a t i o  w %, and t h e  round 
s e c t i o n s  had move homogeneity of Slow due t o  t h e  decrease  i n  
redundant va lue  than dll o t h e r  shapetr, 
me decrease i n  (Pr/%) and i t s  i n d i c a t i o n  o f  a more hornoeeneity 

OI f low M I B  r e f l e c t e d  i n  t h e  e f fec iency  of e x t r u s i o n  (2 = Ph/%) 

a s  shown i n  F ig ' (3 )  which t h e  ej i truoion e f fec iency  increosed wi th  

i n c r e a s i n g  reduc t ion ,  due t o  t h e  improved homogeneity of rnetaL 
flov, caused by the  decrease  of  desd me t b l  volume v i v i  th  i n c r e ~  3e 

deed a s e t ~ l  zone snt;le fit high reduc t ions ,  I t  should be noted t h a t  
t h i s  incresee i n  ( f  ) , 
~ i ~ . ( 3 ) ~ t e n d e d  t o  decreooe aga in  a f t e r  r educ t ion  s 1 4  t h i s  i s  due 
t o  the  incseese  i n  t h e  value  of redundent deformat ion tis discumied 

~ P @ v ~ G U B $ ~ + ,  

It m i l s t  be noted t h a t ,  c i r c u l a r  s e c t i o n s  had the  h i g h e s t  value  of 
exlx -~s%sa eff ic ; iency I /C 41 t h i a  is due t o  t h e  f e c t  t h a t  c i r c u l a r  

s e c t i m s  had s mo re  homcgeneous f low than a f t e r  &&peg, I t  ware 
. found t b t ,  the e x t r u s i o n  effacieacy (be  ) Eevelo decavaaed with 

d e i r e s s i n g  the width t o  l e n g t h  r ~ t f o  of non c i r c u l a r  shapes becauee 
of i n c r e a s i n g  the  va lue  sf redundent work. It should be noted t h t ,  

t h e  square  shapes had e va lue  of e f f i c i e n c y  more then t h a t  of 

r e c t a n g u l a r  shapes of width t o  l eng th  r a t i o  .I 5, which c a n  be 
o t t r i b u t e d  t o  the  more homogeneous f low of  squnse shupeg than 

r e c  t n n s l a r  shapes. 



- Flow hi$. l r r i y  oi id  F ~ ~ ~ J  1 i r t r l e  :: - 26 - --------- 
pig,(~) ~horns the  p h o t o g r n p h s  o f  t h e  pr : r t lg  ~ x t n l d e d  billets, fop 

~ e v e s a l  ahepes  and  re r3 .u~  ti oat^, 11; uhould  be llotecl t h n t  %he distor- 
tion of thc f l o w  l i n e s  I:ma e x ~ m i n u d  on t~ perpendicular planeb 

f o r  each non-c i rcu lu r  sec td im and it we8 found th9.t; the deed! metal 
zone angle rueamred i n  a p l ane  p n o s i n z  th rough the width is more 
than thet found  on r, p l a n e  pass ing  through the length, 

The r e s u l t s  h d i e a t e d  t h ~ t  the  deed  m e h I  zone angle incressad 
w i t h  decseuuing ohrpe t h i c l a e ~ s  a long  d i s e c  t i  on o f  t,hc meridian 

plane due to t h e  incr t tese  I r a  the e r t l -u s ion  mt io ,  

- E q u i v t ~ X ~ n  s t m ~  rL;3i :: ?rjh t i  (2 : 

The equ iva len t  s t r s i n ,  , was e e l  c u l a  Led o s  illl;s t r a  t e d  previoutsly, 
w i n g  the modified v l o i a p l a r t i c i t y  tec l in ique ,  Then the aquivslent: 
~ s t r a f n  d i s t r i b u t i o n  m3 o b t e m e d  f o r  v a r i o u s  p lanes  of eymmetq of 
d i f f e r e n t  e x t r u d e d  s e c t i n n s  n t  d i f r e r c n t  e r t svs jon  r a t f o s ,  

a;noTsslt oL" redur,&i:lc r?efor:mt,~ Involved in  e x t r u s i o n  cnn be 

eva lua ted  q u a l i t a t i v e l y  by examining She e q u i - a t r a i n  contours i n  
the deiomlng m a t e r i a l ,  The i d e a l  chse  i s  when tlre con twu~s  ere 
otraight lines e t  r i g h t  nagles to tile b i l l e t  & x i s  with the  hlgheet 

ve lue  equel. ta  In(Ao/Af) where AG/lZg is the exta-uaion r a t i o ,  
I n s p e c t i o n  of the  e q u l - e t m i n  cori taurs s h o w  i n  Fig.(5) shows tkat 
the s t r e i n  values  a t  t h e  2ka  e x i t  a r e  much higher  then the  i d e a l  

v a l u e ,  e s p e c i a l l y  n e e r  t h e  ex t ruded  bar s u r f a c e  due t o  the  extm 
akeur s tmins  couscd by f~ictioa, 

Tbe amourit o f  redt int lsnt  defonna t i o n  was c u l c u l e t e d  arr t h e  diffey-emcca 
between the  i d m 1  s t r a i n ,  of va lue  equal  t o  LnfP.oJ.by)9 and tile 

maximum va lue  of  ~ t r o i n  ob tn ined  i n  Fig,15) f o r  every specirrm. 
Fig, ( 6 )  i l l u s  t r s  t e s  t h e  v u r i a  t i o n  on" such d i f  f'ererrce ( r e d m d ~ n t  

d a f o m e t i u a )  vsith. t h e  va-i-Letion of e x t m a i o m  r a t i o  f o r  digfernat 
extruded rsec t i o m ,  3 t shor12.d bc noted tilet for a12 see t i a a ~ ,  %fie; 

velue of red~mdont f i e f o n a t i o n  decreased w i t b  t h e  extrusion 1wti.o 
increase, till i t  reaches  the extrusion m t l o  o f  vakuc 2$sl, whem 
a rninimurrn va lue  or.' r e d ~ m d i i n t  defome2la;n was found and then, the 
a-.arlundmt defomCion tended t o  I n c ~ e e a e ,  aga in ,  with the e x t m ~ i o a  
ratio inrcreaee. 
Fig,(6) ohows that,, p,t the  n m e  e x t r u s i o n  r e  tPo, t h e  ent-mded romd  

sac t ion  hed a va lue  of  redwldnnt d e f s m a t I o n  l e a s  than e l l  other 
oha~ehl* thenl  the equare  a u c t i o n  had o vulac of sedmdan t deformpltion 

more than t h a t  of t h e  round ~ c c t i o n ,  b u t  t h e  rectangular section 
sho~ved the highest veEut-s sf mcl~mden t  aefomm bion t -hn  mwzd an& 
square sect ionn.  I t  shou ld  be n o t a d  t h u t  the r n ~ t e s i a l ~ n o w  i n  the 
equem aectiano 19 more homogeneous "tun %hot of r e c t a n ~ l a r  
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FIg.(5) a l s o ,  showa tha t ,  on a plane of symmetry, having the same 
i n i t i a l  and f i n a l  dimensions, a s  the width t o  length  r a t i o ,  of a 

non c i r c u l a r  ahape, decreases (decreasing the thickness about the 
plane of symmetry) the value of the  redundant d e f o m  t i o n  deoreaeee 
a l s o  which l eads  t o  a more homogeneous defonuation i n  a d i r ec t ion  
p e r a l l e l  t o  the length  than t h a t  which is p r e l l e l  t o  the width, 
which can be a t t r i b u t e d  t o  the high r e s i s t ance  t o  d e f o m t i o n  in 

the w l d a  dfsact ion.  

-Equivalent s t r e s s  d i s t r i b u t i o n  

The equivalent  stress d i s t r i b u t i o n s  was ca lcu la ted  a s  described 
before,  and the r e s u l t s  abtained a r e  shown i n  pig.(7) . It should 
be noted t h a t  the value of the e t s e s s  obtained wes d i r e c t l y  depend- 
i n g  on the valvies  of the s t r a i n  a t  these points  a t  which the s t r e s a  
m e '  calculated.  
I t  should be noted t h a t  the values of the stress d i s t r i b u t i o n  were 
higher  than the y i e l d  s t r e s s  of the mater ia l  due t o  t he  work 
kardening property of the ma te r i a l  used. It wes o l e a r  t h a t  the 
g r e a t e s t  value of s t r e s a  was found near  the d i e  e x i t  corner  because 
of the  r e s i e  tance t o  def orma tion. 
The mexj.mum value of the stress increased with increasing of the 
ex t rus ion  r a t i o .  . 
On a plane of symmetry, having the same i n i t i a l  and f i n a l  dimensions, 
the  maximum value  o f  s t r e s s  increased with the decreaeing of the 
width t o  length  r a t i o  of a non-circular ahape. 
Also, i t  should be noted t h a t ,  the maximum value of the e t r eee  on 
a plane of  symmetry p a r a l l e l  t o  the  width of e non-clrcular shape 
ie more than t h a t  found on a plane of symmetry p a r a l l e l  t o  the 
length ,  because the r e s i s t ance  t o  flow i n  the  width d i r ec t ion  i s  
more than that i n  t he  l eng th  direct ion.  

CONCLUSIOIJS . 

-&)* rec  t a n p h r  s e c  ti ma requfral -arr ext rus ion  preseure more than 
t h a t  required f o r  equare s ec t ions  where the percent increase  
i n  pressure,  f o r  s ec t ions  examined over t h a t  required f o r  round 
sec t ions  of equivalent  ex t rus ion  r a t i o ,  va r r i ed  between 5-25% 
f o r  square s ec t ions  and 13939% f o r  rec tangular  sec t ions  depend- 
i n g  on the  ex t rus ion  r a t i o .  

(2)  The square s ec t ions  had a higher  velue of extrusion ef f ic iency  
than t h a t  of the rec taneuler  sect iona where the extrusion 
e f f i c i ency  was found t o  be 48%.for  square sec t ions ,  45.8% f o r  
rec tangular  shapes and 51% f o r  round shapes which gave the 
h igher  e f f ic iency  than a l l  o the r  aha pes. 



-30 - 
( 3 )  The redundant work r a t i o  v.as found to have a minitnum va lue  a t  

exrusion r a t i o  of 1 4 : l  where the extruoion ef f ic iency  vms 

found t o  be of o maximum value . 
( 4 )  Square sec t ions  had a more homo~eneoue than rec t o n m l a r  sec t iono, 

where the value of redundant a t r a i n ,  measured i n  square sec t ion  
vas found t o  he leoa then thn t  found i n  rec tangular  sect ions.  

( 5 )  '::hen extruding a r e c t a n ~ l a r  sec t ion  the flow i n  o d i r ec t ion  
p a r a l l e l  t o  the length  i s  more homogeneous than tha t  i n  a 
d i r ec t ion  p a r a l l e l  t o  the width. 

(6)  The maximum value of the flow s t r e s s ,  near the d i e  e x i t ,  on 
e plane of symmetry p a r a l l e l  t o  the width of an extruded 
rec tangular  sec t ion  is more than t h a t  found on a plane of 
symmetry p a r a l l e l  t o  the length. 
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