
t .

,NSTITUTUL NATIONAL .INSTITUTUL
ntr  ;  PENTRU CREATIE. U L

sTt ti ltTt FtcA st TEHNTcAMATEMAT!CA

' r ssN  0250-3638

SIMULATION 
;:-::;-"il:trI::UI" 

U''*G HOT

by

E.SOdS,  C.TEODOSTU,  V.NTCOLAE,  C.G.RADU

PREPRINT SERIES IN I'IATHEMATICS

N o . 4  0  / L g } O

fi,*fi"1'(e\{Y
BUCURESTI





r . sods* ) ,  c . rEoDor ru - l i ,  v .NrcoLABr* ) ,  c .G .RAps** * )

A u g u a t '  l 9  B 0

STIVIULATION oF HoT EXTRUSTON BY USTNG
TECHNTQUES

HOT TORSTON

Ind t i tu te  doz  Sc ien t i -
2 2 0 ,  T g A Z Z  B u e h a " t e . t t ,

- l+ '  Depat tment  od  l , la i l temat ie t ,  Nat iona l
;  { ie  o"nd  Teehn icaL Cnzat ian ,  Bd, .?ac i i

Romania-
. . \

tmen t  o  d  So t i d
* * * ' .  l n , s t i t . u t e  6 o n

Roman ia .

Phq,s ic t  a .nd  Tec l tno logq o I  Maten ia l t ,  Oepan_
l lec i r .an ic t ,  7  07  0  1  Buc l tane l t ,  Romania .

l , leta"Llut tg icaL Ret eaneh, 7 7 7 6g Buchanett ,





'  i : l  ' l  ' : '

SI}.{UIATI0$ OF I{OT EXTRUSIO]\I By. USIiriG HOf

TORSroi,r TEOflTTQUES

by E;SOdS, C.TEODOSTU, V.} I ICOI,AE, C.G.RADU

Abst rac t

The sinurat ion of  hot  wcrking grocesses by hot tossion

teclur iques Drovides an ine.4>ensive and convenient : tethod. for

test ing ar id.  opt in iz ing neiv forning technoLogies.  The present

paper concerr ls the s inulat ion of  hot  extr t - re i -on with appl icat ion

to  the  e :c t rus ion  o f  the  AfSI  T76L aurs ten i t i c  s ta1a lese  s tee l .

j
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The nost v'eliable nethod" of d"eterninr-ng i lot lvorkabj--Lity

is  to  r : ' rocesg na ter ia ls  u ,nder  p lan t  conc i t ions ,  i , rhe . re  the  va , : ie*

bl-es in i rerent in the :mter ia l  (  corposi t io i r ,  s ize,  s l iape.,  n ic.rb*

^ * v t . n ' ! - , . - . . ^ \  - - 'ir r/a'Liu i.,Lr.r 'e/ u,rrri. the variabJ-es inne::eli i  i :r the rrrocess ( strai;r.

ra te  anc i  s t : 'ess  i - 'e lds ,  1 -ubr ica t ion ,  ie  rce : :a tL r : :e )  a re  s i : : r . r . l - ta -

:ed-.  l iorveverr  is  e:rue: is i -ve er i r  t i reneously cove::ed-.  l iorvever,  th is nethoo is e: , toensive i

obv io r - rs  advanta .ges  o f  labora tory  tes ts ,  e .g .  ease .o f  c i rec lc ing

di f fe.re.r t  casts,  ease of  d.eterrr in i i lg o-ot i t ru l i  coi :d. i t j -o:rs for  i letr

n  n ' l -  n  r a ' i  ^  
- 1  

^  ^ - l!1 i1,{ ,er l - : t rsr  cJosc co. l t ro l  of  var i -ables,  ani i  possibi l - r iy  of  re l -a. t i -ng

s t ru -c tL r : :e  a .nd  i r rooe- r t ies .  have 1e  d  to  the  t leve lonne i i t  o f  a
J

nl1 ' : tbe: :  of  such. tests.

l lot  t ,ors ion tests nrovid.e a rat i rer  s i rp le neans for

the l -aborator;-  i i :vest iga. t ion of  the hot v lorkqbi l i ty  of  - raetals and.

al loysr &s hi3.h strains c l laracter is l t ic  for  e 'xtrusion can be

a t t n i : r e c i  a t  c o n e { t a n t  * * = f " . . *  s i r a i n  r a t e  a n c  q u a n t i t a t i v e  e ; t i - i : a t e e

x) i lat j -or :a l  r i ;s t l i ;Lrbe fo: :  scient i f  ic  anc- Technic,3.1 Oreet io i : . ,
29 i ,22  Bt r  chares t  .

*rr)  
i ; ; ; ; t * ; ;J.-ro ' , .  

Physi-cs anct rechi io: t -o5'  of  L later i i . r ls , t tepart : rer : t
of  Sol- j - .c l  i : ieci lanics,  Jolo1, tsur.charest ,  Ronanla

x:rx)  f : rst i tLr ic for  ] letel1r-rr , ; ical  Reeca::ch,  ?,1?69 Bucharcst



of  bo i l r  f lov r  s t ress

ttted.. d.efor'notion to

app l ied .  re l .a t i ve ly

2 -

and" duct i l i ty can

sinul51te rol. l ing or
t

sa i [DJ -e .  .

be ob.tained.. Also, prosran-

forging schedules .can be

1. Sil,IJI;\TTOII CRITERIA

As simLrlet ion is not a reprodlrct lon,  bnt a model l ing of

real  proc.essee, i t  is  necessary to ad.opt soae cr i ter ia of  eqr-r i - r 'a1en'

ce betvieen laborato:i:y and. indLrstrial coirclit ions j:r ori.er to obtain

a. correct  eval i tat iou of  the hot t , 'or lcabi l i ty  and. of  the st . ructLrral  . :
,

pa: la i tete,* :s.  Ti ;o such. cr i ter ia have been prq?oseC" by t . \ .e pr:esent
. f^ ^-l

a U T n O : r S  l I n  2 t  n n i ' n o l r r  * 1 r ^  ^ ^ ' | ' ! n 1  i + " -  O f  t h e  f i n e l  S t f a i n  i n t e - n S i -
L .  C)  t  r rc i , i : : sJJ  t / l . i . c  t :L l t {c lJ -L  UJ L , r  U I IU I  I I I J I .L

t ies ancl  of  t l r .e plast ic wor l r  c lone oe::  u i r i t 'vol-ur:re dur i -ng the de-

fo r ; la t ion  in  the  techro log ic .a l  p rocesr i  anc l  the  to rs ion  tes t .

Accorcl in6 to the theory of  r : last ic f lor ,v of  r i , * id.-v isco*

plast ic nater ia ls ' r ie ad.ont for  t i le plast ic defor*at ion - the three*

d. imenrsional  const i . tut ive e qnat i -on
: ( o -u i i  =  4 $ y u  ,  a * _  4 , 2 , 3 ,  ( r . r . >

r,',rhere ;sii ancl t; r"u fu. ou"*ti"r.ri'*o,looirents of the d.eviator of

the  s t : :es is  tensor  anc i  o f  the  ( i socaor ic )  p i -as t i -c ' s t ra . in  ra te  tensoq

3€-spe:ct iVel ; ' ,  r , ihereaq 0 ancl  t  are the stress and straj-n rate inten-

si t ies,  lvb. ich are gi .ven by

' f 1  
o \

-  . \  r ' .  1 )

d.ef orrna-i r ' nc c

V/

o -
, l , 4  l f 1 h f  f  n f n  o*  s r r 4 : r [ )  s

t ion  proceed.s

-a
)  q . .  q .

.4_, ""t "ri )
!l 

t=rl
t thrat € i" a

out cirange of

/_?,
2

oLln

it i l

Snr + S*
, .

and.  (1 .2 )  can  be

,  q  - n
t - " 3 3 - v )

i l ry i t te i r  af ter

, / r  - r \

\ L . ) ) * ' -

the forn

lf ^ ..r-
r =  \ l + Z D d D d

I  " t i = 1  o  6

evl-atorr '  ana the plas

o J  r r n e  -  u r e  h n v g

D, + Dr, * Q.=0,
i i 'ro fl3rt in r)".l a.t' i On Unciefb U

I
, -,i
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n  / r \

S and\
/ r . l  e \

\ r . ) J
"

l A  r \
I  I  t - l
\  *  t  v ' f

(Sno - Srrf + (srr- S.'f*(qrS,u

the p):ysical  coruDonents of  the tensors

co*o rd i na tes  (  n ,  0 ,  61p , ) ,  Uqs ' .  ( 1 * ' . j )

S . r n * S e e + S E t = 0 . , D r n * & e + U f i p = 0 ,

(S". - s,u)"* (s.* - s*Y*(\e sr")1 . (sfo .E',f+ $),cr . zi

C.orre per irnit  t j-r i ie ancl unj-t volu=e is

+6ffi+f,rrsnf ),O : #

i -  r tT' - 5

By using

D i.n tire spherlcel
N

be cone

r r - - t
L r - -

\ 2

; - f z
" - - 5

The.p last ic  ' ,york

r ive:n h- ,2  thc f 'e la t ion
3

w : Z S * D . i : c r e .  ( 1 . 9 )
trf4 o .

consec.uent ly,  the plast ic rror l< d.one per u:" l i t  volr i : . : re up to a

c u r : : e n t t i n e t i s  +  +  - t ri v ' . * . '  
( t  f  r u

L(t) : \ urd.t = \ a; dt : \ od,e
.  ro 

|  

-  *" 
)o- 

--" '  (1'1o)

where 
i,
I

e :  \  Ld t  C r . : r l
i s  thc  s t ra in  in tens i ty  a t  * f * .  * .

In o: :cer to establ j -gh a correspond.ence betr . . , ieen tLre tor :

srlo:r test (T) ancl an indListrial hot r,,rorki-ng proce$s (f) ive adopt Fl
the fo l  - r -or , r ing cr i - ter in of  ecluiva. l -ence

' tP 
:  eT" (L,a2)"{ _ oo?

r P  t T  ; '  - -  '  
/ 1  1tj+ = t4 (a'ai)

p
r elvi:.ere q is tire final value. of the' hot l,ro::king *train iirtenr:fty,

'T  '  " '  tbe tor :s io i r  sur t : face s t ra in  in tcns i ty .*  " .1  ,
L6g is . t , r "e f  rnal  valLr.e of  tbe tor :s ion



. '

f ,  is  the f ipal  r : last ic ivor lc d.one pe::  uni t  volune in the hot
T

ssr and. LI+ is f  inal sLrrf  ace valuo of the plast ic

ivorl i  d.o:r.e per Lrnit  volurte ln torsion. By ( 1.1o) ani '  (1'12), Eq. '

(7.1-, erso t:;f'. 
1""*^ f 

e]g__ 
, r

\ 
* 

oP oLeP
Jo -0

whe=e oP is *niostrcss inte"" i t lo i '  t l ie hot r ,ror ir ing Drocess, and"

C t*  s , r : r face s t res.q i : r tens i - ty  - in  the tors ion test -  the eqrr iva lence

cri te:: j -a (a,72) aircl  (  1.1r1) essir lre the reprocluct j-o;- l  of the main

features of the h"ot ' r io:: i - ,abi-1i ty of the aater:-al ,  .naneIlr  ouct i l i ty

and defoi:rat iol  r : trengtir .  Al shovrn by connleneri tary : ' rctel- l - l -rr : j ical

.  r--1 iae a better:  sr; .1,-r l -at ion ofev1cetr lce [-21 r tLre abor.re cr" i ter iq provid"e a better

4 -

h^ot rioriri,:: i1 pr.oces*e-s than the uslral- s j- lrrlation ti:-at j-s based on

cond. i t i -on (  1.12) ano. on th.e rel : :ocluct i -on of  t } : :e te" ' ,perat i r1 le
- F -

sci ledu:. ] -e i : :yespect i .ve of  the tors i -on speed [ , t  
-  r r ]

t si:or-rlci be i:rcntioned" th.et inaustrial- hot'r, ' torl ' ; ing

proce6ses are chara.c ' ;  er i -zeo- by j -nh.onoAeneous strain ra ' te,  st less,

a*c1 t l ie: i : rml f  ie l_ds.  Tirerefor.e,  the equj-val-ence cr i ter ia i : .Ltst  be

ai lp l"  j -ed f .or  e. t ,ch eharacter ist i -c point  of  th.e cref  orned- nate: ' i41.

In the fo l lo i r ing , r /e r :hal l .  a.?ply t t re s inr-r lat ion proceC,ure

to  t i :e  ho t  ex t ru .s ion  o f  an  AISI  116 L  e ta in less  s tee l '

2. CCHSTITUTIYE $?J']ATI0].TS

. forsi-on tes' 'r!3 cotiCncteci on a S-fiTARAlii r:rachi-ne i-n the

rang;e  9oo *  l l2ooor ,n* ,  sur face  s t ra in  ra te  i .n tens-L t ies  be t iveen

o.oo f  anc l  ) , t .1 " t , ,1  B- r  on  an  . r \ IS f  170 L  s ta in les ,s .  s tee l , . 'have been

c i .e te : :n ine  the  e :q rJ - ic i t  depenoence O= O(er€rT) .

l.n tlr"e rari le of iro'b rlef ov'rtation ' l ; ir is €Q.t-l ir"t j-on can be rlrritten as
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(a,1;

where

/'= e eat
RT

is . the Zene::* I lo l lonon pararr .eter,  S ls the absolute tenrperature,

A ls  the  ac t iva t ion  energy  o f  the  eo f ten ing  process  (  recovery  .o r

reprystall- ization) I and. R = 8.V14 J/K wo]. is t i:.e ga,s eonstant.

The surface value %tor oTh*s been cal"culated by using

the relat ion [ t f ]

O= Cr (e  , 7 ) ,

0

c =
r-l

where I  is .  the

d.erivatives of

{5
21r 6t

( . r+e I *&  +b t * * ) ,

(a'.2)

( z '3 )

+1^  ^
tJ lIS

t

( 2 . 4 )

\ t . 2 )

J

(a.  e)
't-

e,: , Eq.. (2,5)
g1low's

renarli/the

u*ing the

fo the onset

reads

(z,v)

tor 'que. For the AISf 7+e the ter ins containing
r-r 

-i :T
|  

.w i th  
respec t  to  t6and.  e lcan  be  nerg lec ted . rand.

hence Eq.  (z . i l  red.nces to  the s impl i f ied.  fornu la

o T  -  3 f  6va _ 
,fiE

a(er,z:) =# r(rl 7c),

1 :e le , 'p&

or

wher-e

=THoreover, siirce /A can be varied. independ.ently of

stil l holds foy arbitrary values of q +no Z . Thie

straightforyrard. derivation of the eqlration (4.1) by
'  correlat lon f  :  RslT)oatatned from torsion tests,

of dynanlc recrystall ization. ti:e f inal resul-t [fe]

z(7u

wbere

a:J t"+ c (4*g-r€)l {^. (zlD fo"
t %* * c (,t -e ^" ) !""(z/1,> {or z>7t



l/o

q = 499 kffuol r  t l  = 7,86,

' )
a -  A 2

b  =  g 2 Q ' c 2  s

c = I7-.aj !Fa,

.l

a = 1o.o! . l ' ,{Pa t

${nereas'

r a

-q"= rar . a+ gP*

are certain cr i t ical values of Z and

lniensity d*, respeetivqly, def lnln$

thermal to the athernal flow reginre.

&u : o,. (0," - ,t*f'r ),

Eqs. (2.12) and (2.7.7) w111 be

cohjunct lon rvi th the equivalence eri ter la
;T

d.eterrnj-ning thp inttial ter"{perature l; of

o f  the ef fect ive f low st ress

the transition fron the

d.one

t e e t

(2 .9 )

per unit

1s

The gurface value of the plast ic vrork.

volune wp to a .ourrent ti ine, t during the torsion

r T  - ( t ;  T . ' r -
Lp ) 

q; du"
, b

By (e.+) tb ig relat ion becomes -T

f. = 3F: \tt t- d,u; ,r-A 
Zfc qs lo

d + &

(a.ar)

where the integral in the right-hand slde can be.-

numerically from e)4>erlnental data. tr'urthermoret

be replaced wlth e very good. approxirnation by

r I  - &  E rL 5  -  ^ L - A  ,

o 1-l
where ftr is a coeff icient oepending on l1 and

L

of ex.oerimental results gives

cal"culated

n  l a  a q \

t r Q .  \ Z . L J - )

(  a,72.)

fhe best f i t

(2,aV)

:

can

i T :v.r5 '

where

J. , fu = 14 .49 uF a, bJ,= u43 '89 s-1- ( a . t+l

used.. in the fol lowingrln

(  1 . .12)  and.  (1 ,13) ,  for

the tors ion test .

' '
r',;.1.,,.i
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3. SrlFtIFTIlrG ITTP0THESES

requires the knowledge of the evol-ut ion of { ;ernokinenatic f ield.s
during the hot r,'rorki-ng process and. the torsion test, and this
lrylies the eolvi.ng o.f very complicated. Iror*liriear bound.ary-

value.problens. To avoid..  this fprr i i .dbble task wo ad.opt the
fol lowing siuci iJying hlpotheses i

( i )  fhe physical components of the strain rate tensor

P in  the e i rhcr ica l  cb-ord inates 1r  t?  r  0  )  are ca lc ' la ted"  b ; r  the

a1[ . llp
E- *-r-t

re la t ions

tl ?U".-l.n - _:_- ,
?r

Dne --+(+*gSF-+),
1 -  i  r\ r , r )

the k inemat ic-  boundary cond. i t ions and. the ineorpressibi l i ty

c o n d i t l o n  1  l . A ) ,

(!) Tire v;rorlcing'process is a$snroed. to proceed adiabati*

cal- ly,  the er: t j - re amount of  heat resnl ted" f ron the plast ic d.efor-

na t ion  o f  eaeh e lenent  be ing  sonsuned. ' f i r  the  inc rease o f  i t s  
'

t

ter . -?€ratL1re.  Thus, the teryeratuye at  t ine t  is  g lven by
t ' r r h

tPlt)= IP.rrhft t l  2 (7. 'e)
where Tf iu t i re ini t ial  ternr*""tJ"* of the volLrne eleruent at the

beglnnlng of  the oefor,rat ion. ,  g is f ,he aass d.ensi ty,  and. €, . is

the  spec i f i c  heat  a t  conetan t  vo lume. .



- B

(ii i) The contributlon of the friction work to the thermal

ba lance Ls  neg lec ted .

The.val id i ty of  the above'  asswryt ions can be part l -y

tested. by roeasur ing the var j -at ion of  the stress intensi ty dur ' ing

the tor,rion test arrd corq:aring it with the correepond.ing vallr"es

given by Eq. (2.?)o where g and Z are celcLr- lated" by using ( i )  a ld

( iO for the s i 'dulaf ;ed.  working process. I t  ehould.  be.ntent i -oned-,

hou,rever,  that  the f inal  ver i f  icat ion of  the s inulat ion proced.ure

hae to be obtainecl .  by conpar ing the nicrostructrres of  the sauple

ancl of *he 'rryorked naterj.al, as vrell as by neasuring the f orce

nn.raf f ieters in thp r ' ;or .k ' insr 'Drocees and eocpar ing then ' , ' l i th those
v s !  r , l a u v  u  r t v  r r v l / t r . a i )  _

ea lcu la ted  f ron  labora tory  re$L l l t s .

'The ebo- re  s iEu la . t ion  p l :oceonre  w i i l  be  1 l lus t ra"ec  in

the next sect j -o i r .  for  the case of  hot  e: t t rusion of  the AISI TI6L

ar- : .steni t ic  stainless stee1. Furthe::  exarr ; . : r1es of  the s i iaulat . ion

technic lue for hot st : r ip r :o l - l ing and. fo: :g ing are given elsev"rhere

l -- '  '1.rr ' l
L C r  r - U  .

. 
tt. AXliTS,flTilll KIlIlil'{ir'IIC FIEID IICR E-;iTTiUSIOl;f

.  As roe.nt j -oned. in t l i .e orevioLrs sect ion,  the s i raul-at ion

gf tne extr :nsi-on.of  cy ' } lnd: : j -cal-  baz's i ,s based. 'on the select ion of

a  k inenat ica l l y  ac l . ; r j -cs ib le  r re loc i ty  f ie ld  [ t : ]  .  The b i l l -e t  i s

d iv ic led  in to ' four r  zones  in  wh ich  tk re  ve . l -oc i ty  f ie ld  i s  ass t rned as

bcing co:r t : l -nLrolr .s.  lhe'zor les '  are r :eparated. by the spi :er ical-  surfa-

ges e ana Zg u; i t i r  cent : :e  a t  O nnct  rad ius f  ant  
\  r  T€spect i -ve1-y,

nr rd  ' ^ . ' ' l : ' ! 1o  nnn ice l ' sL ry face  r s i t h  apex  a t  0  (  I ' 1g .1 - ) .s r . L s  u J  v r r v  " - 5 .  - - -



T+
.  * v

behaves l ike

9

ls aesumed that the rnaterial  ln zones I and. fTT

a r igid ;  the qnly-non-zero corrDonen! of the vei-ocity

ls  t I= and. i - ts constant values are c lenotecl  .by U, and 1l*  r  respect ive-

' L J  .

. h
l)a/

. u

the notat io i :s

:  t r ( * ) '

fn  zone I f  the  veJ .oc l ty  i s .d , i rec ted  tovrard .  the  apex  0

o f  t h e  c o n e  a n d .  t h e  v e l o c i t y  f i e 1 d .  h a e  c y l i n c k l c a l  s J r r l n e  t r y . l c ; i o -

t lng  by  u  the  rnagn i tuce  o f  t i re  ve locL tJ t r . rs ing  the  sDher i ,ca l

c o - o r d . i : : a . t e s  ( n r g r O )  ,  a i ' l c 1  t a k i n g  a g a i n . i n t o . a c c o u n i  t h e

i-r :co.rr , : -*ressibi l i ty  cond. i t ion,  t ie have

t r : - 1 r : - r l  
{ #  ,  u o : U T - 0 . ( t+. a)

Jn zene rv,  cal l -ecl  the c leacl  zone, the nater ia l  is  at

res t  ;  the  e : r i s tence o f  ih is  reg ion  d"e i :encrs ' -on  ihe  o ie  Eeone iT , ' t

as  v /e l l -  a .s  on  the ' f : ' i c t ion  be t ,uveea the .b i . l le t  anc l  the  a ie .

Across the surface s {anO Zg t?re nor.rral  corr :onent of

the veloci ty is cont inuolrs,  r rh i le i ts tangent ia l  cosuonent has

the Junq:s

Au, : 1/L )\"/,"A orl, Zi , AT = 1tt ̂ itr,,e o'v 4
i & / \ l

non-z.ero coirponents of  the strain rate tensor D are given

v i r tue of

l ir .T'i cn 1

1e
. A )

the lncoryreee ibi l i ty cond.i t ion, anci u.sing

ure have

( t L  1 \

( t.t tr\

(  t r  r i )

t ,  I : 9

Dnn = -zhq - -2qB-= r . t  r f  
S ,

D'o : i ^* ^2 ,5i"t0
t  s Z '+ '? --Tf '

Subst i t r r l ; i i r r ;  th i r :  : :e  iu l t  i i : to  (1 - .8 )  q ives

gE :  zur? J-
f  t  p3



. . .  :

I Iext ,  f  ron (4,5) ancl (1- . : t1.)

dt
we deduce tha t  the

dn

l o -

anci taking into accou.nt that

12 dn
: - -  : - - ' T - = :

If 1$ n' ^,€b tTr,^t '
r n a ''t T:\/ 'l <f'  ' ' '  '  : '  " . 1et ra in  in tens : .

eE
42

In oro.e:r  to calcLr late the

cr' l \ I rr a1 nr/
i ) + v  v ; r

( t+ .6 )

Ri
q

i ln  o

const.  through th.e relat ion

the

rE - zv'rr#N'xe- r*+
antl has the :f inal val-u-e

T h r  a 1  i . ' r i n c l i n o  F  h ^ * , . , ^ ^ - a
.  t t J  u r J ,  : r : t f l ,  u  Ja ]6  I  u | ;  u  \ r t r : i i j . 1

e xplregs E ae- a f  unct  ion of  e f  or  0 =

= iP \/,-# #e2V,

'  ( 4 . 7 )

(4. 5) ani, (q-.5) lve may

t

E =

. F

3 e- ̂ ob0
QltJfu=.2v.4- 1+ a#e

jD_ iB  l_n  s t ra l_n  acrosS

t  e[o, tr l

ob ta in

l fec l  ec ' l ; in , . t  the Othey COmoOnente of  D r , r i th- '  
"  l ) *

f ro::r  (4.1-o) ,  (1.8) ,  and" (:1.:11) the jLinp Ae,

0 .A
v 3

olt :

TTN

'l- 'i. ^
tr I.r-(:

across  the  sur face  Z1:  !

1t. ru,t
A% = \ ' . t *  :& \ ; "

o
This resul t  shows, 

' t i :at  
the ju

ene;rcl oir.F a:ri l  t , ancl irerrce

' i  n  pnr ra l  I  r '  " " ' !Ven b ; i  ( .  2 t .11 ;  .

\ ide obta.in

I  l 1  l ' a b f f f  f i 7
4 , . ( U V r ! - ! _ r 4 9 2 j

d o e s  n o t  d

- .(i.

S Ll r I  &CQ Zo
T

i-n the strain

I rl,q) af,o ac::oos
t

c{be

o , ' t - j l o ^ o  T .  , , . .  t r d d r r : a a  t l r o *  4 l  
a

: . . r r . r ' rc .nc zL. , iu  aE! i iLr - t : ie .  ihat  1 ' ) . *Ce3:reases 1 in* ly  in  a snal l -  e lapse

o f  t i ' : e  t I  f : ' o rq3^ \ to  0 ,  ! . e .

Vg : ti (,t-t/t4),rrrn rf , te [O,trl
In t roc lL r -c ing  (2 r .9 )  j -n to  (1 .1 )  

2 t  e ,nd ,  cons ide i ing

fie can take r = r.i a:r.O 
']rence 

r" = - Vi cos$ I

Dre=\qt(t*ff i) -++

/ a  q )
\  t  t  J l

t irat for
I

I J  E

(a .1o ) '

respect 
. to 

D",

in the strain

,
/  t r  , l , t  \
ff r 'l.Jrl

i - & ^ . - ^ i + - -r f i u c l r t r J u J

the

i
t



5. PIAi)TIC itORK

- l - 1 -

DISSIPATED DIIRIJIG EXTRUSIO}T

cnrrent

24 'Ye

nenotj-ng by f tnu lvork d.one per unit

strain j-ntensi-ty gEin the zane betl ,veen

have f::oni ( 1" "Lo)

t E  _
t-

is given by ( rL.

volume up to a

the gurfaces {and

ac .1 \

( 9 . 3 )

iet
\ c(e ,zt),o
6) and 6- by

t
d E r

, )

\ 2 . / ) ,vrhere tE

r,rhere

.  [he contr ibut ionN;to the total  uror lc of  the ranld.  va.r . ia*
J - i ^ . ^  ^ . 2  nt lon of  l rg  d. , . r r ing the t ine e lapse t . l  i in  t ' , ra  rna i -1r119nrhood of  : .-  

I  
* ; J r r r r v  L l r  r r v v u  v t r  4 b

can be  eva lua ted .  b

A I
ALl =

fn cer iv ing the la

i q tr c -nrr c,nn'l 
'l 

r:ir it  - * d  o . . - i - r r _ r ,  \ v : i r

N L Jt r .  are Very Ja. rSte

a l s o  ( 2 . 7 ) r ,  t h e  f

by the constant va,

A siit i ler rea.sot:. ing gives for the r., 'orlcl i l .f co::responcling.

to Prg at t:r:ave::sing th.e sLrrface :l
t

\ /  * l ro  fn - . " r , r r r ' l ' a
+  9 ' :  l : . : L ! 4 9

rt.

I o1.t,zt) eEd.t : # %-qo . (i.z';
' o  Y J

gt relat ion ,* , ;e ha-/e taken into a.ccoLtnt  thai :  tn,

eh l::plies tha,t gEi" ver:y snallr, ,. ' ,rh."**" gE *.e

clu.r ing th is t  i -ne,  Co"se qLrent ly,  col ts: ' -der i r . .g
r r t

unci ; ion f (e- ,  7,u) hasl  bee::  reolaced in (  +, !71

.r-ue qf,

^E 
q:q+,o(4-**' f)uQft+), (s.+;

gi is gi-ven by (Lt.?),  ana tf t"  the value at Zg of the Z,rner-t- Io"t- l -o*

non peyar,r .eter.

It shoLrlcl be notj-ced that t$u jr__ri,U,s A8;r,nd AE1 oo not

lead. to a vai" ia. i ion of the structLrre but cont:: ibute to the acl iaba*

t ic heeti :r3 throu,qh Al i  and. Or{.  conselr,rcnt ly, the terns" in

tLre loi t  * i :"nnd" si-( l .e of the et luiva)-ence c:: i l -c: ." ia (1.12) .anC Q.1i)
mu"st be repla.ced f or e:rtr" l r ,sion (E) ,  t ,esDect j -rrely ,  b. jr  (4.?) nncl by



On

ture f ie ld  d

n
tvirere T: is

L
' . .

! . ^ . , . ' i  t  ' i  *  - .  n -F
l J t t : . - t l f  ! i . t : . :  v t

and. (5.1-) . f

1s

L 1

6. Ai'{i\I,TSiS 0f'' Ti{ll TIIEP'I,4AI,

iV.ITiIlnAl'JAL,,qROl,I FUF.]l;i.C0

r0 riiE fal0sl{A?ro]1 zoliE

.  $ . 5 )

of the teqper.:r.-

(5 .  5 )

Tne

n  b y  ( 5 . 2 )

the die exit

-E
tcg

L? = \ 
' n(e,t'\d.e.

r - o
the  o t l le r  hanc l ,  by  (3 .2 ) r . the  evo l r l t ion

nrii-..6 e:rtrLrr.; ior. can be d.eterniired. by

rE-  T f  *  #  ( rL t  +  l5 ) ,
thd  ln i t ia l  te :pera tnre  o f  the  .  

b i l le t  a t

the d.ef,ornation, anir'Atr,, and.. T,E are .give

" ! * ^ - r 1 - ,  & 1 ^ ^  +  '  ' F l r a . h i l ' l a t  Ir ' c . r rJ  ,  u r r ( ; .  ,e -qm cra ture  Of  the  b  j - l1e  t  a t

E  * E  A .T',? = tt + 
"c. 

(att
wt.ere rl anc] AT,* ;. ,tI.'Jo, $.

The ne-xt  sect ion iv i l l  be

tlr.e init ial te::rperature f? .

+ q + a L + ) ,  $ . ?
i l  and.  (5 .J)  r  r€soect i . r7e ly .

Cevoteo to  the eva. l r r t ion o

TqIELD BtrTllDEll

AliD Tltll r-lTTnY

A thorouf lh e:per i i lental  inves.t igat ion of  the evolut ion

of thernal-. f ieldr during hot extrusion has been nno.ertaiien by

I{UGiIES and ,l iEilAii i l  L:,S] , !. jho estab,' l- ished. a. very nrecise balance

bet l" ;een'r :he heat loss of ,  t ] . re bi l - let  to the ai 'noaphelre,  the con'cai*

r1e' ]a-  n.ncl  t i re die on one si<le ,  and. t i re heat gain rei , ' r - r l t i i rg f : :o ln

the def,ornat ion on the o. ther s ic ie.  lSi l - lets for  e:ctrnsion ! ' rere

naeh.ilrec'f:no:: a orevioui;ly iuroi-i1?:.t n:-l-d. steel bar end \, 'rere cut fo

, .1 ive af l ter  r lpsett ing a ler :1, th of  ?o' .42 r in ancl  a rad. ius of
, ,

Ri = 73.4 r''u11. Tire rerd:t frpeed.s ur"sed. \ilere vi = 2.5rr rnn/s and. il

75' .2+ r^, t /s.  tn.  b i l - r -e L r , ics h.esierJ to 1L7o00 n,nd t i re con'bai ; rer  rTar i

i

t :
t , . i



naintained. at a constant

t ine f rorn the r,vithcravral

L5 sr '  inc lud ing about  T s

co';ered. tray_and aboLrt B

ran approach. Figs.2 and

T(R,  t )  befor :e  enter ing t

the borrnoary coi:ciit ion

and. the init ial_ concition

T(n, o)

- 1 ? .

tenperature of Sooo0: Orr.  total tr : . , ,nsfer

frqn the furrnace to the 
'wrsett ing 

v/as

for rol l ing ;dourl .  the biLl .et lut:r icant

s taken to set the prees;ing pad. aird. for

3 sholv tbe te.up.eratnre distr ibut ion

he d.i-e, fOr R = Const, and. t = const.,
respec t i ve l y  hs ]  .

-\
I ,e t  JZ  be  t t re  reg ion  ins ide  the  conta ine_-  , - . r  trc i : j rv j r  -L j - t t r j tLt t  ?T an0" L1

i ts  cyl inor ical  boundar;r .  The evolut ion of  the te i r ,?eratu.re f re lc l

T (  I r  t )  in t i :e bi l - l -et  before enter i - i r6 the die j .s 3overned. , ty the
d. i . f ferent ia l  equat i .on wi i l r  part ia l  d.er: l -vat ivee

B c . r # - d i ^ t : , = O ; ^ , n ,

9o= 1-3 : ' l  (T l - -T)  e, ' r '  Zs,

r O  2 '

v, ' l r .ere 
1tn 

the heat f lu:r vecj:or,  go t= the l : .eai f lux across Zf,  ,

W is th.e out';ro.rd- urnj-t noz"aal to Zg ,! is a heat transfer coeff-i_

c ien t  across  the  f ihn  o f  lL ib : : i can t ,  T* ( t )  =

e f f  ec t i ve  te . rpera . tL i re  o f  the  inner  sur face

the lubr ic-r .nt .  anC f  is  t,  antr  ro ls rhe teqrerature at

-  The heat  f lL r : r  vec tor  i s  re la tec l

x )  i ,Te  neg lec t  in  the  fo l low ing ;  the-e l ig l r t
of  the tee?er. i j . t r - l re . f  ie ld.  at  Lrpsett ing,
f ree  coo1 i . : rg  o f  the  b i l - l -e t  d .u r ing , the

( A  Z \

T rR - 'r:) n* is an-  \ - ' i '  u ) t

of tl:.e con'La:l"r:e:: and

the upse'Lt inrx) 
-

to the te.nperatur::e

raci i;,.J* inh oto Se ne i i'y
lvn.icl i lbe prod.ucecl by the

trairsf er t i lrc ,



gradj-ent by Fourier t s l-alv

whe::e 
'lc 

is ti:e

/a  Zr- \  i r r tn  T l r r r r
\ v .  I

oepenas on.Ly on

1: 
- ?< Xr:a,d"T ;

therrae.l ccn C.r-rc t i'l ity

( 5 .1) and' (5 . 2) , and

R and. t ,  v/e ol : ta in

/ r  l r \

t o ' + /

of  the biJ- let .  By introd. l rc ing

ta.lri i ' isr' i irto a.ccount tlr.at fv  e + !  & r r  i f

'^rt, 
Q ,

( t r  q \
\ v . / / .

( o . b /

1,ov-"t t  = ,?(1)"-T*) *  Z s '
Rirgorously soeai t inp; ,  Ecs.  (S.zt ;  ani t  (5 '5)  ere val- id.  o; : ly

at  suf f ic . ie i r t l ; r  large oista. i :ces f : r :os the c lq and the rrad. l lo i , - rever,

as shovrir by iillGi-inli anci silllaRs [to] , :r$*;Jff". c] by the i:.eat

loss io the aie and- to the naa c.o af fect  only i r \ .e f ront  ano the
'  

ln ihe cent: 'a l j -back end.s of  the br l - let  and h.ave a s. inor ' lnf lnence (
'

part  of  t l : .e bj- ' l - l -et .

fn  o rder  to  ob ta . in  the  re la t ion  be tT , reen the  ?rea t  f ln : ;

if
across Zg o.ncl  t i r .e ev'c lur t ion of  the aean temrerat l r re on the cross

section 

.o:f 

tne 
1>ntainer fRi
T ttl =.4 \ 

" 
n T(R,t) dR, (5.?)

t(i )o
r ,ve-inte lrat* UQ. (5.4; over the cro€rs sec*ion and. tal ie j-nto a.ccount

(e . f )1n  thus  ob ta in ing

q : _  g . g R i  
$  ( G . s )- 1 5 - -  

2  d T

By using the d-ata in i r i6.J and nuner" j .cal ly calcul-at ing

'Lho irrloc,'r nl in ( 6.6) for t = bo'ns.t, r. Ir l- iGHES and. St1rl,,tns [fO]v  r . rv  rJJ .  L t  *

obtaine<l  the evolut ion of  T qt)  and hence .of  qs(t)  .  lText ,  cor: :e la-

{ : incr n f  t \  rvr ' - t [  T.-  ( t )  t ] rev obtainecl  t i ie p ' lc l t  in t r ig,4 vrhi  cfuv  r r r l !  . r [ g  \  v / .  Y Y *  u l r  , . S  \  "  l ]  v t l w i

cor:respond.s to the l inear d,ecendence (6.2) betrveen o-"  and T*r and.
^ ^ '  J a

mit rn^  { - r ra  n r r lgy , i ca l  va lues ;  i  =  a .1  J /c t i t?o}  s  andr  T*  =  51 .ooC.  The
{ 5 r v  u i J  u l r $  t r t - t : L r u - L  J v c l r  v . - ! r u r ; i  

,

values of the niaterial constants useci ln hel havq bcen I 
=?i;6 E/o'F.

ee. 's-#-t(o$) =o

I
frq

j



_ L 5

",,  
= o.6T l /goc at 11oooc, ?1-= o.a6 J/cp 

"oc 
*t  11oooc. Flnal ly,

aseuning that c1- and. hence [o do not d.epend. on the bi11et r.ad.iub. .  -u  s
R-..  I IUGIIES and SIIILARS est inated. the-evolut ion of the mean teupe-L t  

.

rature for bi l l -ets of d. i f ferent d. ianeters.

Since the assurytion about [u (t) being 
,independ.ent o.f

R{ is essential  for the deterr ' r inat ion of t}re teraoerature f ield. in.L  - .  - -

the bi l let we attentpted. to veri fy.the val idi ty of this tqrpothesis
: t

by using the,e:ract eolut ion of Eq. (615) sat isfying i l re bound.ary

cond-i t ' ion.(5.6) and. the ini t iar eondit ion (6' .7) which reads

(eee I €. g. '1 TOLSTOV [fZl )  ,

where

,

( 6 .  9 )

'  (6 .1o)

(6.11,)

* :

and. f i rst  ord.err  r€spect i " -

f * i  
n  =  1  121 . . . .  s  a re  the  roo ts  o f  t he  equa t ion

(6.1e)

oO

T(R,t) : T* + t A", Io (r*R) dRtf,*t

do and Jt

vely , and.

f rom (6.12)1

a-,-= +- , _ 4
9a,.'

)

y *y> + A J,(f) , A= lR i /x  .

Taking lnto ascount the,t % lnl 
= - (h(R), we obtaln

ljr;r =_JnF*) : htpJ,
and. hence (6.11) be.cones

A*

By eubst i tu t ing th is  resu l t  ln to  (6 ,9)  and.  set t ing I i

obtain the surface ternperature

rh(t): ro+ (\-r*)A #.k Eu'^11

(6.43)

= R, .. lvg

(  6 :14)

2(T"-T*)  R
(f* r3,\ t(f*)



I O

For snff ic ient lY enal l

(6.14) may be aPProxiraated as

;Rza.*t N - 4
e _,e = pqi

values of t  the exponentials in

,n2v_ _ _ 7 ' - - _

C'+ l*;,
vrhere C = C (t)  -  ni /(ktrT). Hence (6.14) nay be rewrit ten in the

approxinale form

. Io(t) :  T* +

On the oiher hand, we have the identity [tZ]
t

i  4 - : L  ( 6 . 1 6 )
kq A'+ttfr

f or any positive 't":provide'a that 
f* 

are the roots .of Eq. (5.12) .

Xforeoverrs ince the roots of  Eq.(6 "A2) are a-oproxinately ind.epenclent

of  A for large values of  A,  a condi t ion that is alv;ays sat isf ied.

wltbin ou'r-r f ield of interestr w€ uay ad-nit that the id'entity (6;16).

ls s i i l1 f  u1f  i f led.  ivhen replacing A by C(t)  ,  for  ena1l  values of  t .

Consequentl-yi  Eq, (5.7i l  becones

Tott):Tu*ftS: T*+ffi
This relation shovrs that the surface tetryerature

before entering the die is indeed i-nc"epend.ent of

range of valicity of our app'r'oxilsatlons'

Sihce the exact eolut ion ie e:pressed

slovrly convergent seriesl vJ€ atteryted. tO derive

: : .a te  but  s i . . t rp ler . forn of  the ten l rerature f  ie lc .

ttrat

( R o

(6.15)

of

t)^t 
i-

l -  4 n \

L O .  r  / , /

the  b i l le t

within the

i n  ( 5 . 9 )  b y  a

also an approxj-*

Analyzing d.ata in Fig.2 and" J lead.s to the conclLtsion

t}* isotherns, T(R, t)  = const are straight l ines in the plano

t) . I 'Ience .vte nay vrri-te

I * t*(r) + [t^(r) - t*tr)l (R/Ri) , ( 6 . 1 8 )

r,vhere ta(f) anc). tu ('I) are the tirues at rvhich ttre tenperatutre



1 ' l  -

takee th.e valT" 
T 

ln the axis of the bi l letr  T€$pectively on i ts

surfaee, (Fig:5).  ' I {e shal l  nse 1n the fol lowing nq. CO.fg) in

ord.er d.erive the evolution of the terye::ature in the axis of the

bi l le t  f *  ( t )  ' :  r  (0 ,  t )  .

By dlff

p u t t i n g R = R i w e

A  r l

R; to(T^)

fnspect ion of  F iS.2 reveals  that  ts (T€)  
- ( (  , t * (Tu)  

for  [u  )  To ,
such that  ts (Ts)  may 

fe  
neglected in  (6 ,a9) .  Consic ler ing a lso the

bound.ary  condi t ion (6 .6)> l t  resu l ts  f rom (6;19) .  that

t*(1') : - (ery/n) tlt}") (L-T*).
since' this relat ion is val id for any tg(I f ,rT*) ruu may also rv: ' i te

( 5 . 2 0 )

0n the other hand.,  r r ig.2 shows that ta(T) ls approxinately a

l inear funct lon of  T -  Toat least  for  the sroal l .  t . i rue elapse

b.etw.een r4lset t ing and the beginnrng of  defornat lon.  Therefore,  we

can v,rri-te

'  
/ r  . g \

\ O  r  C J , /

- :

f  .  ^ ^ ' i
.  \ o . c c )

and. t"  fT )\  n .
tt \J

srna11

posit ive val.ueo of n 
.- 1".t"(T) :

wirerefroia it fo.Llows that

n9ao

4

i t  resL l l . t s

+ t^(t)- to0;) =0.

erentiat in

deduce

ar. I
aR lR=Ri

t *

g Eq. .  (6 .18)  wi th  respect  to R and.
.

qe .19)

. w h e r e ,  b y  ( 6 . 2 0 ) ,

U*t:$) - - (B'r/,-) [t"tr;) (\-r") + {G)]
I

{o, = +Tq t*(r) - -(B'r/,-) [tl'
Tn orc le r  to  ca lcu la t "e  the  ve lues  o f  t t  (T  )" s  \  * o ,

lve solve (  6.1?) iv i th respect to t ' ,  thr-rs obtaining for

(sr,
{(r,) =o , ticl) - 2N9cu 4

rntrod.uci^6 these errpre-" r;-Tl;:Fffi 
'(G.zi.)

JittuM bq(t



3'inally,

l t \

o 1

L

- L 8

t^(r) E-JS$+

( t) :r ;- f f i t
T
a lT

' \
Lr-f,!

; (qr
t)
e (rz i : r  m ' f : " ! r  i  e

V  - L i -  r  r : )

(r-r)
' f  A r  , i r  m f  \ f A q
! v I

* )

on

(6 .27)

(a.P-tt)

b y s

I t  is  to  be eryected-  tha. t  ihe ra t io

'does 
not vary etrongly for  Ci f ferent steel  graoes

procesgres .  consequent ly ,  the  pre fac tor  o f ,  t  in  (  t

inf luencec. by the racl iuts R, of  the bi l let .  ThLrs,  ,

t - l  q

T$D f t) tb"e axial terroeratLlre, aeesltr:ed by IIUG'IES l

T.T T
apd. by Rl') the raclius of the bj.l l l.et used in their

( 98.a nr) r  we CeCL'.ce f : :orr (5.2t+) t l r .at

T*tt)- To - Rf t

ffi-Ti-',
and heace

Tiris'si ' lol j-f ieo eqr-ration ivi-l l

fo r  e inu la t inS the  ho t  ex t : ruer io : :  togc ther

/ r  n r \
\ o . 1 ) )

be used in th.e fo l l .ov; ing

rvi ih the.  re lat  ion

f  - '  n . \
{ . O ' Z o lIttl: t"(t)

! i /nl-cn resLlrts

' na rane te : :  ( l
â l

ext r :us ion  nrooesses

(5 .1?)  a l - l -ov r  the  e t 'a lua t ion  o f  Ta( t )  anc i  T* ( t )

n ' f '  tha nar.aref ,s"o 
9,  C., . ,  4 l l l ,  ani t  To -  T*.v & .  _  _ _ r  

l ,

f ro : r  (6 .A?)  when neg lec t ing  thc  var ia t ion  o f  the

1++ ) 1 / {F c; f oi: cliff er:ent steel grades and

,
!

' j. :

-, __ _---t

1(ro-r*;/( gc.,')
anc hot e:itrusio.n

6.24-)  is  nainlY

d e n o t i n g b y -  - .

and SELIAIS FO]

o- , -no r " i na r r t
v  r ;LJ  v

/  z  ^  r ,  \

even fo r  o ther  va lues
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11'r,'rrrrnr,rnr'{'nflT-TAj{f0AIt ST}.,ftIL:\TfCT{'0F Ti-iE
/  o  I J . I I J I I i i r l W $ j U  v r r .

DEFORI.{ATIOI\ DURN G TI{E l.iOT EXTRUSIOT{

In  th j -s .sec t ion  v re  sha l1  use  the  e ' - lu iva lence c r i te r ia

fo : :nuLateo  in .Sec t . l  as  \ r ' i e l l  as  the  resu l ts  ob ta . ined in  Se g ts .

4 - G concerir. irr"g the evoLr-rtj-on of the theraoklnenat:l-c f iel-ds

d.ur ing hoi  extrnsion i r :  orc ler  to c lesign the s i ru lat in '3 tors ion
..'l

t e s t s .  
-

re fu:rnace and. contaitrer terye::atLlre€J and the 'tre.nsfer.  Tt  I  contal- i1er 
" t  , - -

t ime are chosen as in ti.re e:qg:erinent of IIUGIIES O:ro SL'i,I,/P.S [fe]

i {orrav*r ' r . -  r lye ta iee the radr i -us.of  t i re bi l let  Ri  = ?5 1:1r t } - :e
! r v  r v  v

, n

lengt i r  of  the bi l le t  I  -  5oo a, : i ,  the set ic.one d. ie a. .ng1e oL= 7o- r j '

and. t i re i :a, l l  speecl .v,  = 75o nn/s.  i3y using Ai / ITZUIt ts analycis [ f : ]  ,

C1a,o.B) and. ta l : ing the Coul-orab ooeff  ic ient  of  ' f r iet  j -on bet,ve en t i re

netal  ancl . th-e c. i -e 
l ,  

= o.o8, i t  nay be si :o l , ' in that  there exists no

cread zot le,  and hence the se:aicone angle OLnof the C"efornat ion zone

sh.oLf ld be tal ,e:r  in our case eclr- l -a. l  to OC ( see al-so i t r8.1) .

.  Sj-nce tbe thernoic lne aat ic f  icLd-s ' i r i  thc br l l -et .  are

highl-y inhoaogeneons i t  is  necessery to Llse sevelral  to: :s ion tests

ir: order to sirr,; l-ate the d-efQrr"r"ation of d.ifferent zolres of the b1}-

let ,  Theref  o1,s r  1,ve choose f  our ty-oica1 po j -nts o: f l  i ; t re bi l l  et  o lvhose

,oos i t ioy rs  a t  t ' } t .e  rpse t tJ -n ,g  a . re  labe led  bx ,  1 . ,  2 ,  7 ,  +  in  F ig"5 .

As the tennerature at the ivithd'ral 'ralf::on f u:lnace

( rr * 11,7oQC = 14Jt:,;a) and the t:ransfer." t i.-; le tt = 75 sr have
y o  r r r - /  v

be e; : r  c lor ;en ecrual  to  those in  Fa]  v  i r . " ! '€  may 'e: ; ten6"  the a 'pp l ica 'b i *

( : . -pn\  anc l  (e  ;ho lc  l ; i : rc  e l l ipc le  f ro l : l  the
t : i iy  o f  Ecs.  ( i5 .25)  anc l  (5 . ;ZS) to  

!h*  
l ' ; l r .q lc  ' i ; i i l c  e l i

uri tbure.wal froa furnCI,ce to the di 'e entry
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fherefore,  the teryeratures

cal-cula.ted by the fornulae

m E - m ( + \ f n Y . r r n i n t ' l, i :  t a \ " t . ,  ! v r -  l / v * : 4 v  ' L  , Tl = Ts(t r )  for  point  2 '

T? = T"(t*+I, /r) for point 3, rT = T*(t*r ' l  /v r) for poj-nt 4,

and t * ( t ) ,  Ts( t )  a : :e  ca . lcLr la ted

at the die ehtry arer9
t-

rnith *g = 117ooc

fror::" f.rr.rnace' ) ,

a l  t t  a =  T l
|  / - 9 1 . 1  t \*  ' J l

belng ihe

r,Vnelle t t=t2 s

uy (e .  a5)  and (5.25)  
I  "us"oe 

c t ive ly ,

.( the te.:perature at the withdraw'al

F

,  anC €* is the strain j -ntensi ty varyin6iit -the init ial

f ron 0 to l ' l ;s

int e nc i-ty

urhere the

a(e,Z)

m1- ^

"F - 
rV:--ftffi {*IL e.j}t { : -  r c D b o -  x q

Tlr-e s,ro::k d.one per r-tnit vo-]-u:le u.p to a clrrrent $tre.ln

f ,* --Ere=
f = \ a(Er z=) de , (z.zr)

,o

stre, . ;s intensi :by C i r r  g iven by the con$t i tut ive e-qLr.a. t ion

f t " + ,o (r -e*')l l^ (zlx,) 4 z Kzx e .5)l
\

\ * +p(4-d'€) r* Q/e) 4 z>7s '
t vn,l.ne of th.e i. ' ,ener:-i lol-1op.on. p*r:metcr is :

, ZE: iE -rru S )= e- +zcp ft, 
(7 '5) :

curren

- 1 1

t i :ce- u.easnred. after vrithrlrawal fron flrrnace. fhe values of T;
l_

calenlated i:r t l : is 'vIay a.l?e

For tire eake of.

for:rrloc cJra.racter:Lsing the

d r r - n t i n o  h n t  a - r j : r . r 1 n i o t - "  (  e f  -w L { r _  } } r 5  l i v  v

The st:r,3.in rate

h

val.ue of iE

I  1NAJ VAJ L1E

6 e : {

; E .2t;"
r? -. 

;E-

given j-n the th.ird. colunn of

convenience we recol- l ,et  here

evolution o:f th.e::nokine:ratic

S e c t s .  2 *  5 ) .

i n t o n c r i  { : r r  i  s r

3 g= rccaO

W

T = h ]  a  1

the  bas ic

f  ie1d.e

l n  n \

( 7 , 2 )##e
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anc l  the  va l l res  o f  the  mater ia l  cons tan ts_a,  b t  e ,  n ,  e ,  ,L ,

f o r  t h e  A r s r  3 1 6 L  s t a i - n l e s s  s t e e l  a r e  ( a . a )  a n d  ( e . 9 ) .  T h e

t ion .of  the tesperatnre f  ie l -C, is given by

"f
g v \J J_ Lt-

TE = T.- - Lt .'L 1- 
Tclt)

7E -rE %:htt i  :  t ;  +  
v3 gcu

lvhere

ls the valu"e of  tenroerature of  th.e 'po.r t ic les af ter

d. lscont inr-r i ty surface Z.,

The nu::re:rical integration of

equat io : rs  i s  done by  F .  s tep  by  *  s tep

l t e r a t i o n  s c h e - e  r i t h  M  s t e r r s :

(n rr \
\ ( . I l

(r7 tr)'  \ l . v l

t ravers ina  the

t tn  n  p  hnrz  o  a r rc r  t . :m n 'F
"  

p . J  u  v v e  v +

"np thnr ' l  r r r - . in re  . | .hn  - i ' , - r ' l ' l  + , , r i - " - r " . " .. i i u  v r l v u t  u D r a r L )  U l : U  !  V J - - t - U . r J - ! : : : )

eE =, &rn , E 4 =  
d l *  ,  & = o r . , | , . . . r 1 4 ,

= eF ,ooa 0. E '

t & =

f

: Eu; 8/*

%': I

t = Li-n " %i ,,,.
d -  , E

- Trt* Lk

ZE : tF "-t,ft,
f * n " (a u*{ )l {-1zfl+) 4 zf

{+ '(4-e *sf ) x*(28fi,) 4 zf

in i t la l  val-Lres

- o ,  6 5 :
E

4 :

of t-he i-teratioie va,:: i-ables are

:E rE  r \  -T -E Tg
L ; > L o : V r t o = = t L )

<zr

zz| .
The

e:

ef 9"c4' (O/RT ) ,
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The calcu1-at iorr .  . !vas perf  orned on a TI  58'nj-nicotq)nter,

nsi.ng a slirecially constructed. progren calleC- EXTRUD, taki-ng

4o and i . ; l  = 2oo step*;  t i r*  d l - i : ference between the f inal  valLres

the j:rteg'ration vayrables i+ the two varlant: *t" less than 4%'

The in i t ia l  and f inal  values of  the integra* iot l  var ia-

n in Table 1.  ano the plots of  eTo.|E L",TE, ano ZI
,bies are given i -n Table 1,  ano the plol

aga' inst^ eTeF are shor.rn" in 3igs,  7-1.7.  I t  n.-y be seen that the

va.r iables assocj-ated 1or i th the nar i ic f  es 1,  2 ,  ancl  j 'have si i ; i i iar

evolutionsl r,vi:ereas tne partiole /tr r-rhicl: l :as the s:rc' l lest crj-e

enbry t ,er ,yce:ratu-re,  c:?e-.r : iences a st : :ess in iensi ty tc"-rceratu: :e

increace dr- t3 ing the c iefo.r : ' rat ion tnat are abott t .2 '5 t ines Sree' ter

t i ran those corre qooncl ing to the other '  ' ;hrse'pa'r t ic le.s '

t r 'o r  rnec i : i ieng  useo in  o l t r  to rs ion  tes ts ,  the  s t t : : fece

s t:ra j.:r iii.t e ils ity { and. straj .n 
' : rate intei ls i ty €^are give n by

{ : tf#n .. 0248 rL, htl= rj:Fry = 0.00363N I2fir4N F^#^"ili7 .9)

- 2 2 d

E ( o,D,' (z7tu) 4 z:
C o  = {-o  - \q  

4  z :

by.

nt r
I ' I

of

"  O  ? ' ^
\.i-nejie !. = 20 nn and d = 3 i:r"i;l are

s.ne cinenSr: : :er :Dec'bi l te l -y,  n is t l re

the  to : rE ; j -o t r  sPecd.

o bt e,i.^r

-fr n- r';,1r i nlr 'l:l', c jj i-ir.r-l-I  V . L  V y J  i i V l . L

the 1-er:3;tir air.<i tire racirt-rs

n,- l l t ' ler  of  revol- t r t i -ons,  ancl

n'fl

i f

.{-1. ^

't c!

'  
.3,y using 'che' f  i - : : ' : t  equivalence er i ter ion 3 '12) t

tnc  ; -1u i i l l e r  o f  revo l .u t ions
g

A K
Cnz

= --L- r

o.218

:
/rr  ,1  ̂ \
\ . /  .  - t ' r7

ver.lue of t}:.e tot:tio;r srr-::f ace ^st::a'i-n i;rtcir;: ity

T

* 
cr i 'a l . r ;  

'u l+e f  i -nn1 va;-ue of  t i re e: l t : :union'str i l i r :  
, int .c: is i ty 

fo: :  t l ;e
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und-cr  cons idera t ion .

T T p ' , r ' f i  h r r  s , r h b t i * r r & . i ^ -r! vr\ v , ,r,J iJ L{ rrij u I u L,L u J-{Ls

n  i Z \  q a i  * o l - . i , ^ -  ; . - J - ^
\L t  *  ) . /  cr l . I \ I  ,  t /  ( r t i -LLl .5 I I I 'U O

&,.:
o3, by (  2.a1s ,

_ i"{,1)
r E
Ls
EF

This ::eLatj-on al.l.ol.rs d.eternirlng either tj:e- to::sion
, m

t i :.e i:n-i-tral tot:sj-ou te..,1L:er:rtr: ' .c Ti ,,,hen tjre oti ler= i  t  r v r

n r e f l e - n i b a r r .  h w  t r e i . r . p  n ? 1  a  n ' F  * h a  f n - - , . , , , - l ^v  r  !  !  v , -  4  v U L L ,  t r )  v - v  4 - - i )  v r r v  v 4  v  r t r u  _  _ i  _ : U . f  C L Q

N -  o.00363 gL 11L__
\aref

QL /R

r EL?

E

Eq.s  ,  (7 .1 -o) ,  17 .ae) ,  an i ,  (Z . t iS  g :Lve .  the  Dara te te rs  o f
t i re s j - : , iu iat i r :3 tors io.n test .  oo" i lJ-Lrstra. t ion t : rcJ ha.ve been a.rrol ied

for . the  tyn ica i  : ra r t i c l .es  1 ,  a ,  j r  4  in  the  ho t  e ->r t ru rs ion  o f  - ; ;

A fSf  iL6L  s ta ia less  s tee l ,  chooa i r : rg  i . ,  =  15oo rev /n in  tn .  va lues

resul tec. ' f .cr , ry ano r f  are given ia the Last t l . ro col l lnns of

T a b l e  1 - .  
r

B. COi'{Clusrclls

The theo::et ical  analysis of  the hot r , ' ror :k ing r . l rocesses

sho lvs  t ra t  ho t  to rs ion  te , : i : . s  n rov i r ie  a  re l ieb le  neans fo r  s inuLa-_  s _ _  _  
, . .  

_ _ * : : " * *

* ' i r r n ' t l r n a a  n i "  m i  '  ,  ^ i . q , , 1  . . . t - . i ^ *  ;u 4 r { 1 5  u r : e ; ; ) s  r . r r ' o c e  c 3 e s .  T } r i s  s l r u l a t i o n  j - g  b a s c c l  o n  t g o  e c l L t i - v a l c i t c e

c:: i ter i -a,  nartely i ;he equ.al i ty of  the f  i i t r l  s t : :a in intenci t j -e s 'and.
n 'F  , l -  1 .  ̂  *  1  ' -  ^ .1 -  ;ur.  t r l le pr i lsr l -c tvolk d.one pei :  uni*  volunc dr-rr ing the d.efornet i .on in

the  . :bec i : t ro l -og ica l  p rocegn anc l  t i r .e  to rs ion  tes t .  'The app l ica t ion  o f

uar t i cLe

cri ter ion

obta ln

,
f  . j  t l  . \ \  , . ^ r ^
\ 1 t . t - ( . )  I r I U U

accournt that

the second.'€l = .i
e quival-ence

t 
"?e

e. (l^,

-T
l i :

ef  +&
)

f n  a n \
\  f  '  r r / r

c rnao r ' i  l T  n -  '
v i

{- . i I--- .: -\-l r_{r:r,tl u r uJ .Ltl

( .  a  ^ , \\ . i . L L J

f n  i z \
\ ( . L 2 )

Q , \
R T ; / ,
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the s j - l lu: l .at ion procedure.  requires the icrowlg<ig.e of  t?: 'e donst i tu-

t ive er iL lar l -o l : ls  of  the i t tvert i i latecl  aater j -hIs fg" t i re rvhol-e strain,

<trnin r .ate- ancl  tenper i l tnre ranges of  t l :e r , ' lOr i l i 'ng proce$$ and the
E l  v !  c r * r ;  ,  -

...
s i : lL r la t ing  tes t .

l ro r i  n r io  c r i r " rn l  i  i3 - r r i r r r : r .  h r rno theses  tha t  re l -aX those adopted
V  ( 1 , . 1 - ' I U L I U  5 J i - r l ' J r r J  " L i r i i  : r r ' l /

in . [ f  
,  2 l -  bLi t  st i ] l  faci l i tate the ova,ct ica. l  a.pl l icat ion of  the

- . - - - . - a  ^

.sinulatj-oir- ir.a.ve been ana-:Jzed-, Finally , the silU1a'tiOn procedlt 're

has beeir  appl iecl  for  thc hot e:r t r : t ts ion of  th.e AfsI  1a67'  aasteni t ic

' - ' 'a ' l  ' l : ' r rn n; ' r - r 'anete: ' ls  of  the s i ' ' :Lr le ' t  i -n6 toTsi 'on test
S t a i n  l g S C .  S : ' U e g I ,  L i l u  . t r ' : . : ' c L

bein6. ca. l l -c, ; latecJ- for  f  s l t r  o- i i f  e:- 'en'u characte r ist ic l - :o ints of  the

! ^ . : - r  1  ^ . t -  m , , . . ^  ^ : r n - 1  r r * i  n r r  n f  * h a  t ' l " n r " ' r r n l . . i  " . o n r n { - . ' i  n  f  i  n l  r ' l  e  r ] r r r ' i r r  e X t : f  L t -
L , J J . L t j  U  '  f  t r i !  e V U - t . i . { U  j U ] r  v !  U j 1 ' J  t ,  j . . l . g I . : j : U ! - J . : g : : j . i ' u I L ,  r . i . U I u J J  g ' 1 ,  4 ; { r }

'  en cal-cr- , .Jate<i . .  by n,cropt ing ai i  a i ' l i -ssi ' r l -c ' : incnat ic
Sio l l  i1a ,ve  De t ,  v , /  < :euvJ  w*r r i -

f ie.l.c ani Lrsinl; th.e e:.:oerinerrtal. resulte.of IruGjlnS ancl SEII,:|RS [rs]

' i i  c ' l  r r  s  r .eor r i res
f  n r  i r n . l  n * . . r i - n , r c i . n n  d  " 1 o a " e  e - : a C t  e V a - ! U a ' ; i  O n  O : i  t l : e S e  :  r  r - u : v s  +  v ! { r t !
J { l , r J -  r . | v  u  u - , . u - -  L L i L l v l r '  r !

the solv ing of  t i : .e non-1inea::  j -n i t ia l  s.n* hoLtn<1a::y-va1ue -Droble=s

involvecr,  by us. i -ng the f  in i t  e le: : rents Bet i rocis.

a
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T'ISURE CAPTIOSS

I

; \o : r j -ss ib le  ve loc i ty  f  ie ld ,  f c r  ex t rL is ion .

Coo l - ing  curves  a 'b  d i f fb ren t  depths  (R =  cons t , ) r

fron the bii let surface ( after IIUGIiES anct Silf,I,ARS LfO] l.

Rac ia l -  v : r . r ia t ion 'o f  the  te {oez 'a tu re  in  t i re  b i I le t  a t

d. i f f  e:eent t i : res af  ter  upset l ;J-ng in t i re conta, incr

(after IIUGIIES ancl SEl,i,:i,iS tfe] ).

Co:: : :e1at i -on of  t? ie heat f1u: i  across the cyl- inrL:r . ical-

surface of  the bi . l . let  iv i . th the srr . r face - t .nrperatrrre of  the

bil-l-ct ( a:lter l iTlGirXir and Sti,T,;:rXS ttA] ).

fsot f . ierns of  the te l ryeratL: . re f ie l r i  in the bi l - l .et  af ter

u p s e t t J - n g .

3i1.1-et ,  co: : ta iner,  and ci . ie geotuc tyJ,  i  O -  @ci:a; .acte: : is t  j -c

'car: t :Lc1es. of  the bi l - l -et .

Evolu ' l ; ion of  the'  strain i :ate j -ntensi ty r lur ing' :hot

ex t rus ion .

Evo l r . r t ion .  o f  t l i e  s t ress  in tens i ty  CrLr r ing  ho t '  e ;s t rL rs - ion .

Evol .ut io i :  o- f  the olast ic rgoi : l i  d.one pe::  uni t  voluae 
'C"ur ing

hot  e : . t r t i s ion

1
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e :ct vlrs io;l .

t irernal- f j-e1c1 d"u:ring hot extrLrsion.

7,o . : t  a r r -T ' io l ' l  n r . rn r r  tnv inm'n ' lo r "  r1  r r * ' i  r l c '  l rn*
I /  

r r !  . 4  r ; : i r  v  !  - L  v u . L  * J . 4  
-  i t v  v

{



2 7 _

,l

.-f
a

a0
.Fl
Fl

qJ
C
o
N

'g

o
(l)

c)

CD
uo()
'

I Ht l .  N

i l



- 2 8 -

ln
a
s
.r{
Fl

;
co' tr
c q 7

^ F

: . J

o t-t'l
c1 =

6
ln
c\t z-

R 6
t-

9 L no
&

P --r

. . ) a
g

o

c ) . ) o $ $ E E A
R F E B d 5 F ' o r ,- - -

GI
a

q0
rcl
Fl

L/r

L.U
o
z
&
l
TL

Es
, U J

u
u-
AC
)
t,

>
o
K.
tL

-
?. &
Lrl
o

[cJ:unrvu3dhsr

[3"] 3UnrVU3dN3l

;
I
I
t
i
t
I

' l
i

- l' l

3 e  P  3  3  I  E  E
K g A H 6 F ( o r l- -

f r z  , # , , , q B g
r r - E  c f c ) - n = c ' t c n
<Lj tl rr rt rt ll rl lt
gA oo t r  <  c  E  <
2 - )
t--

z
o
Lr-
-J

K.
(f
:r
t-

=
&
LLI

t-
Lr-

UJz
F

(f
Lrt

o

O
Crl

c)
C\r

o
l -
I
I
l o

vl

(D-r-
Z t O
; - -9
l-- rt-Ct' [ - ; -
Ln ro
A rCn

5 l -
dlttt
u J , o
t--'lc\
t!-r.n
<L t-

Ld19
: :
- - l ln
i-

- -Jc)

*i )l



_ .  29  -

ln
a s

a0
.rl
Fl

\ :

F-

0
.P

tf
aq0

.d
Fl

o
c ) '
N.r.
( t -
( > ( J

F s -
hJ

o ( t
o =
ctr :-

g.

8 H
< p =

z
LrJ
r

o '
O  i . r

(:.,

8 &
l o l

a

o
o
rn

o

u

(,
= t n
r - d
l-
ld
ul
& q

&
I.lJ
F
tL

t J
: t n
F o

o
o

3 3 ; 5 0
. h*rzrrtl xnlJ 1v3H

F
v|



r7

a
l,-l

trj'(,

210

220

200

180

.  160

110

120

100

BO

60

LO

20

0

: 3 o , -

Fig.5

03 0.4 05 0.6 0.7 0.8 09
E E l E F

@
ca

I I

E
(\

I'{g" ?

'1.0



'  360

340

oo_
U

trJ
L,

320

300

280

260

210

220

200

180

160

140

120

100

BO

60

. A U

2A

0
0.2 0.3 0./+ 0.7 0.8 0.9

eEze I
.

0.5 0.6

&19.8



' - l

o
o-
U

t-L
--t

1200

1100

1000

900

" 800

700

600

500

400
' 

300

.200

100

1300
tr

€ 1200
" F

1100

1000

900

0.2 0.3 . 0./' 0.5 0.6 0.7 0.8 0.9

e?ep

Flg.9

o4 os o6 0,7 o8 
:r ir i -

800

700

600
0.1 0.3

, . i

a_
(^ 6

I
2;

0.2



10?s

- 3 3 -

0.3 0.1 0.5 0.8 0.9 1.0
' r -

t'/t7

rt
t',r

!

lrl
N

,.2L
U

0n

'102',

0.2

Flg.11



3 4 -

Rit!'EI?81{c$s

' .  t  
t  - . a -

4  j 1  r t  i l i . T \TT  T ; !  on .4< '  11  m i ] , - ' i \ nq - i - ; T  T (n - , n , . /  
' t '  ' l  i l r tQ  4n  l t z z

r  r  wr  \ . r . r r iu rL ,  r  E ,  SOCS t  
' i .T jJCIOSiUr  l (ovov6 i ' i a te - r i . i r , l y r  I ) ' /Y  ,  

-y /  
,1155.

.  ^ ^ I -  t  '  . a -  -
^ ^ fi 'D i l\TT ,/ ' l  mln;\f\. l  

- i-TT '! l

E t  . , s . \ r . : L r - : * , u ,  v .  r i r v ' r l v u J r J r  ' i . S 0 0 S ,  K o v o v 6  n a t e r a a J y r  r 9 8 o  (  t o  b e
l  : \' ' D U O I l . g n e ( l J .

7. '  c.G.F,-,LOil  ,  c.rE0DcsIU, E.scdS, T.}TJl l ITl . ISCU, l ,{eta1r-rrgiar a9?9,

11 - r,P,o f j-n ?.onanian)J , " t  , / v -  . \
, r . t

L T\ , i \ iTf i ' i iT?. I ron a.ncl  Stepl Ei ' lcr-  -  1-9al '  4atr
+ .  .  J ) r  j L V  J i . c r J i r 1  ; | ; - L  ! r r b .  t  J - / t J a  t  ' l - v - r .

5 .  C . P . O S S A P . D ,  J . T . T . ,  1 ' 9 6 2 ,  1 o ,  2 4 9 9
\  a  t  a  . a

5. C. R0[JS,LRI],  P. BT,LL, {ev. 
' : . \6t . ,  19621, 61, g4g .

?. c.t0si-i.{: '.D, F.SID, Pflo 2877 C3IjII, 19?2.

B.  K. i l i ; t i iU,L,  Scand. .  J .L le t . ,  19- /2 ,  1 ,  9

O A l l^ - r?qql ;T.  n T m nQrA lL RrTLL.  J o .  j i . . f . j l " i J J J i i . L J t  v . a . r . t  * J ( ' J ,  - r l  v { - .

,1-o.  T. ] I ; ITSO,f i f .Z ,  i { .P.0:TI ,CF.T, Stahl  u. .  Eisen, 19?5r.  96,  1 io}.

' 1:1.. C.P,' ' i .. l l ,SIi i, Z.i,!eta11l: ' 'rnde , Ag'77, 68 ,- 79

t t    a . r  m : rn r \ / .  , r , r  r - n  o^ {o  f i  / l  ?A l l TT  T?a r r  
'Qn r r ; r  

Sn i  4 l a; . t .  v .  r r , ,v .vr ) l j fU,  V. i I ICOl :1, ; ,  i l !Dr ,uLr l  V.G.RA}U,  . I?ev.RoL1i : ] .  Sc i .  Tehn' -
' i r T 6 c . A p o 1  

. r 1 9 ? . 9 r 2 4 r a 3 .  ,  
.  

.
42 r r  11T c"nr .T .AI tq  I I  .T  i i , {n  n ] l r lAT?A Tr r t  T i ia t  

' l ?e \ r -  
lnn^  

' i -  " l! t .  U ' j i l  . i j i l j " i - : J . l A i t n l  \ ' l  .  d ' i \ l u  r i l v u r - \ v Y  a  1  - i / 1 1  L l ' r L '
a

? i  *^An -r ' .  r4 )r fl ,^ 1] { Y,rT f\ fnaxrl-i \n.: -rT
J'*.  v.  Lr." i \ - t t rrv r  u.  rr ,v.r /vurLj ,  j ) .  . ) \ . iuD, r-J1,1 Report  ,  a9?9 .(  in R.o'nanian)

, L5. B.AV]TZI.IR, l{eia.l for,.:. ing; P::ocesses a.nd- ailalysis, lr lc Gravr - }i i l l

Sooh Coto . ,  iTe iy  Tor1 i ,  S t .  I - ,o r - t i s ,  San FrAnc. iscor  Toro i : to ,

. lo:r.clon, ,Sycne;", 19'58 r
,

L6. i i . l I. i iucliE,j, Ci.l.1. sil l ,t i"Tl.s, J. Iron

. l r 7  | 1 ' t J  n n T . i l n O 1 f  T l n r r - r , i c r .  , c l  a r . , i o q  2
L ( ,  V c *  T J V i J U - r V V  

t  
- t v L l - - 4 v r . L ' L ! f r 9 t

196o ( in Russian)

er id .  Otee l  ins t . ,  L9?2t  27o,  5 f l

ncl Ecl.i FlanatgbLz, lf ioscow,

' . , i
.; r
:

, i
t

. i- l

$, t

t. ,  '  . . i
' :  I

,' r i*l


