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SIMULATION OF HOT EXTRUSION BY USING HOT-

TORSION TECHNIQUES

by E.5005, C.TEODOSIV, v.uIVOTAu C.G.RADU
Abstract

The gimulation of hot working processes by hot torsion
techniques provides an inexpensive and convenient method for

testing and ootiiizin5 new forming technologies. The'present

cl-‘

ication

},...!

paper concerns the gimulation of hot extrusion with ann

o

teel,
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LoRP V]

tio the extrusion of the AISI zlsL austenitic gtainless
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The most. reliable method of determinine hot workability

e

s to process materials under plant con&itions, where the varia—

rate and stress fields, ¢u3f70”ﬁlo y temmerature) are sianlta-

neously covered. However, this method is expensive and the
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G
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)
80]

structure and properties. have led %o the developmen

¥
nuEber o Tallch ttes s,

°

Hot torsion tests provide a rather gimple means for
the laboratory investigation of the hot workability of metals and
alloys, as high strains characteristic for extrusion can be

Pl

attained at congtant surface gtrain rate and guantitative estinates
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of both flow stress and ductility canm be obtained. Also, program-
med. deformation %o gimnlgte rolling or forging schedules .can be

applied relatively gimple.

-

1. SIMULATION CRITERIA

Ag simuletion is not a veproduction, but 'a modelling of

<

" redl processes, it is necessary to adopt some criteria of equivalen-

ce between laboratory and industrial conditions in order to obtain
a correct evaluation of the hot workability and of the structural

‘ £
paraieters. Two such criterisa have been proposed by the prese ent -
| authors [1 2] . ne]y the equality of the final strain intensi-
Ties and of the plastio work done per uniﬁ'volume during the e
formation in %he teqhﬂologiqai process and the torsion test.

According to the theory of nlastic flow of risgid-visco-
vlagtic materials we adopt for the plastic deformation the three-
Ly =42, 3, @)
where Sijawd D. are the Cartesian components of the deviator of
@izsoechoric) plasiie ﬂfralﬂ rate tensor,

are the stress afd gtrain rate 1“tel~

= \|2 § it DN e
b 3 4 :

| Sl |
Taking into account that S is a deviator, and the plagtic deforma-

tion proceeds without change of volunp,vwi have -
44 + Sy 4 Sig O ) Dy + Dy + By =0, Gl

sd (1.2 can be wwltten after some manipulation under the forn
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OF 7 —V% V( 215 22) 3 (Szz 833)2"‘(333 g44§+6(g42+% *‘SQ (*. b

€= -g V(DM = D22>2+ (D2 3>2+ (Data"l%/\ﬁ- 6 (Qg *’Dé%,“’ e .5 '>

By using the physical components of the teqsors S aﬁd
D in the spherical co-ordinates (v, 0, (P’)’ Bgs. (1.3) =~ (1 5)

. becone

SPP+SGG+S‘P‘P;O) . Dv\p-'\;Dee'*'.DW:O; _ (1.6)
_ | ST A2 ‘ 2 v
6= 45 |/ =506+ (Sop - See)+{Sox-Srr (e SSpr SR
= —‘L;Q-V(Dr}r'-Dee)%(Dee“ D (T D 6(%**1‘5@*"35@ €

The plastic work done per unit time and unit volume is

given by the relation

W o= Z e (1.9)

_ 3= ‘
Congsequently, the plastic work done per bnit volume up to a
current time % is t : t £ _

i 0 0 O :
where ; t | :
€= g Edl b @ R

_ o
g Ghel slhra i infensity atb fiine 4,
In order %to establish a correspondence between the tor—
giion test (T) and an industrial hot working process (P) we adopt [ﬂ]
the following criteria of eqanqWGHCP »
e T ’ o
- : AL

T o (2.13)

where Eg ig. the final value, of the hot working strain intengity,

T 3 X3 - o rt = . 03 - #
Eg¥i5 the final value of the torsion surface strain intensity,



.

L¥ 1% e Tanal blqstio work done Uer unlt volume in the hot
working process, and L¢¥ is flpal suvlace Value of the nla stic
work done per anit volune in tomulon By Gy 10) and a 12), Eo.

(L .13) ‘algo implies that T

x ocPdef = O;:o\,a}; S e it '(1:14)'
: 0 0 :
Where‘0$>is'tde stress intensity in the hot. work 1ﬂg broce s, and
Qg-is S’?L&CG stress Intensity in the torsion teost. The eguivalence
cri%eria (1.12) and ( 1.14) agsure the reproduction ¢ blne mein
features of +h° hot w@rxaoility of the naterial, namely ductility
and deformation streﬁgtﬁ. Ag shownAby comaleﬁeﬁtary metailurgical
evmv\ncc [5] the above criteria provide a better simulation of
wocesses than the usnal simulation that is baged on

condition ( 1.12) and on the reproduc;iOL of the temoe“auure
schedule-irrespective of the torsion speed {4 - 17]

It should be mentioned that industrial hot working
- brocesaes are charachterized by inhomogeneous strain rate, stress
and thermal fields. Therefore, the equivalence criteria must be
anplied for each characteristic point of the deformed material.

In the following we shall apply the ginulation pféoedﬁre

to the hot extrusion of an AISI 316 L stainlegs steel.

2. CONSTITUTIVE: BOUANTONS

Toraion tests conducted on a SETARAN machir ine dnevbhe
ftange 900 ~ 12 o

0. at surface gtrain rate intensities between
0.007 and 5.441 s = on an AIST 316 L gtainless steel have been
ged ] to determine the explicit dependence o= 7 = ]‘)
] Al S e =3 AT . TR €>E’) U

Tn the range of hot deformation this equation can be written asg:




Tooezy . e

where

zzém—%— s oo
is tle Zener-Hollonmon parameter, T is the absolu%e temperature,
Q 1g the activation energy of tﬂe softening process ( recovery or
reCWJoua171zat10n), and Bo= 8 514 J/K mol is the gas constant.

The surface value(Y of @' has been calculated by using
the relatlon [15] _ ‘ :

x

ok '%(3[‘4—81—%;- +E); aag_ ) o

where f"ls the ftorgue. For the AISI 316L the terws'COntainng éhe

derivatives of | with respect to Qband.dgcan be neglected ,and

hence Eq. (2.3) reduces to the simplified formula

T 3
g, = aliE s . i
21tr°3. ;
or : : : :
5 T 'T‘ x° =
where S . -
T -T Q : : 5
ZZ = & > -
- T
Moreover, since ZL can be varied 1ndependently of €b - DO (
allOWa

still holds for arbitrary values of & and Z,‘ This remark'ihe
straightforward derivation of the equétion (2.1) by using the |
- correlation rjzzrﬁi;Zbobtained from torsion tests, To the onset
-of dynamic recrystallization. fbe tinal Tesgult [123 reads

e b8 e BeR e €

Gr U= D) o 257,

where



Q = 499 kJ/mol , n = 3.86, b = ¢36.25 s~1 i
e _ o (2.8)
=i 1ol oy Lo, (o el kg Wity
 whereas |
. ¥ ¥
z£_=<e48-°8,s“1 e e e )

are certain critical values of 7 and of the eifective flow stress
1nten31ty Sl esnectlvely,deflnlag the tran81tlon from the
thermal to fhe athermal flow regime.

The surface ralue of the plaétié work done ﬁer unit

volume up to a current tiﬁqrt during the torsion test is

&
o O e : : .
L, = % g del Gy
¥ (9) i : 3
. By (2.4) this relation becomes ET
E = 3r \ PA-E (1l

A oawnd
where the integral in the r1gnt~hand gide can be.calculated

numerlcally Zrom exper;mental data. Furthermore, Eq. (4.11) can

be replaced with a very good approximation by'
Lb_% S : - 2.12)
Where'&L is a coe”flclent depending on T-and Eﬁ-. The best £it

of experimental results gives

ha :17

where

QL” ‘6lo kd/mol, E 14,45 WPa, _bLz e43'89»s~1. ( 2.14)

@

. Eqs, (2 10) andias 15) will be used in the follow1ng,vn
conjunction with the equivalence criteria ( 1. 12) ands (1 13), for

- deternlnlng the initial temperature'r of ‘the torsion test.




3. SIMPLIFYING HYPOTHESES

The anpllcatlon of the equivalence crlteﬂla obv1ously

: requlres the knowledﬁe of the evolution of 1ermok1nematlc flelds

during the hot working process and the torsion test, and thls
implies the solving of very complicated non~liﬁear boundary-
value Droblems. To av01d thig formlaable task we adqpt the :
f011ow1ng 31q911fy1ng hypotheses; .

(1) The physical components of the strain rate tensor

.D in the snherlcal co~ord1nates (r~,q> ©) are calculated by the

relatlons : :
Lo o av ' \_
D'"‘"“‘"“af' el <‘3‘F+ T o6 “&)’
4 U 'b'\J’ Ut _4 0y 'Ur Se g
Dre =4 (W 35+ 2ote), Dyo=hRal 54
A aw ;
Dep = %ﬁ#@ 2o 4‘% E“%Q
bvé '
Doe = rbhnﬁ G 4"“"* —~_c$%8 ' ' :

from an admissible veloolty el diy (1;, 1 Vg ) that satisfies
the kinematic boundqry conditions and the incotpressibility
condition ( 1.0)

| (11) TAe working p”oceqs is assumed to proceed adlabut1~
cally; the entire amount of heat resulted fro ~ the plastic defor~
mation of each element being consumed for the increase of its

s

temperature. Thuo, the tewoeraiure at time t is given by

e - T*+—~L@) : )

'thre ‘7 ig the dnitial temberature of the volu@e element at thg

beglrﬂlnw of the deformation y © is the mass density, and €y 1o

the specific heat at constent volume.



@i fhe contribution of the friction work:to the thermal
balance is negiected.

Lhe Valldltj of the above assumptions can be partly
tested by measuring the variation of the stress 1nteﬂ81ty during
the torsicn test and comparing it with the correspOndlng values
given by Eq.(2.7), where & and Z are calculated by using (i) and
({2) Tor the gimnlated working process. It should be;mentioned,

" however, that the final verification of the éimulation procedure
haé o be obtained. by comparing the microstructures loll the gample
and of the worked maferial,'as well as by meaguring the force
paraﬁetérs i the wdrking'process-and oompafing them with those
calcllaned ?rom‘laboratofy results.

" The above gimulation procedure will be illustrated

e
i

the next section for the case of hot extrusion of the AISI 316L
anstenitic gtainless stec“. Further examples of the simulation

technique forAao strip rolling and forging are giveén elsewhere

[ 2 $ l!ﬁ!‘] .
4, ADMISSIBLE KINBEMATIC FIELD FOR EXTRUSION

As mentioned in the previous section, the simulation

of the extrusion of cylindrical bars ig basged on the selection of

‘& kinematically e Lol velocity field [15] . The billet is
divided into 'four zones in which the velocity field is assumed ag

belunge continuous. The zZones are separatﬁa by the spherical sgurfa-
ces Zl and Z@ with centre at O and radius H{amc,ré, respectively,

()'

and by the conical gurface with apex at O [




It is as= sumed that the material in zoneg I and IIX
behaves like a rigid ; the only non-zero component of the velocity
is U and its constant values are denoted bylg'and1§ , respective-

AL
By virtue of the iﬂCO"DT@S?lOllltJ condition, end using

the notations in flg.l-, we have

Ro\2 . "
e | S (4.1)
s E e ‘ |

In zone II the velocity is directed: toward the apex O
of ‘thefeonsiand Gheoivellocity #ield has cyli; aﬂlcal gymmetry. Deno-
ting by ¥ the magnitude of the velocity,using the spherical
cerordinates (t‘,qy,e) , and taking again into account the
incompressibility condition; we have

'l)'r.-_—_v__-—‘\) 2 C‘me . 0 f‘L.E)
t T2 Y =

In zone IV, called the dead zone, %the material is at
rest .3 the exigtence of thisg region depends on the die geometry,
ag well as on the friction between the billet and the die.

Across the surfaces;Zlamd.z; the normal component of

the velocity is continuous, while its tangential comnoneﬂﬁ has

the jumps

b S on Jp
Byy troduciung (152) inbtee @ @) e infereithint ithe

non-zero components of the strain rate tengor D are given by

Drr=—2D‘?ﬂ?="QD99 ‘Q‘?@

i iy ©
D=3 %%"‘2

J : ¢
(4.4)

Substithting this peault inte ((1.8) gives




T

Wext, from (4.‘5) and (G0 and Ealcine inbor Slccouniteihet
2 .
d.t —__(ir_ e r d.r'

— Pl
] v 2 > ©
we deduce that the strain j“tcﬂmzty ig given by

e ZW s © gk : ; (4.5)
= S ST

and has the final vwlu

E QV""M‘MG ,Qm,j-?— . N (4.7)
eli

{#9)

By tlnr: ’(‘ between Egs. (4.6) and (4.5) we may

()

5

¥
.
(O]

145}

€3]

o) °

asrasfuncidon of €E1om 8= const. throuc:h thernrcllation

gE gyg_\ﬂ_%i — 3e me ’1-:.u>

T /-Wwe .

i QV/I A2 8

In order %to calculate the juup in ”’U{'"lﬂ across the
e = L5 SR e : . o . .
surface Z‘L_we assume that ’U;? decreaseg linerly in a small elapse
of tdve tq fromyMmeto O, i.e. . ’ :
Y, =0 (A=t/t,) A ' o &1 (4.9)
Mo - i) a0 s bello i
Tntiredicina (429 s e (5.1)2, and congildering that for
/

T e{o bl] geeaniitalke & = r; and hence Vi & = W Seos (Dl we

O D Ual‘u

AT ’ | .
Dre=ijf9;9(4+v )~,4_2_13§. inare

2 17, - Ut o0 t,

Neglecting the other com:oonrn g of D with respect %o :Dre

o~

we obtain from (4.10),(1.0), and (1.11) the Jjump ASL et hie Met e ding

intensity across the surface ZL:

it 5 - [
: 4 i s %
AE, = | St == %O'Dre d=Lt8. i
=0 i :

This result shows that the jwzm in the strain intensity -

does not demend on.P and t , and :lmuce the Jnm&,‘?qm’oss the

A

mxrfacez?_ is equa 11;5 elvien by ()

A e S RS
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5. PLASTIC WORK DISSTPATED DURING EXTRUSTON

Denoting by L the work done per utnit volume mw to a

current strain intensity &k ; in the zone between the surfaces Zland

Z“? we have from ( 1.20): : »
: | E o
LE =\ 0(e,2%) de, ke Ol
where EF ig given by ( &4. o) e dVOl by (2700,
The contribu'tion[ﬂ_‘;to the total work of the rapid V'B""l'7-
tion of Dro during the time elapse tq in the neighbourhood of Z‘-’
can be evaluated by the fovrnla |

: t
plhis S‘G(e‘-‘,zﬁ') EEdt = < 6% taB. (5.2)
(v} ‘ :

30

In deviving the last relation we have %a Latoaiceonnt thet o
ig very small, which implies t & ig very small, whereas ‘;‘»E and
ZE are very large during this time., Consequen tly, congidering

also (2.?)2, the function O’CSE, ZE) has been replaced in ( o iz

by the constant value Oé

to Don at traversing the surfa

where

) o : —
H -ne E
=0y +c(1-€ ) In(zo/8), )
E? ig given by (4.7), Mnd.Z?Ls the value Eﬁ:Zéof the Zener-~Hollo-
mon parameter. : '

It should be noticed that ‘che ju?‘:m.s AE'?;nd Ag% do not

len to a variation of the = rmtmre but con ’rr-ﬁute 5O gl Bl

tic heating through ALi and ALf, Consequently, the ’re*cmc*- i
the left - hand s de of e equivelence erdbteris {1 .12 :mg (’L ”L,x)

must be replaced for extmusion (B), resvectively , by (4.7) and by



o

8E

L% = %0_(€‘>Ze)o(a. - = (5.5)

On the other hand, by (3.2),the evolution of the tempera-

ture field during extrusion can be determined by

e T- 2%, (AL 5y g ()
where Tg'is e sl el teqpe ‘ture o bhe ib i le s al the
bééiniﬁglof the deformation, and.A@i aﬁd<LE are given by (5.2)
and (5.1). Finally; the temperature’ of the billet a% the die exit
o E . E : |
T}g = TLE_+—~4-— (AL + L2+AL¥)> v o)

Coy

5

where Lg and Lﬂﬁjare aivertby (0.5 and (5.0, reapectively.

The next section will be devoted’to the evalution of

5]

e

the initial temperature T

6. ANALTSIS OF THE THERMAL DIBLD BETEE

WITHDRAVAL FRON FURNACE AND THE EIITRY
TO THE DEFORMATION ZONE

A thorough exzperimental invegtigation of the evolution

o

of thermal field during hot ex trusion has been undervaken by
UGHES and SELLARS [16] , who egtablighed a very precise balance

between the heat loss of the billet to the atmogphere, the contai-

ner, and the die on one Dlde, and the heat gain resulting from

the QGLOfTatlon on the other gide, Billets for extrusion.were

Trom a previouzly wrought mild steel bar and were cut %o

Qi

mach

give after upsetting a length of 20.3%2 am and a rading of
% - - 2
Ri = 26.1 mm. The wan gpeedy uged were V.. = 2.54 mu/s and

-‘r 7 s - ; . . — 0 a0 91 . :
W 2l malee Dhe bildebawasiheated to 4170 € and the oomtﬁl er was




= e 1
alnthlned at a congtant temperature of 300°C. The total transfer_
time from the withdrawal from the furnace to the uo etting wac
15 g, including about 7 s for rolling;;down~the billet lubricant

covered tray and about 8 s taken to set the pressing pad and for

2%

=

an bp oach. Figs.2 and 3 show the temperature distribution
epC [O]

Let {2 e the region insi

—

R, t) before entering the die, for R - const. and t = const,

=

o
D

the comtainer and . ZQ’

=

its cylindrical boundary. The evolution of the temperature field

B @R D i e bl Do Boe cabeming theidie g Movewned by the
differential ecuation with partial derivatives

g'cv"a-—]i;"' OLWC\ZO we 02,

3

the bounaufv SOl g Lo

9= 9. =1 (0 —"T*> on 2 , o

e

L1t L ona

ads e imd bueall deond: ‘ '
TR,0) =T, = (6.3)
where fils the heat i weeh q)s ig the heat flux across Zﬂ_ >

N dig the outward uvnit normal ua»Zi » 7 is 2 heat transgfer coeffi-
~7 E 4

g ‘ : : : T
cient across the film of lubricant, T, (%) = T~(Ri, b) g B Sdes o
effective temperature of the imner gurface of the container and

thel lubeieant, and To 1s the temperature at the upsetting )

The heat flux vector is elated to the temperature

1

x) We.megleet in Hhe following the gl igl

3

Ak radanVinhomogeneity

4L

5 = % X S
of the Gemperatune ficld at ups setting, whichYhbe produced by the

A7

nec icoollinolo R e hiitlied during the: transfer-tine,
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gradient by Fourier's law

q:-_——x%ra,otr,‘ i : (6;4-)

~ -

where 2¢ ig the tuvfmﬂl CO“’“CilV]tJ of e billlet By Siatroducing

(6.4) into Egs, (6 1) and (0.‘>, and. taking into @ccount. that T

):o el e,

2

£

N

9= 7"%"“' "7(—‘-}»"-‘-*) on ng

‘Rigorously speaking, Bqs. (6.4) and (6.5) are valid only

at sufficiently large disbances from the die and the vad.Howevexr,
; _ 110 A
as shown by HUGHES and SELLARS ElB] ) *hr“ rodauced bv the heat

the die and to the pad do affect only the Iront-anq 5

ot

e

Vo]
i .

1
(=5
e}

3, minor influence on the centr

D
/-'1.
®
5
oy
e
s J
<
®
e

In order to obitain the relation between the heat flux
aorossz&swﬁ‘the evolution of the mean temperabure on the cros

section of the container
| Ri ' ‘
T =% | RTR®IR, lse e
3 b A 0 : -
we 11%e srate Bq. (6.4) over the cross section and take into account

Q&vQ;faﬁ: et 5

By using the datv in Fig.? and numerically calculating

¥

Athe ln goral dn i ( 6.6) for b= const., HUGHES and SELLARS E16]

obtalned Shichevelintidon of and hence of t) o Next, correla-
) qs b

Tine qq(t) with Tg(t) they obtained the‘plof in Fig,4 which

corresponds to the linear dependencé (6.2) between g and il

s and
cives the numerical value = J/cw‘o“ g and.T = 1000. The <
& .

values of the mat crwal congtants used in [16] have been g =7 .86 /e

o s A

o T g




-.15 =
V .
assuming that q, and hence T do not depend on the billet radius

.~ ¢, = 0.67 J/gOC at 110000,» 2= 0.28 J/cn 8°C at 1100°0C. Finally,

rature for billets of different dlameters |

: Since the assumntlon about T ¢t bein? ind@pendenﬁ of
R; 1s ess entlal for the determlnatzon of the teﬂoeruture field 1n.
the billet we attempted to verlfy the- valldlty of this hypothesis
by using the exact solution of Eq. (6.5) satlsfylng; the boundary
condition (6:6) and the ini%ial'condition (6:5) which reads

(see, e.g., TOLSTOV [17] )

T(Rt)-—T*+Z Aw 3o Ry ¥ 2 : (6.9)
where : ;
A, = L ! T : (6:1oj
i Ri | QALv' s
o e T*) Jﬂ(f‘n : (6.11)

VD [ } (}‘n) v go(f‘n.)]

J and Jl are Bessgel functlons of zeroth and first order, reqpectl-

Viely o and /én’ = 1,2,...., are the roots of the equation

/¢ go(/u) + A 50(/0 . A: 'V)R’L/% : f(6'12)-
Taking into account that J! (R) = - 4 (R), we obtain
£rom (6.12)4 ' :

o = = Bfea) = L T 00,

and hence (6.11) becomes

- 3¢ L
e 2('1'0—2T YA (6.13)
e e .
By subgtituting this result into (6.9) and getting R = Ri, we
~ obtain the surface temperature - :
3% QA —K a‘%\«—t :
D= T*)Z - : (6.14)

n=1 P3+féi



ey

~For gufficiently small values of t the exponentials in

~ (6.14) may be approximated as
| seat o 1 i
b 1+$32?‘t C +/hv
here © = 0 /(L) = Ri/(k:V_) Hence (6.14) may be rewritten in the

C2

aoobeimate form

3 © 50 5
T® =T 3 ol ( e ) (6:15)

i
A+/4 n—'\C +P,
On the other'hand; we have the identity [l?}
L2 - e
=1 | - 6.16
o +‘/J-W : ( )

for any'p051tlvé A.prov1dea that/htare the roots of Eq (6 2
Moreover, since the roots of Eq. .(6.12) are approximately independent

gf A for large values of A, a condition that is always gatisfied

3

" within our field of interest, we may admit that the identity (65d6)

-

dg still fulfilled when reol"ﬁ'ﬂ@ A by C(t), for small walues of &,

Consequently, b&.(o 15) becomes

»8) i 4+(q¥a/7<,)v'~

This relation shows_that the surface. temperature of the billet

(6.17)

before entering the:die is indeed independent of R, within the

o

vance ‘of validitby of our approximaﬁions.

Since the exact solution is expressed in (6.9) by a
slowly convergent series, we attempted to derive also an approxi-
mabe but gimpler form of the temperature fied

Analyzing data in Fig.2 and 3 leads to the conclusion
that‘ﬁhe'igotherms TR ; t) = const, are'straight lines in the plane

@

(R; t). Hence we nay wrlte
oo (T3+[t G (T)] (R/R, (6.18)

where ta(T) and. ts (T) are the times at which the témperature'




b el ) 0, )

wherefrom it follows that
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takes the value T ‘in the axis of the blllet, regpectlvely on its
surface. (Fig.5). We shall use in the following Eq. (6.18) in
order derive the evolution of the temperature in the axis of the
By alfferentlwtlng bq (6. 18) with respect to R and

putting R = Ri we deduce

R t;(Tb);%g}Rr‘R- = -t/)(T/a)- ta,(—‘;;) éO. (6 09y

Inspeotién-of B2 revgals that ts(Ts)’<gjfta(TS),for > TO 3
such that % (T ) may be neglected in (6.19). Considering also the

boundary condition (0.6) i o (6190 Ghat
(M) = = (Rm/e) BT (To-T%).

Since this relation is valid for any T, €(T,,T*) we may also write

t (1) = = (Ri/e) BT (T-T%). (6.20)
On the other hend, Fig.2 shows that ta(T) is approximately a
linear function of T - T2t leagt for the small time elapse
between upsetting and the beginning of deformation. Therefore, we

can write

Jc(T) &, (T-T), | (6]

.where, by (6. 20)

: : : |
er» t (M =-(R J’)/%) [JDZ(E) (=T + 1’7;(";)]. (6:22)
' In graeﬂ to éﬂlcu te the values of-té (T ) and t” (TO)

we solve ( o.~7) with respect to t, tnus obtaining for small

positive values of T - 1

% 23 _
o€y (To=T :
t,b(T) | qz% »—?T*) 2

N .-\ _ 22 AC‘ 1
G=0, )= 225

Introducing these expressions into (6.22) and (6.21) it results

Abaﬁ~{w@y@“



=8 -

b s mte (6.2
(T) sy (7T |
Flnally, by solving this equation for T gives '
Tt;.(t) =3 To ©s (T;—T*) 't .2 : <6724‘>
2K S Ch
It is to be expected that the ratvo ﬂ)(T )/(Q(ar, L -f

‘doeg not vary strongly for different steel grades’ ana hot extru510
processes{ Consequently, the prefactor of t in o2l visemeinly v
infiuenced by the radius R; of the billet. Thus, denotingvby.ﬁ
Tgs (%) the axial temperature meagured by quﬁﬁS and SELLARS [??J
‘and bj “?3 thetrading of fthe billet nged in their experiment . 1
( 8.1 nm), we deduce from (6.24) that 5 | : i ;{
B- Rl RS e oot |
| el R S e
enrdience ¢ - ; ' : ;

Hes - :
=T - RER) L5150 - e

This ‘simplified equation will be used in the following

for simulating the hot extrusion together with the relation
HS , : ; i
(t) (1;) = e
" which resultD from (6. 17) when “eWTectiqo the variation of the

1 %3 *_ J : - <
paraneter (TO -~ T )”)/V?%,cv for different steel mmdeo and

extrusion processes.,
Tt ghould be noticed, however, that Bas. (6.24) and

(6.17) allow the evaluation of Tj(t) and T (%) even for other values
> < .

@ = e ; . m
: of the para neter ?, ‘C'l}" 2, 'Y), and mO e e



- 19~ :

7. THERMOMECHANICAL SIMULATION OF THE
DEFORMATION DURIIIG THE HOT EXTRUSION

Tn this section we shall use the equivalence criteria

<

forﬂuTaLea in Sect.l as well as the results ootalned in Seeite.

4 - 6 concerning the evolw+1on Ol e tnermoklnedauic fields

during hot extrusion .in order to design the ﬂulatino torsion

testa.,

d)

o

- Mhe furnace and container temperatureg and the transfer
e ~ - b o o e 11 & W]o- .t
time are chosen ag in the experimen

However, we take the radius.of the billet R; =75 mm, the
e

9~ 2

length of -the billet L = 600 mm, the senicore die angle o=

{
and the ran speed v. = 150 mm/s. By using AVITZUR's analysis [ﬁr] 5

he Coulomb coefficient of friction between the

netal and the die P.z 0.08, it may be shown that there exigts no

7

dead zone, and hence the semicone angle o%mxﬁ the deformation zone

should be %taken in our case equal %o sl see ellse Him TR
Since the thermokinematic fields- in The billet are

()
()
e}
o
]
d
=
(@)
(o
n
(0]
¢
@
<
o)
H
=
Gz
O
L)
0}
s
©)
=
c).-
@D
o
Gt
Ul

highly 1ﬁho“orermouu il ne
-in order to slmulate the deformation of different zones oI The bil-

sl

"let. Therefore, we chooge Lour typilcal points ol the billet, whose

3.

As the temperature at the withdrawal from furnace
Aot STl B and the Sramofeniitamel e, ST de
2 o) B .

been chomen ecual to those in [?f] yaWe ma f‘ebLenO the applicabi=

+

1ity of B (5.25) and (6.26) to tbﬂ whole tine elamse from the

4

withdrawal from furnace to the die eniv



a0

Therefore, the temperatures TE at the die entry are

calculated by the formulae =

B =, ‘. . : : .
Ti = Ta(tt} W point Ti = Ts<tt> for pomnt Dy
T?':.Ta(tL -L/vV . ) Por pioint g T? = Ta(tt+L/vi) foxr point 4,

s}

whexre %t#15 s ig the transfer time, and T (%), Ts(t) are calculated

by ((6.25) and (6.26), respectively, with T = 1170°C-= 1433 K

0
.( the temperature at the w1uhdr wal from furnace )iy ib being the
time measured after wi hdrawal Tromt itncice; The valueg of Tg
calculated in this way*afe given in the thlrd column of Table 1.

Por %the sake of convenience we recollet here the hasic

®
!
oY
[0)

fornulee characteriging the evolubion of thermokinemstic fi
dirdng hot extrusion ( cf. Secls. 2-5),

The strain rate intengily is-

G ) @l
: el € = & Q/)Cafb : > :
where : ” 2 W— % A © o
'E__ 20 LM : ’
&= 20 \4-dhside (7.2)

- s o B ey
B blle Antbind Swelnerof £F sand Eadgidthie o imainsinte ng iy vis e

...ﬁ_.‘ 2 : Q' o
8? = 2\[4 42%6 sz,RU ' : @2

The work done per unit volume up to a current strain
Intengity & 1is ,€E
= o (e Z Joe g ' =
i > > i (7.4
0

where the gtress intensity O is given by the cons 1tu%1ve eq ation
Lo+ c(1-e™) ) m(z/l) & Z<4 (7;5)
OJ-Z, e e em)a@n(Z/%) i 2729, |

The current value of the mener~ﬂollomoi pora mc*or ds

B UE Q T dadrei
7=t Jyx4b‘§?fﬁg) yive (7.0) ,




o

and the values of the material constants a, b, o; il 0 ZE’ (?g
for the AIST 3161 stainless steel are (2.8) and (2.9). The evolu-:

tiom [of The Lemperatnre fileld is given by

E SE = - ;

is the value of temperaturé of the particles after traversing the
discba%inuity sﬁwface Zf |

~ The numerical 1ﬂue”r9tloﬂ of the above SJ”tem of
equations is do&e»by a step - by - step methoa, ugding the folle v i

iteration scheme with M steps:

E E

. } -
B aar 3 € cenb
% = S5 oxp &

; [0+ e (A= %)]J&n /97) g Zk 4
%*mu..é“&m(zﬁ/fr) 4 %05,

The initial values of the iteration variables are

2

B E +& FE
S 2 a0 sl

p)

£ =
Z)E = .85-9/)0"\/ (Q/R::{JLE)D



- o0 o

ekl &2 n
% ez

Thelcalculation_was performed on a TI 5§-minicomputer,

by using a specially congtructed prozram called EXTRUD, taking

M = 40 and M = 200 steps;‘the.difference between the final velues

of the integration variables in the two-vafiants were less than 4%.
The initial and final values of the integfation Veeias

‘bleg are given in Table 1, and bthe plats of é?(T?’ﬂifTE, and s

againsﬁ E?Eg afe shown .1in 'ig'. pq1. It mey be geen that the

variables associabed with the particles 1, 2 , and 7 'have similan

evolutions; whereas the varticle 4, which hag the smallest die

6)]

entry temperature, experiences a gtress intensity and a terperature
increase during the ucxo“ﬂ tion that are about 2,5 ¥imes greater
fhan those corresponding to the other three varticles.

Tor =pecimens uged in our torsion testa, “the ‘surface

By using fthe e equivaléLce criterion (1..12), we
obtain the number of rchlailonﬂ :
Ny = _E’i—___. s )
0248 :

e which tie £3nal value of the torsion sn"facevstfain ia%ewalt"

T £VDER ! n : : e
gb@ equals the Linal value oL the exbrusion. gtrain intensity Lfor the




Lone o (G2 2l B

e

varticle under consideration.

L

Next, by substituting (2.12) into the second equivalence

S? _; we

' - : ; A5
criterion (1.13) and taking into account that -Eh¥=:

obtain

: G e £ sies
cy et W R e

This relation allows determining either the %orsion speed iilions
m

the initial torsion temperature TE y When the other quantity is
prescrib d by u31ng one of the foﬂWJTae

QL (R
N = (>003634@Le/>q~,<0LLE &) | (5 i2n
Q, /R ho o
'f L@/(QLS ) 2m(§b/£')

Bgs. (7.10), (7.12), and (7.13) give the paraiebers of

the simulating torsion test. For il ]ustvﬂt Lon they have been avplied

ee . 20 5 A a e o e:J?LulOﬂ of the

AIST 316L gtainless steel, choosing ¥ = 1500 rev/mln, The values
: o Nl . ; : '
resultedfor ¢#»ana Ti are given in. the lagt two columns of

Table 1.

The theoretical analysis of the hot working processes

shows that hot torsion tests provide a reliable means for simula-
ting these processes. Thisz gimulation is based on B equivalecnce

critienio., ““e]g Glhie ecualaty of the;fiﬁal ﬂirnln intengities and
of the plagolc work done per unit volume during the deforme tlon in

the.t9011070blcal process. and the torsion test., The application of
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gimulation procedure requires

tive equations of the investigated materials for

strain rate, and bednevlture rang of

Hes .

Various simplifying hypotheses that
b J

'in'tl, é]-but'still facilitate the practical. appl

ginnlation have been analyzed. s bhae e

has been applied for the hot extrusion of the AT

Do &5 - -1 N 5 o -
stainlesy steel, the paraneters ol the

o el

&5 o'
}._.3-
1
et
W
F3
e
D
©)
e ¥y
@
ey
5=
+
i
O
D
(@]
i,.
ot
oy
(45}
ol
=

ok inenalbic

S0 hot emtrusion. A moxre exact

solving of the non-linear initial and bounda

involved, by using the finit elements me thods

the working process

SI '/‘,L6]'J

gifferent charaot::istio noin
o 'L

the knowleumo of the constitu-

the whole

elax those adopted

ication of the

1ot ion nrocedure

test

asel  th

during extri-

augtenitic
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FIGURE CAPTIONS

Hie:l, Admissible veloeity field for extrusion.
Big.2 Cooling curves at different depths (R = congb.),
from the billet surface ( after HUGHES and SELLARS [}o] }

fig.s Radial variztion of the temperature in %he.billet at
different times after upsgetting in the container
BES and SELTARS [la] s

= . Gompelation of theiheat illux slcwose blhe cylindrical
girtace of thesbil et ithe the suridee temperature of the
bildlet ( after HUGHES and SELLARS 16] s

iz, 5 Isotherms of the temperature field in the biilet after
upsetting.

Ble.6. Billeb, container,. and die geometry; @ = ;c?:araoterlstic "
panticles of the billet
e, 7. Evolubtion of the strain rate intensity durins hotb

extrusion.

!..J.

Fig.8. Bvolution. of the stress intensity during hot extrusion.

Wil 9, Fyvolution of the plagtiec work dono per unit voldﬁn‘duriﬂr
hot emtrusion.

ile lo. Evolwtion of the thermal field during hot extrusion.

Fig.11. Evolution of the Zener-Hollomon parambdter during hot

extrusion.

e B 85

ey




T°3td

gy G0 , |
v \\\\\\\\\\,\\\\x
| \ RET:
q_. 5
= ! euoz - _ ) Db
| e E oz >
it //@I :
o g
73 el o)
i _W\\\(_ e
. \ » . el
v i 7
R e sy
L suoz poag . e :




—iog

€°ITg

(W) 13TIE NI NOILISOd TVIavy

0

e.mmlmm Ee Sz e SUE ol TS

L}

1
LR

SQE
s0¢
sOL
SGg =
S
sG0
SO =

i
oo O 4Jd ©

i

LONILLTSAN
Y3L3V 3WiL

0ov
00s

008

1 00L

008

006

| oooL

= 00l

00ct

[0] 3¥NLYYIdWIL

1
0
Eoz_tmm% J3L3Y WL |
|
|
|
_
|
|
|
|
|
m

2°3ta

(s) 20VNMNS
WO S TYMVYAHLIM Y313V SWIL
ugl Osheloy. {0E 0TE 6L D

T T T ]

ovmm om mm om mﬁ o s

0 o) R TR R

313usd

_—

__ __ 30DNS

ol

313u3d

1 1 it i i 1 1 1 | i i

—_—

(Ww) 30V4YNS WOHS HLd3d

00S |
00S
00L
008
006

000L

0O0LL

ooct

[3.,] FUNLVYE3dN3 L



-29.{

S°9Ta.

y°3ta

[2)) 3YNLVY3IWIL 33v4aNS

82. 000L 006 008 00L 009 00S
[ I I ] 1 T T 0
- 20
1870
=1 90
| | 1 {5 80
(0] SO ot S 0 020t

{S) ONILLASAN Y314V 3IWIL

[5,W5/01) X4 1V3H



vi=150 mm/s

S O

{/7?6?:{6C/??//GC/Q64794/24/}//6/7C/};Xia
A

o

38

2 R¢

£ L . @ j ]
U'. “u ). |
- = -
o o
L =600 s
Fig.6'

¢Ers™

240
220

200

- 180

- 160

. 140

120

100

80

60
40

20

|
|
/
1/
N
Libk
// ~ ./
e 72
o anlel

,Fig@ 1

ek

G G20l OF s 08 g 03 oY i

bRt e P s 5 e AT



360
340

320
300

O"E[M Pal

280
260
240

220

- 200

180

160

140

120
100
80

60
40

20

"fu 31 o

/ .
/ |

Fig.8

gIEE0ZE N0 i 05 o M0 s g g

g5/




1200

1100

Eiea

900

" 800

700 T
600 -

500
400

300

200
100

i

1000

Loy
%
z./'
7 _
: o | Lt o
,/// i ) ////1/5;;////
N ;;57' e

_éi/

/%/f/f);@

g 020k QSRR Oy 0 09 40

ce/es
Fig;g
1300 _
- ! |
08 1200 Eaee ,,._:-:-:_"' S ) S, c
1100
1000
900 e
=
//
e :
600

O 0l e 0 0og e e
e/




ZErs™

See)

10

25

10

A%

10

23

10

22

=10

10

10

19

10 =

s
10 .

Qg 08 04 05 0 07 08 09 10
gt



£

4 &

m‘.

=

v 8

S
(o}
a3

X
i
« &

Y
M

8

B2
N
v 8 N

=Y
AU
3

6.
171

C.G.RADU .

Méc.

SHNCES

Te ,
[U, Kovove

T Pé
£LOVOVeE

: 5 3 5 : ;
C. .E)”U C.TEODOSIU E‘SCGS, T.DJ”TWRDSGU Yetalureia, 1979,
31, 580 (. in Romamia ﬂ)
B.AVITZUR, Iron and Steel Emg., 1962, 1ok,

e s @ 3

! el bR Al
C.ROSSARD, B

3 7 R ]

C.ROSSARD,

C.ROSSARD, RS D P

T

I

L e e e

Sl

VA TS YT ~ Qnz -
AL BATSSEL, O.I.T., 506, 0,
My t}
oAl QTS T "-r ATATY - TS -
p.aEUsCiUnE, 3 ROALOFE . Stahl U, Nisen
~TrT

~ D.v“r,

gt Lly Ju.u..,g,

s

P

&.TRODOSTU,: . V. HICOLAT, B,5003, C.G.RADU,

Apod. 1079 2y

e GHEITE R AT G L
C.M.SELLARS, W. J. Me.
e 5

@.heto;*“ande, Loiasisie 8

&

Tt silet Beviy 4972,

- a

¢.G.RADU, C.TEODOSIU, £.508s, ICEM Report, 1979 ( in Romanian)
B.AVITZUR, ‘Metal forming; Processes and analysis, Mc Graw — Hill

Book uOﬁp.; Few York, St. Lonig, San Francisco, Toronto,

London, 3ydﬁey, 1968,

¥, 8.HUCHES, O.M. SELLARS, J.Tron and Steel Inst., 1972, 2lo, 561

Lo TOV

€. 00 Tourier Series, 2

1960 ( in Bussian)

nd Ed., Fizmatghiz, Moscow,

g

S e LA

e




