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EFFECTS OF EXTRUSION PARAMETERS
ON THE MECHANICAL PROPERTIES OF
ALUMINUM

" ABSTRACT

The effects of some extrusion parameters, extrusion ratio
' and initial billet temperature, on the structure and mechanical

properties of aluminum are examined.

Initial billet temperature and ertrusion ratio determine
the structural ehanges occuring during and after the extrusion
‘prdceSSiand tﬁeir contributionnto the structure of the product.
AAIt‘ie'hotedvthat mechanical’properties of product also change

- ‘with these parametersvia the structure.

Extrusion ratio effects are recognized in the strain rate
- which is, then‘combined with temperature effects‘in‘avteméera—
ture corrected'straiu rate term,vZ. It is shoun that structure
“and mechanicalvproperties of'product ;re related to, and can

_be contreiled by, Z. Relations between the logarithm of Z and

mechanlcal properties of product are used to develope the

“vextru51on limit dlagram so that it shows the mechanlcal prop~

erties of extruded product.
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,‘Ekstrﬁzyon‘oranlrvé ilk takéz sicakligir gibi baza eks= -
'trﬁzyon dé§iskenlerinin'alﬁminYumun mikroyapisi.ve mekanik
62éllikleriné etkisi incelenir.
ilk tékoz 51cak11§1 ve,ekstrﬁZYOn orani, iglem sirasinda
ve sonrasinda olan mikrdYapi'deQiSikliklerini Qe onlafln ﬁrﬁn
{lizerindeki birlesik etkilerini belirler. Uriintin mekanik &zel-
liklerinin de mikroyapldaki bu}degisikliée bagla olarak bu
isiem deqiskenlerinden etkiléndiéi belirtilir. | |
» _'EkStrﬁéyon oranlyetkisi, sekil de§i$tirme hizi olarak
gbzdniine al;nlp,vSlcakllk,etkileri ile sicaklik dengelemeli
- genleme hi21; Z, teriminde birlestirilir. Uriinin mikroyapl— |
’ sinln ve mekanik 6zelliklefinin 7 ile<il§ili_oldu§u Qe bu dé—
giskenle konﬁrol edilebilecegi‘gbstefilir. Log Z ile ﬁrﬁnﬁh
mekénik 6zellikléri arasindaki baélanfliar ekstriizyon sinir
diyagraminin ﬁ?ﬁnﬁn mekanik ozelliklerini gdsterecek sekildé

geliStirilmesindekullanlllr.
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1. INTRODUCTION

, Deformation 1s one of the several processes which may be

used to obtain intermediate or final shapes in metals The

lapplicability‘and development of these types of processes

« mzacompletely.dependentvon the plasticity of the solid metal.

The study of plasticity is concerned with the relatiOnships'
between metal flow and applied stress. If these can be deter-

mined then thehrequired shapes can be achieved by the appli-

‘cation of calculated forces, in specified directions, at

controlled rates. Iin practice, ‘the external load is applied

‘by a tool and its shape controls the direction of application

_necessary'to achieve the-de51red flow. The type of tool can

be used to classify the different-categories,of deformation

processes. Common industrial processes fall into six cate-

gories; deep drawingj rolling, forging;istretching,’extrusion,

wiredrawing; Although_there are other processes, e.qg. roll

-forging, spray forming, etc.; these are not of any great

industrial significance [1).°

ln'extrusion process, besides the fact that prediction

of the metal flow and tempeiature changes during extrusion

/is hard to handle, the problem of ChOOSlng suitable die



materials to withstand the‘high temperatures'and»pressures
'requlred to/extrude the harder, stronger materlals are not
overcome . Nowadays,vlt is p0551ble to extrude successfully
lthe follow1ng metals and their alloys, alumlnum,‘ copper and

lead [1]. Although a speclal technlque is required, the

extrusion of steel is also possible.

f There’are»two kinds of extrusion; direct and indirect.iIn
the former case, the ram and die are at opposite ends of the
blllet and the metal 1s pushed up to and through the die as

represented in Fig.l.

. q—Container

~Extruding : \\<:>\\ \§§~ :
metal » i

= ~ Extrusion ram

— e ——

-///Dle

Die holder
FIGURE 1. Direct extrusion processlI].

Wlth dlrect or 1nverted extrusion, the die is held at
fthe end of the hollow ram and is forced into the blllet SO

that metal is extruded backwards through the die as represented

in Fig.2. . B o

-

S ‘
- ‘Die stand //// N

'~ . FIGURE 2, Indirect extrusion process 1.

fe  p—  omace e

Closure plate - : -




I1. EXTRUSION OF ALUMINUM

' A. EXTRUSION PROCESS PARAMETERS

'.Attempting to‘descrihe‘the relations betWeenbextrusion.
parameters isvdifficult. since this process has many parame—
ters‘and interactions between these parameters arevcomplex.
Fig.3 showsvthese interactions-in direct'extrusion. It has
been reported that lnltlal blllet temoerature, extrusion
ratlo and speed are directly effectlve parameters on the
dm;crostructure of the product [2-3] . Inltlal billet tempe-.
rature determines the temperature of deformation and’ extrusion

ratlo and extru51on speed determlne the straln rate durlng

thlS process.

-vThe strain rate varies from point'to point throughout
'the.deformatlon zone durlng the extrus1on process so, it iQ
necessary to deflne some average value for this parameter.
There are two techniques, which appear to be acceptable, to
‘calculate average strain rate ; finite—elemant‘technique and
i»the:minimizedvupper—bound solution. Most prevrous researchers
thaveAused the approach suggested by Feltham [2].‘Accordinc
| to Feltham, the mean strain rate.maylbe written'as}

; _ , A .



MATERIAL '  PROCESS PARAMETERS  PRODUCT PROPERTIES -

Billet size

_ Microstructure - Extrusion ratio, R Microstrdcture

— tnitial billet temperature,To

L ;e

Surface quality -~ - |~
Mechanical. proper- it q Y

ties at high tempe-} | "~ Ram speed 1
lratures;e =f(T,E,€) S =

~Geometry, tolerance

]

]

Extrusion load

f

‘Die design

FIGURE 3. Interactlons between the propertles of material and product and process
’ parameters in the direct extrusion. [3] . :



. : total‘strain } ) : L
. — - (1)
o .time taken to effect that strain e

Total strain is given by a constant, c, and the time

taken to effeét this strain can be easily calculated.as‘[Z]

giVing

o 6.6.V.D%;tan w s
e = — - . : 0 (2)

= Billet diameter,’

3
o
0]
H
(0]
o
w
|

O
3]
|

= Die diameter,

<
l

Extrusion speed,

-
n

‘Semiangle of deformation cone.

Sheppard (2] has given the relations (determined by using
'upper—bound solution and verified by inspection of macro-

etched billet) :

g
n

54.1 + 3.45 LnR o - (3)

0
]

LnR a R V)
}for‘llOO alloy. R is extrusidn rétiof

Dﬁring the extrusion processes, enérgy-dissipated is
[

converted to thermal  energy resulting in temperature variations



bothftraverSe to and peroendicular‘to the ramvtravel. Traverse
.variations‘invtemperature‘produce variations in structure,and
hence indproperties, across the extruded section. However,
‘s1nce 1t is the bulk propertles whlch are 1mportant and, in
any case, structural dlfferences across: the sectlon are diff-
icult tojdetermlne,,lt is acceptablegtobcalculate an average

temperature rise at any instant [3].

factors affecting the-temperature rise may be quantifi-
ed by pla01ng a control volume around deformatlon zone and
equatlng the heat leaving thls volume to the work put into it
‘[3] Since the blllet is also 1051ng heat to contalner, out—
s1de thls area, a second control Volume may be used to 1nclude
‘thlS heat loss in overall equatlon. The heat losses are shown

“in Flg 4 Assuming that 90% of the work is converted into

heat the follow1ng applles
0,9 Pov.t = 0] + 0y + Q3 +Q4 +0Q5 +Q5 +0Q7 (5

‘where ‘ P = Extrusion load,
| | v o= RamvsPeed,
t =vExtrusion time,
Ql_— Heat loss’frOm deformation Zone to dead zone,

' zone to container,

Q9 =fHeatgloss_from deformation
Q3 = Heat loss from product to die,
Q4 —’Heat loss'fromideformation.zone‘to billet,
Q5.= Heat loss from‘hilletlto cOntainer,
IQ5 = Heat loss from billet to ram,

Q7 = Heat loss from deformation zone to product.
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- FIGURE 4. Heat flows during the extrusion process [3).
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Sheppard [2] has calculated the heat losses and solving
~the heat eqﬁatidn, he has given the equation  for temperatufe'

S rise as

, 0.9 P.v.t = AT,. C2(t) L AR
AT = — - : ‘ ' © (6)
Cy (£) |
' _ci(t) = Ky e1/2 Ky t?/3 + K3 t
cylt) = K4‘t1/2 + Ks 372, K¢ t4/3.+'K7 £2/3

where AT Temperafure rise,

' ATp'= Temperature differential between product ahd‘tool,

Ky_7 = Constants relaﬁed‘to heat losses [2].

" More recently, M.Gevrek  [4] have .developed~~ a finite-
/ - v _ o ) v | , ,
difference algorithm to calculate temperature distribution

-
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6n the deformation zone dﬁring extrusion. This programmévwas‘
| dsed in this“study to célculafe the temperature risé during
‘extrusion. Fig.5 Shoﬁs £he temperaﬁure increése Qf;the“produqﬁ
‘calculated by this programme as a'fqpction oprroduct length
at.a'givén extrusion ratio, R=25’and initial”billet'temperature, -
1T6 =v350 Oc. petailed information about this’ﬁrdgramme is

given in Appendix A.

L 30 b -
9_.‘
a
L
£ 20} -
‘5.
<
o,
» |
=10 R=25
T,= 350 °C
-0 e . ‘ | |

o | 650 1300
E— : " Length of product [mm] -

. FIGURE 5.A typical temperature rise curve during extrusion .

Average Straih rate Qalues-for thebspecimens Were‘also'cal—
;culatéa by means of a compﬁtér progrémme whiéh gives the -
v strain‘rate-values for 30 points throughout the diameter of

the product [4]. Variation of the strain rate with tﬁé distance

from the'centerliné of the'rod is given‘in‘Fig.G; Strain rate
vat’the cénter of the product is higher than the one a£ the
sﬁffacé. An average of the straiﬁ rate.valﬁes_cbrrespbnding,
~to the poinﬁs inside the specimén diametér was taken intb
account. | | |

[
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I

Strain rute[§1]

2F -
: { SUNRTN W 4 :

o 25 50 - 15 100
R - Distance from centerline [mm]

|center ' _ surface{

FIGURE 6. Variation of strain rate with the distance from the
. centerline of the rod.

Detailed information about this computer programme is

.given in Appendix B.

B. STRUCTURAL CHANGES OCCURING DURING AND AFTER EXTRUSION

Almost.all metals,lexcluding some'castingé, aré hot—worked
during.proceséing'into a final product. Mostmof these hot-
VWOrked materiais go-intb service in th$ as—-deformed state in
thé'fofm of prodncts such as steei plate or éluminumw'extru—,
sions. Whethér és an intermediate’of as a finai‘prbduct, the
,AprOPérties of such hqt¥deformea'materials aré,determined by
£he working process. Théfefdre, one shonld consider'the ‘”
structural changés occuring both during and aftér wnrking,

and describe the influence of these changes on the mechanical
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properties of the worked material.

The restoration mechanisms in hot working can be divided
,1nto dynamlc ones 1n the deformatlon ‘Zone  and statlc ones in
the coollng zone (Flg.?) Metals of high stacking fault’ energy

like*aluminum»undergo dyhamic recovery at both low and high

‘pynmnk
L~ recovery

R A i L0

Static N
recrystallization

FIGURE 7 Softenlng mechanisms effective during and after
: extruSJ.on of Alum.mum {5].

srrains followed'bnytatic recovery and recrystallizetion
respectlvely Metals of low SFE like copper undergo dynamic
recovery and in addltlon, dynamlc recrystalllzatlon at high
stralns,-followed,ln-both cases by statlc recrystalllzatlon [ 5).
Aluminum 'isia metal of higH‘SFE} It undergOesvdynamic
recovery during the extrusion procees. This ie folioWed by
'static_recovery andbstatic'recrystallization.after‘ektrusionv
'LG?S]. In Fig.8 substructures of.aluminumvare givenvfor unde-
formed,_deformed to 0.1, eteady state at 0.5 and steady state
at 2.0'conditiohs. Dynamicirecovery, Static.recoﬁery‘;{:'“
and etatic recrystalliZation will be discussed in‘deteils» .
below. - | |
‘o
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dislocations daries - grains formed grains per sist

-FIGURE 8. Substructure development in Alumlnum durlng
the hot working [5].

- a) Dynamic kecovery .

When a recrystallized metal is loaaed atvconstant nominal
b.strain rate, the resultiné flow eurve can be divided into
three distinct‘stages The first: stage is that of micro-
straln deformatlon occuring as the plastlc straln rate in the
sample increases from zero to the approx1mate straln rate of
‘the test [3]; (Flg 9) During thlS 1nterval the state of
stress in the materral rises rapldly although not qulte as
‘ steeply.as itvdoes at conventional temperatures. Typical ioad—‘
1ng slopes durlng 1n1t1al loadlngxangeare around E/50 at hlgh
temperatures and hlgh straln rates. The loading slopes -are
not comparable w1th the modulus becanse of the»plastlc strain
'produced durlng the loadlng interval prior to the mlcroscoplc
-_flow Thls strain arises from the operation of the thermally
actlvated. mechanlsms.that>are rate controlllng 1n thls tem—
-perature range:and, therefore, increases with inereasing

temperature and decreasing rate of loading.
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FIGURE 9. Flow curve of aluminum at high.temﬁeratures-‘

'.The-end’of the micfosﬁrain‘interVal is signified,by a‘
decrease inbthe élope of the loading curve about en erdef of:
magnitude. Yield.drdps are not, in‘general, observed:and*the
- yield stress is defined instead ih the term of a plastic strain
offset of.OTl or 0.2 %, (Figf9) Thevfegion ef-the'yieid'stress

merks_the'beginning Qf'the work hardening and, the slopes’are
evagain temperature and rete-sensitiVe. Duringithksseeoﬁd stage
: defdrmaﬁion,~the wOrk hardening rate gradually decreases untilv
: the net rate of work hardening isbzero; This regime, named
steadybstaﬁe regime, is‘eharactefized by constahcy of three.
 parameters: stress, temperature'and strain rate. It should be
considered that the microstructural changes accompanyvthe /

three stages of flow curve depicted in Fig.9. Some dislocation

multiplication takes place during the microstrain interval and
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-_the dislocation denSity increases. It continues to increase
with strain after yleldlng at a slower rate and attalns a

-, constant'value in steady‘state reg;on [9]. Durlng the phase
of positive straiu'hardening; the_disloeatibns begin to form
a cellular structure. By the time the steady state regime is
attained,rthe dislocation have arranged themselves]into sub-r
‘ grains whose perfection; dimensions,and misorieutations
’depend.on the metal and'On.thevstraiu-rate andvtemperature
ofideformation [10}. This condition of essentially conStantv
.aislocation density, Whichvis'necessary for the absence of
strainbhardening results from the attainment of-the dynamic
equilibrium between dislocation generation and annihilation.
The stablevsubgrain'siZe dependsgon the equilibrium“dislocatic

density‘which is established by this balance.

The higher the temperature of deformation»and the lower
the strain rate, the larger are subgrains that are formed
during hlgh temperature deformatlon As they 1ncrease in size,
thevsubgralns conta;n fewer dislocations. ThlS structurar
variation reflects the diminution in the equilibrium dislocat

density arising frem the increase in temperature and decrease
eih strain rate. The generation rate decreases; because effect
stress deCreases with decreasing strain rate and with increas
temperature; Theiannihiiatibn rate,kon the other hahd, does
not decreasetas “ﬁmhcﬁ“ﬂ with a decrease in strain rate,
’ because itfis not sensitive to a stress decrease as the gene-

ration rate is. R - IR -
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The dependence of mean sungain'aiameter,'d,,on the

" temperature, T and strain rate, é-is described by the relation:
a™=a+biniz (7)
where a and b are empirical constants m is a material constant
and Z is the temperature cerrected’strain rate which is defi-

~ ned by the relation :

Z = €. exp (AH/GTi ‘ SR . | = (8)

where'v AH = activation energy for hot working,i

ana G

il

‘Universal gas constant.

At highvtemperatures,'it'is common to express the flow

stress,o, as
6 =0 +0s o (9)

where:o*,.knownvas the’effective_stress,vis the reVersibie
,cbmponeht_ef'the flow stress, changes'in which,ere concurrent
- with changes in temperature of:strain rate. The £erm [} refers
to thenirreversible.or structﬁral component of flow stress,

elso known as thevinternal’stress. If o remains.approximeﬁely

- constant with strain and setting [9]

6. =xal . o 0

/

fb -where K is the’subboundary'strengthening,coefficient, we can
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write that::
o =" + kAT \' - o (11)

Yield stress, Oy is an approximately constant_fraction of
flow stress in most material; Thus, if the only softening
: mechanlsm 1s dynamlc recovery, one can wrlte by combining

the Eq 7 and Eq 11

y = A +B ”an | R | . (12)
Here, A and B are empirlcal constants.

b) Static recovery and static recrystallization

Static softening proCesses take place after deformation
is complete or between intervals of hot—worklng These pro-

cesses can be lelded into two dlstlnct categorles :

ni)-The recovery process.which inVolVes the annihilation
of dislocations in individual'enente.

ii) The recrystallization process, in which dlslocations

are simultaneonsly eliminated injlarge numbers as a

result of the motion of high angle boundaries.

The mainnexperimental variable affecting the recovery
rate ‘are the temperature, strain and strain rate[lll.The effect
dof temperature isvevident but is not particularly.marked
because the amount of stored energy dr1v1ng the recovery dec~

- reases as the deformatlon temperature is 1ncreased It is
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also apparentvthat thevrate of recOvery decreases with time
indicatinélthat the stored eneroy or driving force is prog-
ressively,reduced by_the»operation oiythe recovery processb
[11]. Because the.drivingvforce for_recovery is generally

»different at different deformation'temperatures, it_is diff-

icult to determine the activation energy associated with

'static-recovery, after_high temberature.deformationi In .
general, increases in strain lead to increase in the recovery
rate, until steady state flow is achieved. ThlS can be attri-
buted to the increase in dislocation density, and therefore

- driying force, with strain until equilibrium is reached.

Static recrystallizatiOn has been reported.frequently in

»literature [12-15]. The time‘for complete recrystallizationv
increases with the deformation temperature.’The recrystallized
grain size also increases with temperatnre; confirming the
strong influence'of,subgrain size and driving force on.the‘

. processes of the nucleation and growth. IncreaSing the strain
rate of deformation decreases the incubation time and in-

‘ creases“the rate of subsequent recrystallization. Finer
grains are produced by deformation at higher'strain‘rates
because. of the reduced‘grain sizes formedvby dynamic:recovery
at lower values of temperature corrected strain rate. The in-
crease in recrystallization rate With strain is accompanied

by a decrease in recrystallized grain size.
2. Structure of the aluminum products
a) Microstructure

/ The considerations above indicate that microstructures of

- the aluminum alloys after extrusion are likely to be comp@gx
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'because of the heterogeneous nature of the‘deformation.
. Althoughvdynamic recovery is usually the mechaniSm operative.
Ipduring deformaticn,_the strain, strain rate andrtemperature
cOnditions at the‘periphery’cf product may be snitable to
prcvide the driving:force-necessary for static recrystallizatioi
_to cccurbat this locationFLS]. B

»Most of'the researcheré reported using materiale which
dynamically recover, have been related to the extrusion of

aluminun and its'alloys [16—22]. These researchers observed

'jthat, the microstructure most usﬁally appears "fibrous"; The
' strdctnre.consiets_of the original cast.grains elongated into
.‘the ektrusion direction and having a ratio roughly‘equal to the
extru51on ratlo. The flbrous effect is due to the high angles
-ex1st1ng between the string- llke gralns. Although static
recovery,may occur after the extrusron, static recrystallizatio
kdoes{ndt. | | ' |

;Incorrect!extrusion;ccnditions‘may lead to grass hete_
rogeniety in the prcduct in which the surface layer recrys—
7_talllzes to produce large recrystalllzed gralns; This 1s>A
least de51rable structure. Sheppard [6] has glven a. llnear

relationship
h =M+ N LnZ | | - C13)

where.M and N are empirical :constants and h is the recrys-
tallization depth.AStreSS'corrosion susceptibilltyfand-heat'
' 'treatment sensitivity indicate the need to predict when

extrnSion'will prcduce a recrystallized structure. The method
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most.commonly used is tO'pl5t'hardne$s values v.s. extrusion
£empératuré; But in extrusion, some other parameters such as
strain rate and'cooling conaitions, are also effective. ,
,ARaybquld and Sheppard [2] have reported that the Al-7% Zn

allby had a minimum LnZ value of 28.55 to recrystallize when

it was water-—quenched. In general, this may be written as

G.Ln(Zg/€) | :

where Zp is the critical temperature corrected. strain rate

“value for recrystallization.

b) Substructure

It has been suggested that it is the effecﬁiﬁe stress
upon a dislocation and the distaﬁée ﬁoved which uniquely
detérmines_deformation characteristics in such a way that
z éhould'relate the final properties of a metal under dif-
 fe;ing défofmatidn conditions.‘The final prbpefties are most
cbnveniently.represehted by‘£he subgrain diameter'ana“wiil
depeﬁd upon the quench rate. In literature | 6,8,19;23], for

air cooled products and for different'matérial, some parametric

- .equations have been given as;

at- 0.15 Inz -3.5 4'(?A.20145 o (s
a™ - 0.044 Tnz -0.884  (Commercially pure AL) (16)
a1 - 0.037 Inz -0.67 (AL-Li-Mg) o
a1 ool | |

= 0.0058 LnZ-0.1733  (AA 1100) ~ 8y
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c) Effect of precipitation

It has beenjshqwn‘that both precipitations during
extruéion and the‘quénching type afﬁer'extrusion may have
vsome effects 6n the meéhanical prOperties.of product [7;18,24]
'and ﬁhe ektrﬁsién parametérs, hence quenching‘type should
be chosen acéofding to age harden;ng'featufeslofvthe mateiial
[25].Paterson andvsﬁeppard [7] have obser&ed thatAA:2014 alloy

.has softénéd considerébly, despite the structﬁral differences

observed has been constant for all of the extrudates.(Fig.10)

120 -
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FIGURE 10. Hardness variation with the aging time [7].

The retained substructures do not seem to contribute to
'Strength for some alloys. The strength of the alloy can be
improved by natural aging at room temperatures or by artifi-

/

_cial aging at elevated temperatures. The greater, the amount
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of solute in sOlution,,the greater the influence of the
" zones which act as obstacles to disldcatioh/mction ‘and make
materlal more strong. Desplte that there is a little amount of

solute in commerc1al pure alumlnum, it has been observed that

“rlsper51on of precipitation may have a

R

whether flne or coars

cons1derably important effect on the mechanlcal propertles of

this material [21]."

C..EXTRUSION LIMIT DIAGRAM
1. Restrictions on working conditions

.The choice'of the temperaturerrange'for hot working is
importaht; During‘the deformation_process; the heat of the
deformation may cause’a'temperature'rise,'if thevstraih:rate
is so high that conditions are approaching adiabatic. On the
other hand, if the strain rate is low, heat may be lost to the
'surrounding and the temperature’of the workpiece will drop as
it is deformed The flnlshlng temperature w111 have a marked-
effect on the structure and the propertles of product. If the
temperature is high, then the flnal graln 51ze w1ll be coarse,
affecting the mechanical propertles. If on the other hand,
ddeformatlon rates cause adlabatlc condltlons, the resultlng
temperature rise of the metal mlght exceed the solidus, giving

r1se top1nc1p1ent meltlng.

Smith [26) has shown that the extrusion temperature'and'

the strain rate must be jointly controlled, if the defects

are to be avoided. The working range of an alloy can be
i%lustrated in a diagrammatic manner by considering the metal
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temperature and the amount of deférmétidn. The effect of
stfain rate can be added later to the diagramme so that all'
. the Variabies controlling working fange’are includedg_For a
; givenbworking pressure and'temperature, £here wi1l be a
maximum amount bf deformation that can be carried ou£ dnvthe
.metal;‘If the working pressure is méintained,'the amount of
_defofmation boésible will increaSe} if thé.témperaturé of'thé
metéi is increaséd due to.the fact that flow stress is lowe-
red. In fig.ll; thié'is iilustrated by liﬁe.AB which seperé—
" tes those-areas‘injwhich deformation ié possiblé from those
'in:which it is not{fOfiatgivénvapplied preésuré.The area  in

which deformation is pdssible, is restricted at higher'

e
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]
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i

EfGURE 11. Working range for a_deformafion process'[l].

'temperaturésbdue to the risk of incipient melting. If
deformation is carried out very slowly, the limiting tem-
perature is solidus. If, however, deformation is carried
/. . L . .

ocut at faster rates and some energy of deformation appears



asértemperature_rise; then . the temperatﬁre‘of the metal must
be restricted.’The‘greéUmfamouht'of deformation, the greater
the(temperaturelriee. Therefore, a line CD which has a
negative/slope will limit the upper femperature.of.working'
range. The effect of the bther‘possible variables, preseure
iand strein rate canvbe‘included7to'the.diagfam:as shown in

Fié.lZ.increasing the applied pressﬁre will increase the

c
e _

g |Cold short Increasing
.3 / strain rate

=)

S Hot short

2 Increasing v :

j% pressure - Solidus

\ /

Preheat temperature —-—--

FIGURE 12. Variation of working rahge with strain
' rate and pressure |1].

» o . ’ | , o
deformation range whilst increasing the strain rate will have

the oppdsite effect.

Extru51on process is llmlted by the capac1ty of the press

~and meltlng ‘of the materlal extruded The extruSLOn load whic]

‘depends on the flow stress of the material at elevated tem-

‘peratures should not exceed the preSs capacity. Incipient'
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melting restricts the initial billet tempefature.vThese two
limitations can be shown in -a diagram, called "extrusion
limit diagram'| Fig.1l3 shows a Simplé limit diagram in which
temperature ére plotted against the logarithm of extrusion

ratio tofbe used for choosing of possible working conditions
extrusion Impos|, . \cion impos-

/snﬂe insufﬁdentsible incipient
press

ressure melting o
] et

extrudate
L

N

7

.2

©
© e

=

e

4]

>

=

% L

w . Press
= operatmg
-t .

area

Temperature —

- FIGURE 13. Simple extrusion Limit diagram L?],‘

in which préss'capacity and material properties are determined

- for a constant velocity. . _ g

To draw the pressure limit, a formulation, which determine
-the extrusion pressure as a function of the flow stress and

the extrusion process parameters, should be derived.

_ For constant initial billetftemperature;To, extrusion

'speed,v and billet length,L, maximum extrusion pressure
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'increaasflinearly with the logarithm of extrusion ratio, R
131 :

P =(a) By LnR)p o, (15) -

where A; and B; are constants depending on the extruded
material and extrusion conditions.

For constant extrusion speed, extrusion ratio and billet
length, maximum extrusion pressure decreases linearly with the

'initial‘billet temperature [ 3] :
} Prax = (B2 = By TC)'R,V,L _ - - : ] (16),

where A, and Bjp are constants depending on the extruded

_material and extrusion conditions.

Considering that material flOWVStIQSS'atihigh temperature
dépeﬁdé on'thé Strain rate,:maXimum'éxtrusion pressure wili
Tbevcieérly.dependent on both”temperature'ahd straiﬁ rate [31.
 The$e'p§raﬁeters are cdmbined‘in the temperatufe corrected
bétrain réfe,Z._Then, for dbns£ant billet.length‘an& extrusion

ratio, we may write
- - 1 . . . | L ‘
Prax = (RAg * By LnZ)jp .- - an

~where Ag and B3 are material constants. Thus, extrusion

pressure can be determined as a function of extrusion and

material parameters;‘by combining Eqgs. 15,16 and l7,lfor :

constant temperature :’
/. ’
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Pnax = O(A + B LnR) | . o . (18)

For‘high streSses, it has been shown that flow stress
of material at elevated temperatures depends on the strain

rate and temperature by the equation [6,27]:

1 (mn (B - A

o .n A . GT

where o and n are material constants. Substituting Eq.19

into Eg.18 :

1 Z

Prax = - (Ln(-25) - 25, (asB Lnr) (20)
T . a* “GT ‘ .
'bor_in general form
R AT | .
. Ppax = . (a + b LnR + ¢ Ln —'—;) (21)
L o.n . ‘ A ’

may be written;a; b and.c can be determined bf the;e%perimenté
which are éerformed'for constant billet length.lfhus, constant
pres;ure limit Qn éxtrusion iimit diagram can be biotted by

. usiﬁg Eq.21. | | |

Invlitérature, to verify'the form‘of Eq.21, the.extrusion“
'f data has been subjeéted to multiple regression analysis for

some aluminum alloys and reportéd_és given below [3,27] :

-

— 1 (12,48 LnR+5.65 Ln - -15.692) (AA1100) (22) .
max «.n - A¥ '

i

BOGAZICT ONIVERSITES] Kiiriipianci

{
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p = —2L (1314 LnR + 4.3 Ln % - 3.33) (AA2014) (23)
“max: " _ *
“a‘on . . A
Prax = (7.3 LnR + 10.3 Ln j% + 11.2) (Commercial (24)
- a.n : : "A o pure AL)

The actual workingvtemperatures“should,be used to deter-
mine both the flow stress and incipientvmelting line. The
upper—bound solutions indicate that most of the work done
auring extrusion occurs at the maximum temperature rather

~than the initial temperature. It has been Shown_that the
Working temperature remains relatiVely conStant during

' steady—state‘extrusion.,“Integral profile"temperature shows
good correlation with ekperimentalbreSultSj[28]. Having cal-

" culated the temperature, it is still not clear what the-
limitingvtenperature line should-represent ‘The main-criteri-
on in alumlnum alloy productlon is the surface finish of

the product thus indicating that thlS is parameter whlch
should determlne the temperature locus on the: llmlt dlagram

_[27] Thls phenomenon is a partlcular problem durlng the
extru51on of high strength aluminum alloys such as 2014.
Although the ductility of aluminum alloys’generallyincmxses witl
_temperature, the flow stress decreases such that asbthe tem-
perature’of extrusion is increased;‘tenslle,fracture can be
induced by the'tensile stresses‘impoSed by,frictionbconditions
It has been shown that the defining line good and unacceptable.
surfaces could be repreSented by'a relationship 127] 'It.has
been reported that the condltlon for acceptable surface c0u1d
/be reoresented by a relatlonshlp It has been reported that the

- - condition for acceptable surface finish for 2014 alloy is [27]



27

Lnz < 6900 / T0-8¢ O R - (25)

By plotting the parameter Ln(Z/A)‘against the initial
billet temperature, different aluminum alloyscan be compared.
A is a material ¢onstant;_Such a Comparison is'shown in Fig.

[l

14 for alloys 2014,7075 and 5456. It has beeh‘noted that the

16 T T T T »

14

1 R T
250 300 350 400 450 500 |
- “Initial billet temperature[°C]

2

FIGURE 14.Surface’crackihg boundaries for some aluminum
: alloys [27]. » -

propénsity for surface cracking increaFes fromthe 5456 to
- the 2014 and up to the 7075 alloy which isléonsistent with
the correspohding increase in the pressure required for the

 high.temperature extrusion of these alloys [27].

" Eqg.21 and Eq.25 may be combined within a single graph .

'tO‘show the limiting extrusion conditions. Such a graph is
! » : ’ ‘
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shown in Fig.1l5, indicating the possible'working conditions’

 for thé extrusion'Speeds of 3.2 and 6.8‘vmms"l without surface

cracking.

limiting
pressure

“surface
cracking

- v=08 mms™ _

LN

{l direct extrusion S
max. pressure 1130 MNm :

i [ L)
250 300 350 400 450 - 500
Initial  billet temperature [°C ]

' FIGURE 15. Extrusion Limit diagram for 2014 Alloy {27.

2. Structural'conSiderations on 1imit}diagram

_ } ‘ -
.Sheppara’and,Rayboﬁld»I29],have'shéwn how the extrusion

limit‘diagram may be constructed to_givefinfbrmation‘on the

ét;ucture df'product. It isﬁclear‘that both>dé5ired S£ructu;e ,

ahd-property parémeteré‘may be presented on thé éxtrusion~limit

b'diqgram. | |
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Fig.16 shows a limit diagram of AL-Cu Alloy indicating
subgrain diameter variation with extrusion parameters for a

constant ram speed of 10 mms™1 (6].

5 T T T ll
Ram speed 10 mms™ .
| dipm

- 550 600 650 700 750
Billet temperature [°K ]

FIGURE 16. Structural limit diagram for,AL-Cu alloy [6].

Fig.1l7 shows the mechanical properties of product for

X

99;99 % AL. In this diagram, proof stresées, reérysﬁallizatién
‘boundary and predicted»maximum recrystallizatioh temperatures
are_showh aé a funétion of initial billet temperaturé.and |
extrusion ratio {29]. In this graph; regrysﬁallizétion boundary
shows the beéinning of the recrystallizgtion,»éredicted maxi-
mum récrystallization‘tempe:ature boundary-shows-the beginhing
of the incipienﬁ melting and probfvstress ¢urves show ﬁhe
éxtrusion'conditions corfeéponding to the giﬁen proof.stressés
of products. | o

/
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FIGURE 17. Limit diagram showing mechanical properties bf-_fhe
product for-99.99% AL; water-quenched; € = 16 s _;
= 1100 N/mm® [29). ’

maximum pressure
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IIT. EXPERIMENTAL WORK

A-EXPERIMENTAL PROCEDURES

1. Extrusion process

Cylinder billets of commercially pure aluminum, which
have 100 mm. in diameter and 100 mﬁ.in length, were extruded
at 350, 400 and 450 ©C initial billet temperatures, using a
vertical Enefco hydraulic press of 500 ton capacity, (Fig.18)

to produce 8,12.5 and 20 mm. rods (Extrusion ratios; 160:1,

€31, 253A% .

FIGURE 18. Vertical Enefco hydraulic press .
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Air cooling was'performed. Chemicalnccmposition of the

. material is given Table 1.

v'kTABLE 1. Chemical composition of the extruded material.

1_Element

Fe-

Cu

- Mn -

Mg -

Zn

8

AL

.015~-.022

Weight % |.19-.21 |.07-.004 .54-.61 | .024~.027

.124-06

2. Metallographic examinations

Longltudlnal and traverse sectlons were cut from the ext—

rudate and prepared for optlcal examlnatlon To ‘examine the

microstructures of the products at same condltlons for_dlf—'

ferent extrusion ratios, all specimens were chosen from the

middle'sections of'the»rods. The longitudinal sections were

cut from the products and mounted in bakkellte, ground:on '

200 and 600 grade sicC papers and pollshed u51ng 6um dlamond

"apaste. Final pollshlng was achleved u51ng 0.3um alumlnum

"powder. Us1ng the equlpment shcwn in Flg 19 the spec1mens .

were electroetched for-three mlnutes in an ac1d solutlon‘
- (4mL HBF4 + 200 mL H20) with spec1mens as anode,w1th a
potentlal of 12 v applled w1th a max1mum current den51ty of

0.2»A/cm r[30],
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FIGURE 19. Lectropol electroetching and electropolishing equipment .

The specimens were inspected under polarized light by

means of a Reichert optical microscope (Fig.20).

FIGURE 20.Reichert optical microscope
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Recrystallized grain diameters were measured from the photog-
raphes using ASTM-E-112 standard, Lineal (Heyn) intercept
method for the specimens extruded at 350, 400 and 450°C
initial billet temperatures with the extrusion ratios of

29:1 and 160:1,

3. Microhardness neasurements

Microhardness measurements were performed on the mec-
hanically polished surfaces with a load of 200 gr. by means

of a microhardness test equipment (Fig.2l). To eliminate the

FIGURE 21. Microhardness test equipment.

hardened layer produced by mechanical polishing, electro-
polishing was performed. Specimens were polished mechanically

in the same way described for specimens of metallographic
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examination. Then, they were electropolished in an‘acid
vsolution (45% Percloric acid + ethyi“aicohol) With a poten-
tial of 20 V/cmz;‘As'a result of_thfs process, a layer of
“about 250um;was eliminated. Average of é—lodreadings'through
the diameter determined the:microherdheSS,values.of specimens

(Fig.22).

Ar:]Snwn.v. Ar= .65 mm

- FIGURE 22. Measurement places to determine the hardness.

Mlcrohardness tests performed fall into three- categorles.
Purpose of the flrst serlal tesE;was to determlne the varlatlon
‘of mlcrohardness w1th 1n1t1a1 blllet temeprature and extrusion -
ratlo Nine spe01mens which were extruded at: 350 400 ;and 4500C
1n1t1a1 billet temperature with the extru51on ratlos of 25 1,
»63~l and 160-1 were tested. To test the rods at same con-
dltlons for different extru51on ratlos, all spe01mens were

chosen from the middle of the rods.

~ Second serlal tests were performed to examlne the hardnes<=
varlatlon along the rods. Spec1mens were cut from the A, E and

C poSitions of the rods(Fig.23) ,
o . :
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FIGURE 23 Measurement places to determlne the hardness
' variation along the rods. '

Third serial tests determined the microhardness variation
~throughout the diameter of the products'whiCh have the fibrous

structures.

‘4. Tension Tests

Tensionvtests'were performed'by means Of.an Inetron—llls'
'teSt_equipﬁent,(Fig;24).Specimens forlteneion tests Qere_cut
,tftOm the middie of the rods which were extruded at:350, 400,
:ASOOC initial billet temperatures withlthe extrusien taties
of725:l, 63:1 and 160:1; and prepared accqrding to. TS 138
etandart'(Fig.ZS).A typical graph ebtained from'the.tension
test is glven in Flg 26. In all of the tension tests, the speed
of crosshead was, chosen Lo be 0. 2 cm/min. Con51der1ng that ther
are no . apperant yleld p01nt in the graphes of load elongatlon
"(Flg 26) proof stresses were determlned by means of the ex-

'tenqlon—under load method . accordlng to themethod of



FIGURE 24.

Instron-115 tension test equipment .
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S,

——-1

<7 s



38

T T T T 1 ]
300 - 475
Load
m
- Elongation .o
- 200} e +o2
o 2.
= -2
o 3
S 3
° =
100 —25
0 | 1 - L . 1 »‘ L 1

10 80 120 160 200 240
' - o S Experiment time [s]

FIGURE 26 Typlcal elongatlon -and load curves obtalned from
tension test

ASTM E-8 standard spec1f1ed extens1on—under load was determlnedl
.‘to be 0.23 % by plotlng the stress- straln curves and.averaglng
plastlc strain values correspondlng to elastic straln of OFZ%

in_these'plofs.' |

In the second serial»tests;'specimens.which'have'only
fibrous structure were chosen. Sfrain'hardehing'exponent was
determined byspleting tfﬁe'straiﬁlﬁersu; true stress curve in _
logarithm scale and calculating the slope ef the‘curve after

‘yielding.
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B- EXPERIMENTAL RESULTS

1. Microstructure.

L_Variétion'of recrystallized grain’size'with the temperature
corrected strain'rate,,Zi is given in Figs.27 and 28. Tem-
perature corrected strain rate was calculated by

- AH
G.Ty

Zi'= e . exp ( )y Lo ‘; B = - (26)

where T is initial billet temperatﬁre. Activation energy.bAH

was been givén for this process
AH = 156.5 kj/mol S 2

in the literatufe.lBr. Straih réte,'ngas caiculaﬁed by Eq.2
Lineal.intercept methdd .31, was used to estimate the
.‘grain siie,d. The number of grains,interceptéd by three Stra;
.ight lines was counted‘on'the'phbﬁomicrOgraphé of a represen;
tétive field of the specimehsbcﬁt from the rods which were }
‘extruded at 359,400.and 45000 ihitial billet tgmperatures with
the exfrusion;ratios of 25:1 and 160:1.Fig.27 ana,Fig,zs show
" the variation of the recryStallized grain size withvthe tem-
‘pérature coriected straih rate, Zi,7fo£ R=25 and R=160 res-

.'pectively.
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Photomicrographs of the products which were extruded
with an extrusion ratio of 25:1 at 350°c, 40000 and 4500C
initial billet temperatures are given in Figs 29,30 and 31.
Figure 29 shows a fibrous structure, while Figs.30 and 31
show dublex structure. Figures 32 and 33 show the micro-
structure of products which were extruded with an extrusion
ratio of 63:1 at 350°C and 400°C initial billet temperatures.
Both of them show dublex structure. Photomicrographs given

in Figs.29-33 have a magnification of about 50:1.

L00pMm
e

FIGURE 29. Microstructure of the product whéch was extruded with
an extrusion ratio of 25:1 at350 C initial billet
temperature.
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I.OOIAm
—

FIGURE 30. Microstructure of the product which was extruded with
an extrusion ratio of 25:1 at 400°C initial billet
temperature.

400 pmum
o Aeaemaoe | |

FIGURE 31. Microstructure oif product which wag extruded with
an extrusion ratio of 25:1 at 450 C initial billet
temperature.
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LOOpm
—

FIGURE 32. Microstructure of product Whicg was extruded with an
extrusion ratio of 63:1 at 350 C initial billet tem-
perature,

l.OOIAm
—

FIGURE 33. Microstructure of product whicg was extruded with an
extrusion ratio of 63:1 at 400°C initial billet tem-
perature.
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Photomicrographes of the products which were extruded
with an extrusion ratio of 160:1 at 35000, 40000 and 450°C
initial billet temperatures are given in Figs. 34,35 and 36.
Figs.34 and 35 show the dublex structures, while Fig.36 show
a fully recrystallized structure. Photomicrographes given in
Figs. 34-36 have a magnification of 200:1. Some other photo-

micrographes of the extruded products are given in Appendix

e

IOQﬁn\
—_

FIGURE 34. Microstructure of the product whichowas extruded with
an extrusion ratio of 160:1 at 350 C initial billet
temperature.
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FIGURE 35. Microstructure of the product which was extruded with an
extrusion ratio of 160:1 at 400°C initial billet temperat

100;tm
Y

FIGURE 36. Microstructure of the product which was extruded with
an extrusion ratio of 160:1 at 450 C initial billet
temperature.



2. Mechanical Properties

. Resﬁlts of microhardness testg are tabulated in Tables 2

3 and 4 accofding to the positions from where speciﬁens were
_takéh. Position B. represents the middle position of the rods
(Fig.23). Sihce‘the temperature rise durihg the‘extfusion
depends on thé lehgth of,product,wthe vériation'of'averaée
hardness»of the‘product With extrusion ratio aﬁd-initial bilf
.1et temperutare are plotted accofding to Position B. Micro-
 hardness measurements were performed 6—16 different places
across the séctién repfesented by ro-rip as givén in Fig.22.
Maximum and minimum values ofihardnesé are also given in
Figs.37 and 38. Position A represents_the‘b§ginnihg position
of the rods while position C re?reSents the end position.
(Fig.23) Fig.39Ashows the variation of hardness with the
position along the peructs.'It should be notéd that, in
this graph,.ma#imum'valueé of the ﬁardnesé across the éecﬁion

were considered.



: ' TABLE 2. Results of microhardness tests performed on the specimens cut from Position B |,

- Places where microhardness tests were performed : ‘
: e : _ . — VS
Rl 1% ro ry o rp |l xr3 | 14 rs g Ty rg rg | (average)
25 | 350 |41.1 |38.5 | 37.0 |38.4 |37.6(36.9 |37.0| 35.4|36.6 | 34.5 | 37.3
25 | 400 {40.4 |39.1 | 38.8 [38.8.[36.1|35.9 (37.2 | 35.2(36.2 | 36.9 37.5
25 | 450 {50.4 |44.4 | 43.4 {42.7 |40.6 |43.6 |44.0 | 38.6|40.9 | 40.2 42.9
63 | 350 [39.2 |38.1 | 36.8 {34.9 |35.2 [37.1 |37.7 | 36.9 L 37.0
63 | 400 |45.2 [42.2 | 40.4 |43.8 |44.3 [40.9 |43.9 | 44.4| | 43
160 350 |41.4 |44.5 | 35.5 |36.6 |37.3 |39.7 | | ] 392
|160 | 400 |46.5 |44.1 | 39.6 [42.7 (41.7 |43.8 : - | 1 431
160 | 450 |58.4 |54.9 | 53.6 |53.4 [51.3 |65.9 1 . 56.3

Ly
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FIGURE 37. Variation of hardness with the extrusion ratio .
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TABLE 3. Résults of microhardness tests, performed on the specirhens cut from position A.

To

'PlaCes where microhardness test were performed

VS

R [OC'].;rO r, | oz, Xy Ty | Ts | T rg .,?8 ry (Ayerage)
,25' 350 | 51.8 | 50.8 |50.7 | 48.4 _47.5 45.9 | 44.6/ 43.4 | 42.9 42.7 46.9
25 | 450 47.9 | 45.6 '44{4 44.3 ‘43,7 42.5 42.3'42.1‘ 41.9 | 39.9 4375,
63 '466 ‘49.6 48.7 |48.3 48.4 47.6 47.4“‘46.4 40.7 - 47.1
‘160 100 | 45.2 | 42.5 41.5‘ 43}6 42.3 20.5 42.7

6



TABLE 4.Results of the microhardness tests, performéd on the specimens cut from Position C.

Places where microhardness tests were performed

T

A

TO
R . , : Vs
_ [©c] r, r, r, rs r, T re ro. rg rq [(Average)
25 | 350 48.1 | 49.8 | 45.8 | 41.3 | 39.7 39.7 | 46.3 | 43.5 | 42.9 | 45.7| 44.4
25 | 400 46.8 | 43.0 | 41.1 | 43.6 | 41.0 39.4 37.0 | 38.6 |42.7 | 41.9| 41.s5
25 450 57.9 |53.8] 50.6 51.6 51.3 47.3 50.3 46.7 45.0 47.3{  50.2
63 | 400 46.4 | 43.5 | 46.4 | 43.7 | 43.4 145.4 45.3 | 45.4 44.9
160 | 400 46.7 {45.5 | 46.4 | 44.3 | 44.5 [42.9 45.0

05
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In Fig.40 variation of.hardness throughout the diameters of
the products, which were extruded at 350 and 450 °c ihitial
‘billet temperatures with an extrusion ratio.Of‘25:1;-is illus—
tureted'for POsitioh A. Metallographic examinations ehowed_
that these spec1mens have fibrous structure, shoWing that

the only operative mechanlsm on the structure durlng and after

extrusion is dynamic recovery.

83— v T T '
® . —~;&7r
~—— c -~
g sof R G e
= | o |
= o . °
w0 47" ' . ‘ . . 7
[F2]
g (o] °
< [
Pl O 0
S 44t o . 7
o ¢
R : ° o
{ ] 1 1 |
0 2 N - 8 10
. Distance from centerline (mm)
‘center surfacet-

FIGURE 40, Variation of hardness with the distance from the centerllne
' of the product.

in'Fig.4lf‘variationvof hardnees with the logarithm of the
strain rates oorresponding to the poSitionsshown in FPig.22
is shown. The strain rate values were calculated by means of
a.computerrprogramme..Detailea information about’ this prog-

ramme is given in_Appendix B.
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. FIGURE 41. Dependence of hardness on the logarithm of strain rate
for constant temperature . T

Proof stress, o , ultimate tensile strength, o.. . and
0,2 r TS
final strain data are giﬁen:inyTable 5. These data were obtained.
from the tension tests, performed on the séecimenS‘cut,from the

' rods which were extruded at 350,400 and 450°C initial billet

“temperatures with the ektrusionaratios of 25:1, 63:1 and 160:1.
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TABLE 5. Proof stress, © , ultimate tensile Streﬁgtb, g and final strain values obtained

from tenison tests. - vrs
To 350 °c {400 % 450 °c
Final _ Final : Final
R 19%.2 | %urs | strain | 0.2 | %0Ts |strain|°0.2 | %UTs | strain
[MPal (MPa] 2 { MPa}| [ MPa] 3 [MPa] | [ MPa] %
25 | 66.1 115.0 | 26.3 63.8 | 124.5| 27.3 |59.7 |119.4 | 30.7
63 |62.8 116.0 | 27.7 52.6 | 105.7| 28.7 [48.6 | 100.6 31.3
160  |73.4 147.1 | 24.7 55.2 | 112.2| 26.7 [56.0 . |124.4 | 27.0

7S



55

Variations of proof stress, ratio of proofvsﬁress to
ultimate teASile streﬁgth and final strain with initial bil-
let femperature §re,giveﬁvih Figs 42,43 and 44, respectively.v
-Proof‘stfess, ratio of proof'stress'to ultimate tensile
strength and final strain are‘also plotted agains£ the éxtfu—
sion ratio. These are given_in Figs.45,46 and 47,_respectively
It Should be noted that ﬁhe tension test specimens were cut
'from thé position B of products and.deSighed accordihg to TS
_138; and data obtaihed»from £he tests_Were evaulated according

to ASTM. E-8.

~)
o
1

[2a)
o
’

(€3]
o
I

Proof - stress [MPa]l

4 ‘ L : 3

350 40 450

Initigl bil}et‘ ' témpercilure el

FIGURE 42. Variation of proof stress with initial billet
temperature,- . :
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FIGURE 45. Variation of proof stress with extrusion ratio,
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FIGURE 46. Variation of the ratio of proof stress to ultimate
tensile strength with extrusion ratlo
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FIGURE 47;variation of final strain with extrusion ratio.

Résﬁlts of second serial tension tests, performed'on the
rods which were observed ﬁo have 6nly fibrous sﬁruCtﬁre_by
metallographic examinations, afe givén in Table'6. Data'obta—_
ined from these tests were‘evaluated and proof Stfess, stfaiﬁ-
hardening exponent and ultimate tensile strength were piottedi
Ha@ainsﬁ the 1Q§arithm‘ofbtemperature corrected-stréin rate?l_
i These éfaphes are given in Figs.'48(49:aﬁd 50. Température
do;rected strain fate was calcuiated by‘the eéuation :

AH>

z =& .exp (L) B (8)
- or | AR |



TABLE 63 Proof stress, ©

dltimaté_tensile strength, ©

and strain hardéning

exponent, n valués obtained from tension tests performed on specimens

. which have fibrous structure,

No - Toloc} R T[°c],ié[s'ii LnZ 0.2 UTS

1 | 350 25 355 4.49 31.48 | 66.7 | 113. .130
2 350 25 361 | 4.45 31.18 | 65.9 | 114. 1137
3 ,350 25 383 ' 4.41 30.18 .54;5 118.0 §150_
4 400 63 ‘f43o‘ 11.36 | 29.21 62;6 123. .182
5 450 63 455 11.36 28.28 61.6‘ 119. .zbo
6 450 25 | 455 4.49 27.36 5957 126. 219

65
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"FIGURE 48. Variation of proof stress with the temperature corrected
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In fhis‘equation,‘deformatioh temperaturé, T was determined
from the temperature rise curves as shown in Fig.5, considerihg
ﬁheblength of product where the specimens werevcut. Mean strain
~rate, € was calculated by averaging‘the strain rate Vaiues
inside the specimen diameter, calculated by the computér

'programmeAmentionéd in Chapter 2.
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FIGURE 49. Variation of strain hardening exponent with the logarithm
of temperature corrected strain rate.
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IV. DISCUSSION OF THE RESULTS

A. MICROSTRUCTURE

' Metallographic~examinatiohs show that three types of
structure appear in pr0duct; fibrous'structure‘asfshown ih
- Fig.5l.a, dublex structure as shown in Fig.51.b, fully recry-
stallized Structure as shown in Fig.Sl.c.’Although, this is
in‘aggrement with most previous workers(5-15], it has beeh

reported that for waterr,quehChing, fibrous structure appears .

_mostly. For same worklng condltlons, but alr-coollng,flbrous

’ ‘structure appeared only in the products whlch were extruded

at 350 C'initlal billet temperature. Since, the products are .
subjected to high temperature for a longer duratlon than in

water quenching conditions, this is not surprlslng.

Flg 27 and 28 shows that for constant extrusion ratio,
increasing temperature leads to an 1norease in the diameter
of recrystalllzed grains as reported by previous authors [ 21].
'Although’dynamic recovery is-usually the mechaniSm operative

durlng the deformatlon, the strain, straln rate and tempera—

ture condltlons may be sultable to prov1de the dr1v1ng force
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for static recrystallization. Since these properties cannot be
determined accurately, structural changes across the section

are difficult to determine. Except these inner locations, it was

T =350 "C
R =25

length of product,L=10cm.

T = 400 °C

o)
|

25

L = 200 cm.

4 (o)
To = 450°C
R = 160

L = 400 cm.

LOOFn1
P

FIGURE 51.Microstructures of extruded products a)fibrous b)dublex,
and c)fully recrystallized structure.
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.Obseryed that.recrYStallizatlon hegins at’the surface of’
products;,as reported by‘mostjprevious workers [6]. This
‘may be because of the strain rate which hasAa-minimum Value
. at the surface. Amount of recrystallized loCations increases
w1th the 1n1t1al blllet temperature for constant extru51on ,

ratlo, as shown in Flgs. 34,35 and . 36

.Another result which‘is»in agreement mith previous
'authers [ 21] is that, for constant 1n1t1al billet temperature,
recrystalllzed grain size- 1ncreases with decrea51ng extru51on
ratlo. ThlS can be seen in Flgsr 30, 33 and 35. Reason for

.thls happenlng is the 1ncrea31ng strain rate due to the

- 1ncreaSlng extrus1on ratio.
B. MECHANICAL PROPERTIES

The effectsof extrusion ratio and initial billet tem-
perature on the hardness ofvproduct are shown in Figs. 37 and
" 38. It should be noted that, in these graphes, the dependence

of temperature rise on the extrusion ratio was not’considered.

Sheppard [6] has noted that mechanlcal propertles of
product increase w1th the 1ncrea31ng temperature corrected
strain rate. The hardness of product increases with increasing
. extrusion ratiO”as shown in'Fig.37 .supportlng the sheppard s
conclusiOns, since the increase in straln rate, due to the
lncrea51ng extrusion ratio, results in increase of the tempe—
'rature corrected strain rate via the Eq 8. But hardness of

‘ product also increases w1th 1ncrea51ng 1n1t1al blllet tem--i

perature, although temperature corrected strain rate decreases‘



- 66 .

with increasing temperature as shown in Fig. 38. This resultﬁ
‘lS not in agreement with sheppard The fine pre01pitates may

be reason of this result as reported by prev1ous authers (21.

- Althdugh, the hardness value across the section uaries
in a large range,‘it.takes the maximum'malue around the center—
fiines, so,.instead of:average hardness, these maximum values
»,were'taken into,acccount to cOmpare’the results. The results
of tests performed-for eramining the hardness\variations
' along the rods are in agreement with the assumption that tem- .
perature corrected strain rate may be effective until a
critical point is reached after'which precipitation is more
. effective. As shown in Fig. 39, hardnesses of the products
With 25:1 extrusion ratio at 3509C and 63:1 extrusion ratio'v
at'4OOOC‘decrease from position A of’the product to:position‘
B then,'after a critical point, begin to increase. However,
for 160: l extru51on ratio at- 400 °c and 25:1 extrusion ratio'
at 450° C products, this crltical point may be reached. lnltl—
ally and the hardnesses of these products increase along the
‘rods.

'For_some products,»hardness values.throughout the diameter
_are.maximum at the centeriines‘of'the-rods_and decrease,aS»the
distance from the centerline increases, as shown in Fig.40.
’As a result of.metallographic examinations, it was observed
that most of these Specimens had only fibrous structure,
,indicating that dynamic recovery was operative_mechanism.
-'Assuming'that the temperature is constant across the section,
bone'can see that thisfvariation of hardness may be related to

the strain rate. The hardness values were plotted against the
o _ _



-;ogarithm,of strain ratevcorresponding'to the;points where

hardness measurenents’were taken (Fig.41). Regressions resulted.
‘:in the linear relationships ConSidering the slopes of 1ines in |
Fig.41» it can be seen that dependence of. hardness on the: straln

rate decrease5w1th 1ncrea51ng deformatlon temperature.

’ When the values-of'proof-stress and_final strain are
plotted versus the initial billet temperature in Figs. 42 and
44, we can see that increasingvbillet temperature‘Causes'in—
creaseSvin finalvstrain and decreases in proof‘stress. These
effects of initial billet.temperature on the final strain and
proof stress are in agreement with prev1ous papers [6,19].
However, the effects of this process parameters on the ratlo
of proof stress to ultlmate tensile strength.have'not been
reported in the literature.'As'shown/in Fig;43,bthe ratio
of the proof stress to ultimatevtensile strength»increases'with
thezincreasing initial billet temperature.vThis-may be related
to- the strain hardenlng exponent For commerc1al pure alumlnum,
it has been reported that temperature rise - leads to finer
‘prec1p1tat10n in the matrix [21] ThlS may be reason for the
1ncrease in the strain hardening exponent Effects of extru51on'
ratio onthe mechanlcal properties of product are shown in
VFigs. 45-47. The influence of the extrusion ratio on the»temf"

’perature rise makes these results difficult to. analyse.

As‘a result of tension testing of the‘produCts which haue
only fibrous structure, strain hardening exponent, proof stress.
 and ultinate tensile strength piotted against the logarithm'of.

; temperature corrected strain rate are shown'in FigsA48-50. |
Regressions fitted the linear reiationShrps : |
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0y 5 = 11.2 + 1.78 Lnz [MPa] SRR (28)
Oyps = 180.9 + 2.1 Lnz [MPa] R - (29)
n =0.85 - 0,023 LnZ : o . - (30)

Eq.'28'ahd Eq.30 are-eimilar to those réperﬁed,by Shepﬁard"
fernAA2014 Alloy th. Dependence‘of strain hardenihg eXpoﬁent
on the temperature corrected.strain rate for1eommerciallpufe
.alﬁminum is'much mere thaﬁ that for AA2014, as we can see from
the slope of the line in Fig.49. The reason.for this mey be ,
as mentioned‘before, thebfine precipitates’in thevmatrix.b
Another interestingefeature of commercial pure.aluminum
is that inereasing femperature cefreeted'strein rate leads
fto tﬁe decrease in ultimate_tensile‘strength, But.sheppafd
has reported that ultimate tensile strength of AK2014 in-
‘Creeses,with this parameter. This different'behaviour of com—
mercial pure aluminum may be related to its.straiﬁ hardening
'eXPeneﬁt. ‘
| Now, weicen uee these results in extrusion limit diagfam
ae restrictingvconditiOns. We caﬁTState Eq.28 in the generai

form as.

= A + B.LnZ E ‘ | (31

Combining this equation with Eq.8

G . = A + B+  +~C Lnﬁl.e ' ' - (32)

iecélling
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o2
Gwch;DB;tanvw

3 | , : - o (2)
- .Dg = D% o ‘ ,

é‘=

and for commercial pure aluminum

<
i

54.1 + 3.45 LoR , B - (3)
- ¢ = LnR - L - ‘ S (4)

we obtain

é = D.( LnR . tan (54.1 + 3..45 LnR) ) - (33)
R

1 -

‘where D is a fﬁnction,of extrusion speed and billet diameter.

Subétituting Eq.33_int6‘Eq.32 yields
9.2 = £ (RD) e

',Thié implies that mechanical propertiesiof the proauct can be
i eipfesSed as a.fuhctioh'of extrusion process parameters aﬁd'
taken into account in the extrusionllimit_diag;am. Combining

- Eq.32 and Eq.33 and substituting consténtsof extrusion proéeSs

fbr the experiments of this study into this equation, we

obtailn

=9.06 + —24:250 .y 75 pp(LoReten (54.143.45 IR) ) (4,
: T o 1
| =

9.2

1 -



TABLE 7_ Deformation temperature values corresponding to glven extrus1on ratios for
specified.proof. stress values of product.

S.vpecifievé.i proof 's‘trress »[ MPa ]
R 50 55 60 65

4| 586 °C 490 % 414 ¢ 351 %%

9 | 597 % 199 °¢ "‘ . 421 °c 357 O
16 602 °c ; 503 °c 424 % 360.°C
25 v.»'sos ° | 506 °c | | 126 °c - 362 °C

169 615 °c | 513 °c - 432 % 366 %
.460 .6l7.°c | sisoc | 433‘°c‘. 367 °c

oL
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By using this equation, deformation temperature values
. corresponding to given extrusion ratios Were.calculated for
some specified'proof stress values of'product; These are

given'in Table 7 and were used to determine the curves shown

in Fig.52. While proof stress valués obtained from theﬁtensiqn

4 o T T w1
Press cap.:500tons '
Ram speed:5 mm/s
Billet tength: 015 m
| Material: AATIO0

o

c’*of §0MPa ow
. - 0 o owm
6 555MPa

1 1 L
300 400 500 600
~ temperature,[°C)

‘FIGURE 52. Diagram showing the proof stress values:- of product as
a functlon of deformation temperature and extrusion ratio.
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tests of~the products agree‘fairly-well~with those"shown in
Flg 52 for small extrusion ratios (R= 25) and low temperatures '
(300 400 C), they do not for large extrus1on ratlos and hlgh
’vtemperatures.-Thls may be because of the recrystallized lo- 3
cations>Which cause the heterogeneity'in'the‘product,'result—
ing in the decreases ihvthe-mechanical properties; Soia recry-
stallization boundary should be added to this diagram.and then
l it should be only used»for the preducts which have fibrous
'structure. (Sheppard [2%] has developed a}method to draw the

recrystallizatioh boundary.) A

fIt'shbuld he noted‘that the temperature values tabulated
ianable-7‘are.the‘deformation temperatures. That means these
:_temperatures are hlgher than the initial blllet temperatures
“because of the temperature increase during the extrusron.
'Relatlon between the 1n1t1al blllet temperature, Tq and the

deformatlon tempetature, T is:
To = T=-AT D ‘ o - (36)

_Temperature ihcreases ofrthe products extruded with the extru-
x_sioh“ratios of 25:1, 63:1 and l6d:l were ealculated for steady
’state'extrusiOn by means of the eomputer programme; ahd,_using
Eq.BG;extension of the diagram‘giveh in Fig.52 to include the
initlal billet temperature was achieved (Figv53) Since 1n1t1al
billet temperature can be ea51ly controlled, this second dlagram

:W1ll be more useful 1n‘pract1ce.
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FIGURE 53. Extrusion limit diagram of AA1100, including the proof
: stress values of product. * '

Obviously, for other mechanical properties such as ulti-
mate tensile strength, same procedure can be applied and the
. extrusion limit '.diagr_am."‘can be developed so that it gives the

information about those properties of product.
o . -
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V. CONCLUSIONS

i) Microstructares ofrthe'extruded aluminum products are .
Closely related to the initialrbillet temperature and extrusion
ratio.d | | | |

ii) These products may have three types of mlcrostructures,

efully recrystalllzed fibrousand dublex structures.

iii)-Increasing billet temperature and decreasing extrusi- ‘

on ratio result in increaSes in recrystallized grain size.

iv) Extrusion ratlo effects may be recognlzed in the straln
r_'rate and then comblned with- the temperature effects in a tem—'
"perature corrected strain rate term. This parameter affects
the mechanical properties of the product, but it may not be
only.parameter operative on the properties of.the'product be-

cause of the precipitations in aluminum.

'v) Mechanical properties of products, which'have only .
fibrous structures, are directly related tothe temperature

corrected strain rate.

vif Some parametric equations ‘between the properties.of the
product and process parameters can be establlshed These equ-
atlons can be used as llmltlng condltlons on the llmlt diag-
_ramg and lead to the extrusion limit diagram as»a useful tool

» for process control interpretation.
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APPENDIX A

CALCULATION OF TEMPERATURE DISTRIBUTION

To calculate the temperature distribution during the
- extrusion process finite element method was used. A computer
programme was used tovdetermine the finite difference equations

and to solve them for the nodes shown in Fig.A-1.

e

 ‘FIGURE A~1. Nodes where the temperature values were calculated.
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To construct and write the programme easily, control volume
',was dividéd into‘sig main regions;’B(billet), D(defofmation
vzone),E(produét),4Z(dead zone),»C(container)‘and F(die) (Fig.
A-2). All the'regionsweredefined in sylindfical'éoordinates
exceét regibn D which was defined ih sphericalvcoordinates.
Heat conduction equatibﬁs were established seperately for

each region.

-FIGURE A~2. Six main regions in the control volume., -

To write the finite differences equations, it is necessary
to specify the finite number of nodes in the control volume.

%chematic sketch of the extrusion process used in the prog-
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ramme is shown in Fig.A-3. Finite difference mesh parameters

used in‘the computer programme are given below.

IMAX : Radial step number at Region D.

'JMAX : Tangential step number at Region D.
iB : Vertical stép number‘avaegion B..
Ic : Horizontal Step number at Region C.
IE  : Vertical step number at Region E.
IF : Vertical step nuﬁber at Region F.

J MAX———1C —

IMAX

|
IEIF

'FIGURE A-3. Finite difference mesh parameters

The heat equations were established for each region

and expressed in a linear equation

(M. At + I) %-'=%' +6 . At C ‘ (A-1)
l\_,.\_-' n, * * . » .
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where % is the heat conduction coefficient matrix, ‘At is time
: N _

interval,. %_is unit matrix, T is temperature vector at the end
of the time interval, T' is the temperature vector at the

beginning of the time interval and Q is the heat.generation

~vector.
Writing

N=M.at+1I - - (a~2)
and

P =%+ 8« at | (a-3)

and substituting Eq. (A-~3). and Eq.(A-2) into Eq.(A-1l) yields:

- -> »
N.T=P ' (a-4)
ny - -

Then we can solve %, temperature vector at the end of the

time. interval.

" Flow diagram of main computer programme which calcula-
tes the temperature distribution during the extrusion process
is given in Table A-1l. Parameters and subroutines used in the

‘programme are given below.
INPUT DATA

. o S ' '
IMAX,JMAX,IB,IC,IE,IF:Finite difference mesh parameters.
DELTAC (I) : Horizontal step dimension field at .Region C.
iB(I) : : Vertical step coordinate field at Region B

TEA(TI) o : Vertical step coordinate field at Region E.-



TABLE A-1. Flow diagram of main éomputer programme.

l'START '
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IMAX,JMAX, 1B, 1C,1E/IF
DELTAC(I)'B(I) E(I)
" RAD (I ),ANG (I) ..-.. . -
DCONT,BL RATIO.VEL. PARA
TMAX],TMAXZ TIMMAX :
DTIM1.,DTIM2,DTIM3
TEMP, TEMPC, TEMPD

“1=N6+1, N7

TEMPIN(I)=TEMPC

I N7+1 NNODE

, TEMPIN(I) =TEMPD

. IMAXMI=IMAX-1
JMAXM1 =JUMAX-1
- IMAXB=JMAX*IB
. " IMAXC= IMAXB+IMAX+1F-1
~ IMAXE1=IMAXB-1

I=1, IMAXE1
J=1, JMAX
TIBIL(I,J)=TEMP

R IB*JMAX

N2 = N]*((JMAXM]*“2)+JmAXM])/2

N3=N2+( IMAX*JMAX)

N4‘N3+((JMAXM1**2)+JMAXM1)/2l

- N&=N4+(IE*JMAX)

N6= N5+((IMAXMI**2)+IMAXM1)/2

- N7=N6+(IC*IMAXC)
NNODE =N7+(1F* IMAXM])

' I=1, IMAX
J=1, JMAX -
TI(1, Jy=TEMP

H
o |

VO

......

TIME=DTIMI
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© ,-

CALL MESH(DCONT.,BL.RATIO.IMAX,JMAX)

v

CALL ARVOL(IMAX,JMAX,IB,IC,IE,IF)

CALL CON(IMAX,JMAX.IB.IC,I1E,IF,V0 RATIQ)

CALL CONMAT (IMAX.JMAX.IB.IC.IE.IF)

CALL GEN(IMAX,JMAX,IB.,PARA,RATIO,VO) -

CALL GENVEC(IMAX,JMAX,IB.,NNODE) .-

[CALL SOLMAT (NNODE , TIME,DTLMI,DTIMZ , DTIM3., TMAXT. , TMAX2)

~

CALL GAUSS(NNODE,NNODE+T)

'CALL BACK(IMAX,JMAX.IB,NNODE)




TIME
I=] :NNODE

TEMPFI(I) TFARK(I)

- < TIME<TMAX1. >———-— TIME+DTIMISTIME A SRR

‘_. H::....- ' .‘.. .. ‘.‘_. ,-. ‘ . .b ) .

TIME+DTIM3ZTIME | | TIME+DTIM2>TIME | - . | VO=VEL




RAD(T)
ANG(I) -
DCONT
BL
RATIO
VEL
PARA
TIMMAX
DTIM
TEMP
TEMPC

‘TEMPD
VARIABLES

vy

TIME
TIBIL(I)
T.I(I,J)
TEMPIN (T)
TEMPFT (I)

TFARK(I)

SUBROUTINES

MESH

~ ARVOL

o

Radial step factor field at Region D.
Tangential sﬁep factor field at Region D.
Container diameter.

Billet Length.

Extrusion ratio.

"Extrusion velocity.

Strain rate parameter.
Total time.

Time interval.

Initial billet température.

Initial container temperature.

Initial die temperature.

Extrusion velocity.

Time

Temperatﬁrevfield at région B.
Temperature field at region D.
Initial témperature field.:
Calculated temperature field.
Calculated temperature rise field.

87

Calculates the coordinates of the nodes and -

elements defined around the nodes.
Calculates the volumes and the surface areas

of the volume elemehts around the nodes.



CON

CONMAT

GEN

GENVEC

GAUSS

SOLMAT

BACK

..
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Calculates heat transfer equation coefficients for
the nodes at each region.
Coliects the heat transfer equation coefficients

calculated by CON in a matrix.

‘Ccalculated the heat generation values at deformation

zone.

Collects the heat generation values in a general hea
generation vector; |

Solves the expanded solution mafrix by gauss elimina

tion method and calculates the temperatures at the

- nodes.

‘Determines the expanded solution matrix.

Set the calculated temperatures as initial tempera¥

tures for the next time step.

List of main programme'to calculate the temperature

distribution during extrusion is given in Table A-2.

R

63 at To

Outputs of this program for R = 25 at Tog = 350°¢C and

400 °c are given in Table A-3 and Table A-4

respectively.
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TABLE A-2.List of main programmé.

*m;;__k"mu.-h‘?}imuu-raswlx~:én1‘ R e A WL ._dw* 3 Ser AS XX X X XL KK

P
% MAIN PROGRAMME T0 CALCULARE THE TEMPERATURE DISTRIBUT ON
S DURING THE EXTRUSION

v%4**¢x»4+44u4%aq+m+**m4wr3»*v#v*********#***#4**4*%*#*&&&4%fa1

COMMON/XXX/0I 109200131+ DJ0CL10) $DATIILL)$0BAJILL),
18I015)98d010) ¢DAT(18) yBAJILL) 4EI(L5),5J01C)EALLLC)4EAJILL),
J2ZI0L0)92J010092ZAT011) 92ZAdCL1)4CI(3C),CU(5)CATII301+5CAUL5),
LFL{o ) 9FUlL0) 9 FAL(5)Y3FAJILO)

LTUPAD(LUPLC) yLOTAC(10+10)+SIDAD(10, lon.vaLoclo 10:.
LTUPABIL5910) 983TASIL3410U) 9 SIDAB(15910) 9 VOLB(L5910)

LTOPAT (129100 9BITASILS,10)9SIDAE(L15910) 9VOLE(15410),
LTUPAZULG9L0) 9ybITAZLL10,1U) »SIDAZ(LCHL0OI4VALZIL10,10)
CLTUPAC(3045) 9 BOTAC(30,55)3SIDACI3045),VOLL(30,45),

LTGPAF(5410) 9 BUTAF(3,10)9SIDAF{5410)4VOLFI54101)

IVULOD(1UeiU) 9y VCLBU(L15410),VOLEB(15410) 9 VOLZB(104101,4VIOLFR(5,10)
LAREADILO9L0) sAREARIL5410) 9AREAE(L13410)48(0)25(0)yDELTAC(S) -

CUMMON/XXY/DR(IS50950) 9 BKATYsyTOIsEK(TQ9701) s ’ '
12ZK165965) 9 CKIB8096J) 4FK{35,35)

COMMON/XXZ/GK (20552051 ‘
COMMON/YYA/TIBIL(L15,10),TI(10,13),TIAES(10,10)
CUMMON/YYY/2EBTLILE,1C )yJIGBIL(l 210) 3 STRATE(L10410) 4 ZENERILOW LD
1SIGHA(LO9L1D) s TETACR(LIG)

CUMMON/YYZ/SKILUD) y0OSKI10C)

CUMMON/ ZZX/YSKL 2053)

CDM%UN/LZY/T:APLH(’O:),TcmPFI(ZOS) _

COMMUN/ZZZ/VSRPL2J5) yGRPIED5420514GKPAUGL205,205)
COMMUN/EFF/TFARKEZ205)
COMMUON/MAA/RADLL0) s ANGLLT)
CUMMUN/PPP/TINC(205)

CuMMON/TTT/TEINC(235)

“«‘*v-&’-‘*v’?-v‘ﬂrv?vv@?%*« RRESER TR IR **’»*'r’:#**v—#*#***#***«‘***ﬁr&v*a XL TR

* FINITE DIFFERENCE MESH: PARAMETERS
&qv»#é#*%iﬁrnxx+xvr»éﬂ*+ﬁr*pﬁvmvr**4*¥n4*¢*¢*****%****#*ﬁ***sap
% - IMAX ,JMAX:VERTICAL AND HORIZENTAL MESH LINES AT DEF, ZONE |

*® IB :VERTICAL STEPSAT THE TOP OF BILLET

x ic - .HORIZENTAL STEPS AT CONTAINER

- ID :VERTICAL STEPS AT THE BOTTON OF PRODUCT
x IF :VERTICAL STEPS AT DIE

=

4:+v¥¢4v4v4*v*u*va**v;vmu*:*g*a#*mv*#v#*n***vvv**n**##**am*nv*

¥¥1r¥¥$r¥?rtﬁk?xixlca3*4“4%4*#*%*V*?*%*F*V***V***4*k#*$
o INPUT DATA '
*%4@*##44#*¢*3*%#4*44¥¥*##W¥*¥***v***¥*****V*****%*#***
WRITEL5,509)
509 FDRMAT(//'#v*%%“44*%*#*%¢v*3*4*¢**$#*¥**#*V“***¥*¢*U*v#*#&*¥¢4~
Ixexusxux? /' THIS PROGRAMME CALCULATES TEMPERATURE DISTRIBUTION I

LTRU)IUN'/‘%q**“v*vﬁ¢¥»*¢*mnv**mv*+#v*****$*****#*******v*«***Jq
Lxsxsxant///)

WRITE(S,510)
510 FORMAT(*EnTceR IMAXsJriAX s TByICsIEyIF (FAORMAT:OIL) 2 ¢)
REAU(S,SLUZ)IMAK,J“AX,IB:IC,IE'IF



51C2

521

522

w
[N
(8%

wn
h
P
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FURMAT(0EL)

IﬂAXMZ;IMAX‘Z
JMAKMZ=JMAX=2 .
KREAD (495121 IDELTACIK) yK=1,1IC) ‘

KEAD(49SL1a)UbLIK) yk=1y1Ib)

Readlaydlsl(SIKIyK=1y]IE)

WRITE(D34521) ,
FORMAT(renTern CONTAINCKR DIAMETER(M) :°¢)
RCAUL54:x)DCUNT ’

CARITELS5,522)

FURMATUCENTER 3ILLE T LENGTH(M4) )
ReAD(S ,4)BL

WRITc (54952 :
FuR%AT('ﬁNT:R RADIUS DIVISION FACTORS (IMAX=~2) :%)
REAJ(D e ) (RADUI)eI=1 IMAK.Z) ’

W ITE(S9C24) ,
FURMATL®ENTER ANGLE DIVISION FACTARS (JMAX=2) :°)
REAULS 9% ) (ANGUJIyJd=1lyIMaXM2) '

CMRITE(5,525)

FURMAT(*ENTER EXTRUSIGN RATIO :¢)

“READ(S 9% )RATIU

ARITE(S,525)

FOAMAT(*ENT=R INMTERMEDIATE TIME S Tl,TZ & MAXIMUM TIM: (SEC) =
REAULS 95 ) TMAX] TMAXZ’T&M!AX :

ARITE(5,52T7)

FORMAT(*ENTeR TIME INCREMENTS DELTATL:DELTAT2 ,DELTATB {SEC) =
R'AU(Do»!DTIHl’DTIMZ'DTIHJ

WKITE(5,5¢8) ’
FORMATU*ENTER INITIAL TEMPE knTURES CF BILLETsCONTAINER & DIE
READ(S 9 ) TEMP,TEMPC,TEMPD

WRITE(5,529) v

FURMAT( *ENTCR EXTKUSICN SPEED (M/SEC) =27)

RecAau(Sy»)VEL :

WRITE(SE+530)

"FURMAT(*ENTER CONSTANT U :')

READ (S yx ) U

WhITE(54531)

FOURKMAT(*ENTER NO OF THE NQDE TO BE: PRINTED(MAX Ry PTSs) ")
KEAJ(J1*)N011N021NDJ:QDQ

ARITE(S59532)

FORHAT(*ENTZR BILLET~CONTAINZR INTERFACE STRAIN~RATE PARAMETE:
READ(S %) PARA . ‘ '

" Vv0=0.0

STIME=DTIML

EPS=0.0001

IMAXML=IMAX~1
JMAXML=JMAX=1
I[MAXB=JMAX+IB

» IMAXC=IMAXB+IMAX+]IF=~1

N1=IBxJMAKX , '
HE=NLe (L CIMAXMLIR%2) ¢ JMAXML) /2
N3=H2+IMAX& JMAX



CNe=h3e ((JMAXML®%Z ) + JMAXML) /2

N5=N4+IERIMAX

1910

1020

© 1000

1031

1062

965

1260

900

990

00 90U I=1sIiMAX
-G 900 J=liJMAX

N6= NS'((IMAXMI»42]*14AXM1)/2
N7=ne+IC&IMAXC
NMODJE=NT+IFxTMAXML
NNUODEL=NNODESL

N=NNUJDE

NPlanel

*or* ﬁ“*t‘v'ﬁ** Sh LB AR A IR RRRO IR IE 3R YR A IR A0 OF RO KR N IR IR R K AKX E AR
SETTING BILLET,CONTAINER AND DIE TEMPERATURES
AN r BEYUE B ML TR EEHFREER R E AR EBBXA IR RREFEFF R
TABS=TcMP+273.

TAB3C=TcMpPC+273.

TABSD=TcMPDr273

D0 1000 I=1,NNODE

IF(IebGTenNo} GO TO 1010
TeMPFI(LI)=TABS
GO Tu 100U

IF(1«GTaNT) GO TO 102U

TeMPFItLINI=TABSC
GO TC 100U
TEMPFICL)I=TAbLSD
CUONT Inue

“Fy*f*4&v*»3¥*+4%*1*r*¥*$?¥*¥**$$*?***J*4¥4¥*7%1

SETTING BILLET DIE SURFACE .TEMPERATURES
e e N L S i b L Rt R b L L

TeMPFItN2+JMAX)=( TABS TAbSDl/Z.

OO0 1041 I=14sIMAXM]

TEMPFI(KS+T1=(TABS+TAESD) /2

CONTINUE

DO L0002 I=1y1E
ThMHFI(NQ*(I*JMAA))-(TABS*TAdsD)/

CONT INUCE
14#y**¥»¢¢»~»¢*»*v*»*~x¢***+***#$$***»*¥*4*4*4$
DO 995 1I=1,NN0JE | :

TINCUI)=TEMPFI(I)I~273,

CONTINUE

IMMaxEL= IMMXL"l ‘ : :

DO 1200 I=14IMAXEL S ’

DU 1200 J=14JHAK

TIUILII,JizTABS
CUNTINJE

TICI y2)=TcHp
COUNT I

DU 990 I=1lyNNODE
TFARKII)=U.
CuNTINU~

OUTPUT FORMATS
AKITE(T 202

NKITE(?@ZOBU) RATIOsDCONT +BLyVEL9TEMPyTEMPC 9 TENPD

ARITE(T49E L) HDladDZvNDB,ND&

91
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- 92

FORMAT(///22X9*OUGUM NOKTALARININ SICAKLIKLARI®/3Xys'ZAMANLSH) Y,

vl,IZ,SK!IZ'BAOIL18AQIZ/JX1'*¥*¥*¥#¥*"3x"4*****44%**#*#****4*&‘

1500

Hy-Yviel

2110

111G

982

512
513
514

P R N T L

ARITE(0y2ulL)

WARITE(S42032)
JAIT"(012U3J)(‘,TLNL(I)QI 1 NNDDE)

T B A R KA g»v&ﬁ»ﬁ#~414u4#+*444*vmv*4*vxn&&***»********#*4#*¢'
' ‘SUBROUTINES ]

ﬂ¥¢¥ﬂ#$4*#¥4*¥J$bv*v*¥VV*#*?*****Vﬁ?***#****4*33**#¥#¥3***

CALL MESA(ICONT yBLsRATIUYIMAX»y IMAX)

CAatt ARVOLCIMAX s J4AX 1B ICIELIF)

CAaLlL CONLUTIHMAX 2 ddAX IR IC IESIFWVGIRATIOWUsTIMEsTMAXLIEPS)

CALL CONAATITHMAX+JMAX s IBsICHIENIF)

CALL OGEN(IMAKsJUMAXIB,PARA,RATIA,VO)

CALL GENVeClIMAXsJMAX I8,y NNCUE)

CALL SJLWAT(NNDOE,TIA:-DTIML,uTIHZaDTIMB,TMAXl TMAXZ)

Call GAUSSINNPL)

Cate BACK(ITMAX s JdMAX,yIB,NNODE)

OUTPUT TERMS.
ARITE(542L1U)TIME
FURMAT(*TiME=*yF25420)
WRITE(5411101V0
FOGRMATL*VU=*4FF45)
WRITE(T94098)
WARITE(092000) TINME
WhITcEloy20101)
WRITE(O96LTIIITFINCIL) 4151, NNODE)
WRITE(693000)TIME
WKITE(b93010) -
ARITE(G s TLTI(I s TFARK(I) 41=1,NNODE)

WRITC(T4982)7 M:yTFlNC(th),TFINC(NDZ’vTFINC(ND3)yTFINC(ND%)
FURMATIFLle495X94rlCe2

TIME INTERVAL

CIFITIMELGZaTHMAXL)GO TU 2

TIMe=TIAZ«OTIM] _ I , ?
Gu.TG lecOu. ’ ’ )
VO=VvEL | '
IFLTIME.GE«TMAX2=2cPS)IGCO TO «

IF(TIMESCU«TMAXL) GU TO 3

TIM*—TIME#DTIHZ |

Cu TA 1ls00 ’ o

TIME= TIMt'uTIMZ ‘

Gu 70 1300

TIMc=TIME+DTIM3

IF(TIMESLE TIMAhx-EPS) G3d T4 1600

STOP . ’ 4

~ INPUT FORMATS : ’ . | i
FURMAT(6F543) o ‘ '

FORMAT (oF543)

FORMAT(F6ea95F543)

/
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OUGTPUT FORMATS | |
2029 FUAHAY(//&X,‘v*v*v*¢~#4*¥*$4*4*$34*&$$ FREAFERRRRFOE R EMR Y FEAR LA
l¥s sy @ntrss ¥vayi%% ' /4X, 0%  TEMPERATURE DISTRIBUTION DURING EXTRU

1 SION PROCESS % %/Xy'%askste SRR 4 4 S e 0muion fff e xg kg xxd
R IVETI-Y K#*v*&-ﬁ'r’rvv~ EA R vs‘v*%*«ﬁ*v*ﬂ\‘;ﬁ‘. ///)

2030 FURMATI/3Xs! EXTRUSION RATIO ) aFq 1,/0Xu'BILLET DIAMETER _= '
' iF5e39* MY4/8X 4'BILLET LENGTH *3FSe34" _M*,/EXs "PRESS VEL
i *9F3e39° P’/Sl‘ ‘v/er‘BILLET TEM}?ERATURE tyFSalat L*a/2X
L'CONTAINER TEMP. = *4F3.1ly ”‘C',/ux1'DIE TEMPERATURE = 1,F5.1
it N
2031;FORMAT(////lOXy'INITIAL 'TEMPERATURE DISTRIBUTION (C) )
2032 kUWWAT(lDX’."thmd%f4¢r¢4“4*+***¥*47?*** LS R
2333'FJRlATlLﬁ('("Iay')',ro.lyZX))
4098 FOGRMAT(//) : .
2000 FORMAT(//10XeF52241X+*SECOND AFTER, TEMPERATURE DISTRIBUTION (C
2010 FO(HAT(lOX"évvvaéés7+u~++g_n§¢4*4*4***v1¥*$*&*vv#*~w'/l
617 FUK.lnTllO('(‘tl.‘)y'l"Fc 1924 o
30u0 FURMATL//10X41F542,1Xy* SECOND AFTER, TEMPERATURE RISES'))
3010 FPURMATLILIOXN g "Ry macaeaimagn 4:1'.-.-413#:;:#»»*4*3*’.-:!##-.-& whRRKRERLE Y /)
717 “UnPIAT(lU('('yl:}s')'vFo loZX)’ o '
CoEeNd
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TABLE A-3.Output of the main programme for R=25 and TO=3500C .

¥&$§v4*4&¥v?*¢byV#*##***?*#**&*****##**4*3*44$$»¥4$4&¢v

] TEMPERATURE DISTRIBUTION DURING EXTRUSION PROCESS
CARERRRIK TR o N AR A B A RK R B B0 R B A0 K 20 20 4 B0 00 K o O RO R0 K R R KR RO o A O KK R R KK B

 EXTRUSION RATIO

- 2500
BILLET DIAMETER = Qe100 M
.BILLET LENGTH = 0l150 M
~PRESS VELOCITY = 0.005 M/SN
-BILLET TEMPERATURE = 35J.,0 C
CONTAINER TEMP. = 263.C C
DIE TEMPERATURE = 20240 C

(TEMPERATURES AT NODES

TIME (SN 31 32 ’ 33 3%

P R O 1) A0 &5 30 REAR KO KK N ERE FFTL IR TR Y 4K XA SF B IR BRI R KR
2+00G0 347472 347663 347452 347460
40000 3446412 344,01 343.83 344001
00000 339.85 339475 339.54 339.80
o« U000 33544 " 335638 335.13 3324453

10.G0UQ : : 33l.21 - 331.13 330.91 331.21
1lUe50ul 1364565 0 335.73 335,69 @ 334.71
- 110000 343419 342494 352491 341 .87
11.5000 3qTe386 356487 396478 346.17
12,0000 349454 349,23 349414 - 343.33
1245000 351,04 35C .88 - 350.81 353.60
13400060 352427 . 35241« 352412 351.97
135000 - , 3534277 353.20 355.21 353.,1C
140000 354415 354411 354417 354407
. 1445000 355448 355647 3554061 - 355.4¢%
15.30U0 356490 356492 3£7.15 350.94
1lo.0000 30leb9 301436 362455 362.11
2100u0 302493 203423 3c4.06 3ol eS¢
240000 303,92 304426 3g5.22 351403

27.0000 304484 - 365422 - 366426 3054562

|
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TABLE A-4.Output of main programme for R=63 and T, = 400 oc.

LR yvvv**av»¥t#a»***v*tqgﬁfﬁ4**#4***#34*#******#**4#

TEMPERATURE DISTRIBUTION DURING EXTRUSION . PROCESS
TR A A IR R A TR AR R R KR 0 A NORR K KRR K0S e 0 KO 8 O 0 2 R X K8 A0 A KR K R0 TE AR 00 X

'EXTRUSION RATIO .

= 63.0
BILLET DIAMETER = 0100 M
BILLET LENGTH = 0.150 M
PRESS VELOCITY = 0.005 M/SN
BILLET TEMPERATURE = 400G C
CONTAINER TEMP. = 3500 C
DIE TEMPERATURE = 300.0 C

| TEMPERATURES AT NODES

TIME (SN) 31 32 33 34

R XXX E X KK AR v4#»*#*4*4*4*u*v*#n$¢4*+#*m*vzavu#*4
240000 398.26- 398.20 398.10 398.18 °
‘e 00J0 395,92 395,85 365479 3G95.85%

- 640000 3 393.29 393.23 393,16 393.25
80000 390403 - 390458 3G0.5G 390402
10,0000 388.11 388406 38799 333.11

- 1045000 399.51 398.78 3G3.72 397,77
11.0000 euIeT7 409641 - 409436 408 .87
1l.5000 ‘ 413470 413.58 413,61 ' 413438
12,0000 4154906 415.9%90 416405 . 415,90
125000 417465 " 4lT7.67 417.81 417.69
13,0000 418499 419604 419423 419,09
13.5000 4206413 520420 420 044 420428
l<+e U000 . 421la13 21 2& 42l e50 421 433
1445000 422 405 -,zz 75 423 613 42287
15.0000 “4dbhal9 424430 424477 424 444
18,0000 T 425,01 429621 430.06 429.%42
21.0000 430,08 430431 431627 430450
2440000 431.01 +3le20 432,31 431.53

2740000 43l.82 432.09 433419 432.38
. : | :
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FIGURE A-4.Temperature rise calculated by finite difference computer
programme for R=25 at varying initial billet temperatures.
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FIGURE A-5. Temperature rise calculated by finite difference com-
buter programme for varying extrusion ratios at 400 C
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Temperature rise during extrusion process calculeted by this
computer programme is plotted.against the extrusion time.
Fig.A-4 shows the temperature rise fof-the extrusion ratio of
25:1 at 350°c, 400°C and 450°C initial billet temperatures.
It can be seen that inCreasing initial billet temperature

causes a decrease in the temperature rise during extrusion.

Fig.A-5 shows the temperature rise for the extrusion
ratios of 63:1 and 160:1 at 400°C initial billet temperature.
It can be seen that increasing initial billet température

- results in an increase in temperature rise.
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APPENDIX B

CALCULATION OF STRAIN RATE DISTRIBUTION

For the analyses of deformation during the direct extru-
sion process, spherical velocity field model, first suggested
by Avitzur [21], was used. According to this model, material

moves during the extrusion process as shown in Fig.B-1l.

FIGURE B-1. Avitzur's spherical Velocity'field model.



100

T At region I, namely the billet, material flows with a
uniform velocity, Vo, parallel to the centerline. At Region I
namely the deformation zone, material moves on.the lines,
which pass throughla point on the centerline with a velocity

V= - yors -£os8 ~ (B-1)
' 2
1
where r is the distance between any point in the deformation
zone and point 0, and 8 is the angle between the line that

connects that point to point 0, and the cehterline.

For deformation zone, the velocity components in spheric

coordinates can be written as [21)

R
Ve =0 ; : | ) (B-3)

Region III, or product has a uniform velocity, Vf, parallel
to the centerline. In Region IV, namely the dead zone materi:

does not move.

Using Eg.s(B-2)~-(B-4), strain!rates can be calculated

in spherical coordinates as [21]

m e

Cos 6

3

= - 2e5, =26, = 2Vere

rr o9 (B-5)

S _ 1 . 2 Sing - '
Ere = _E_ Vfrf ——;§—— (3-6)
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é¢e = €py = 0 ' o (B-7)

A computer'programme was developed in the light of information
given above so that the strain rate values in the deformation

zone could be determined.

Results of the programme are denoted by the followings

REX(MM) : Distances from the Point 0(r)
TEXT (RAD) :Angles to the centerline (6)

SR{1/SN): Strain rates

Outputs-of this programme for R = 25 and R = 63 are given

in Table B-1 and Table B-2 respectively.
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T -
ABLE B-~l. Output of the Computer programme which calculates
i the strain rate dlstrlbutlon, for R=25,

STRAIN RATE DISTRIBUTION

" EXTRUSION RATIO:2S

REX (MM TcAT(nAu{
110127 02030007
13ecly ~0LUC0OUT

150422 777008000
17625 70.00000
19«28 7 02000003

© 2264031 T 0LU0000

242234 2 0.00600

“‘“gxrrfswr"
2995375
0“34141 2.48819 7
Sl e 0O T = 0 6084850
17.625 0394l T1.049¢9
_ : z;:;tlwgbfmzzzﬂiif4“*::?;3,33?23-;
T 0.30738 ST 220031 0e34L41 0253 7T4q "
: :,-;:::‘ 43-2‘3"!"——0'_3:{;1-41—--—- _.Q ‘;:_Q_} 79 =2
26?437“‘“073?T?I‘"“"b”31102“‘
265040 5 0w00000; SIS 24 463
30e03 UeOOULU 30843 .34141 0.19585s
330461000000 -_;;;, 3 e UL =0T G 0l 5924 T
350247 TUCU0U0V PY T 354249 T Ued4141 ‘ 0.1312

374433 F02000007 ;}aﬁﬁg:::nxj&tﬁr=?==c LGS
39065 T 0. CouoLT 3905656 034141 009215

4L o5 +7: 0202000
GaeUb2 TTT0U00600
40e2657:3::0200000

4 1..’5&‘}:_—0.3&);‘; 1=
444062 Ded41In1
Hruechtu =l bl Immmr 0, 00803
46en0u 0400000 4804687 0.34141 0205047
506717 ~Qt QQQQO L) 50;6_1:1.::_:5{]&55:1'4 = :d.01-tl T
5240747 7 25874 u.34141'"“ 0503388
25207 ._;;;;. I";}?p 120 E = :

_043 7 D 5 O»‘“' )

REX{HMM)  TEXTURADY TS ‘7i  G REXEMMITE=SEEXECR AL S
Lleuld T0el7071 T TI1L.015 0.512172

L3a2id . ZULb?071ei2.909)
le422 TUuelTull
17«023 . GaLlTO71%:
lYeb28 UG LTOTLT
2Za031: -~ DalTORL o Da88QB3TE 1o
24".'234"~ CoLT0TL T Oe%c061
2 Oe 43 7’ = ' Q!I:]:Q?'l" ;“LLI _123 98;‘3‘?‘ sor
28eb4d | Ge1TOT1
30843 50 LFOTLE
334040 OSLTOTL
35 24y-‘0. EVYE
37453 777GTIT0TL
39«03%06- 0. LTOTL
4le839 u.L707l
44«002: .1707L¢m CRCDGRRIPEE L L 44.9b2£210t51212“L:'0 06293

40.265"“ 0 TI071 7 770.06045 % 6e265  Oe 5121?—' =0.05410

482508 B £V o et PE 5 Yok Y = P on Ve T L RV

_ligd{szigiﬁnél«—e 2
1"40082
‘VeFT304

19 e 3T

24"23«
~3b-ﬁ5‘=::“:2£?l X :
2866407 0TO121Y 0% 22807"
30 BHBTEE0 S 2T 07182607
— 335046 0.51212 O.T4B46

=P ':-—j;~0-r2233

0. 16588
EQQ¥3QQ9

R 50e6/L  0e51212  0.041187
52T 0eXTO7177 - "0#04050:7
55euT7 f"u.17071 TT0.C5583

!

52 gBl‘-&:—:———:ngZ‘ “—-:{I:QJQZ$ o

55:077 0751212“"*“0 03207
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“:xExtumr“ﬂ—Trxrrqﬂo)*‘siri/SNT‘***“REXrMHT’"“TEXTrRAD:““fR(*/“«l

e f Ses Lkl GEm il S OL LUFGZETIEELLS1LED

B EPITE 270932° l.UZHL& 1551717~
S lDeslaE

EEETL.3 5105 T
17.0&5 1 07424 ~0.63752
UL 6202822 7 7" TUGe G208 T TLa 02424 44775
0VE521% 224031 1e02424 0.320641
HULS33TUSESS= 2239 =00 et A 52-1__,.

17-02)

’“Lo.437' ) W26lel 20e431. L1e02424% 0.16090
. _ LBeb%U 0L 08 BUES S S g R e T R D 6T
306843 0‘16478*“‘ 30«643  Le02424 0. L1J90
33 u‘*b:'f "4 __ _.: < g3 4 S '3"‘.3.$ .II!:.&:-:_LL;UZ:;Z.&:::; S0 ., 09 u? l

35 2&9 l 02421 O.u7909

35 2&9
AT ah 2P ==

gL as 0632867 0 ur15s 39 che l.uZ&Zﬁ 0505597
"91 BaEmlen My ST EE4 18895102424 004159

“4400627 0468253 bzﬁgﬁz?fi‘ '0.04080
vﬁb.éban,}g,Q84§357;fﬂ‘uéddz“ 46 'ffffi;j';j‘ ;70;03525‘-

4844687 T 04082837
’ SVt L l———:_h‘bdéﬁj:':i
' 52.3T4 068223

g ‘3.:7—..-_—0 GZDL‘_‘ E

”52 674  Le 0242& 0.02361 7

550110 eBRuAIEE e e SEAASIEE S L. 02009 -
aEmemg_a TE&I(AADJ" SR LEFSHIE | T T
1loul5 TT04¢33537T T T3 1428 0
T L1321 95005353 1 113131y=:
ot 2 & 010).‘5).5 o 1‘:93‘.

O- ~8 53 5 J B _..O_ 573 d‘a‘;)——-—-—
—103&5353‘“3__‘3 392855
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cbea3l 7~ \J 553.’) "J¢2L73>"t.
20."0'40' BS 3 TTTTT0.17881
. 30.043550.853 té“~gﬂiszlltg
"”‘J’s'l‘u‘{o U d":ﬁ TO0L 1A 410
35'249___:_-31:{5 :-:l‘li- 0y '
370453 0e85353
3J.050 UedDib3 J.06136
«1.539 Ued5353 0.05728
G aa D FrE G A D e e e g T
TTho 205 Oe89353 0.042%2

&G.QQ ] s 5 e 0 0 Wt I B T o % < 2 S

504671 Ged5353 T0.03229
5 2 n.ﬂ_—( e SRRV !312153 7. :Q:{}Z—B-_&_Zj::‘_‘.:—f
T55.,07T 7 0.85353°

092514
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TABLE B-2.0utput of the computer programme which calculates the
strain rate 'distribution, for R=63 .

STRAIN“RATE'DrsTRIBﬁTfaﬁ“‘"

EXTRUS ION RATIO: 63

KEAL1M) ”_TEXT(RXUXW-,AIL/
L 6. Ty v QeTIYLT 11 211632:
Jerl0 UaU0UCu . 4419%69
“lleblo - .0.00UU0 - ‘.,,3;;9,
l13.620 JeLUODD 1.37308
loeio . WeBILDV -~ —UeBEABE T
loe520  w.ULOOU '“”IS?BO?’
Zu.ﬁ?o,“—u.uuuuu.: E

2o HEX CMAISE=TEX AL )
Y iy £ O.,a3710

NGRS
() Q3

’0 Rvuaa'

e

234221 u-UOUUU h i =0

25 wn I L 08217737 25.51{

214927 ‘ o Le729 DYy e W BN

30277 Q13128 = 30W2TT  U«93716

"32e027 TToLY049 ek VP Tty ol el S RS o 2 Y

34.97F qu 08915% 34 TTT 053716

37520 0730(‘) 2R aA2 ":::':Lt.‘,‘);&.} 1:1._‘._7.'1_."_:1',)'“‘:00 Loy
39s0ld-72 G o.g9533ﬂ 39618  0D.53716  70.0508%
42402d 0.04908” iggéé”fzgdﬁ3?léf"ZO,QQZTQ’
44 937D : 37 ‘”0753710 T0LN363%
40128 T {3e 04113
47.07d705 0090007570 §2° T0.02687
5lat2u 0:00000 “owd°676' S e S2eTEDSSFILE T 0. UL33Y
S53.7TT%- 62343, 53e 119 U.)Jllo O 073«

KEXU MM EXT ALY REX(HM]'——TEKT(RADI “JR11/*'
T EeTT5 T 0LLT935 TIIVS4312 0 JITS SIS 2 2. T L1358

. “:'.aﬁlgbw.__:~0ol7‘103.._—.’___.3_:._7.Ic 11}'
T11le4T6 ™™
ljobdb

9126 O 11.07.2"'

3 T2 '737
‘ll of!_! &= ‘——Uo‘rloz‘_i g

B »*J + 56952

i L6488 054548
T20648767TT0STTI0S W 39%6 PR 08 +1) £ + S qu{‘.jz _..—.‘. Qe3ilAl
23e221 Ll Jal 3 _"—_—23042 7 “Oe (L2 0. 2'2.'.:'].'/

320627 0. 7122 ESYT051E0
34 G0 ELERe L 2004423

" TAT.328  0WTla22
T3 R 6?5—:‘2:‘—.‘:@371_9 2%F

'"""“42 028 0.T1G22°
ey 44.1?8““’0 TLG22. " 095243

T 0.03317

R B VE s e L ONH 0 Qo o < §
TTTSTO428 Ve 1L622 0.0208

150826 .11527 "'1'072Lu""

259 .517:_ =0 LG 22527 T0L 16238
RUIGET 0 .7162277770.13011
A EFIET=09 PG 2 05 0,104 10

0205449
o D?O'{i 537

'“46:723““““71622“““0 02777
L2394

A?E—:—.;“QBQ-MML—:; = L?_‘ZQ 13 J:}
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REA(AH)

0,775

Jell0.
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.130030

loe1t70 ™
Lde520-
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£3.227

3449777
37.523
SVQ_Q'Id

Yeulo  Jauysil
)LO°!d° ”

Ssetlily

TEXT{ #ai

2}

LQ0e83527 7

u.u;;&lm.v

089527

eI 27TY

y .'67)27
Utu 13&7
Oe89527°

D,E?Dsﬁg:ﬁ

0399

069527
Ued952T 00
0e57527
U GeB932T
22,5770
elad27i:,
30277 77
32.027% 0
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513 SO THBEEE e Q3377 63223
G126  1.0Th “_"'"';.}378
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820 LG l433 0TTAAY
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lde520 1 e07433 G3092

D.2 6() l d LR Q_;f;]rﬁ;'—:f_: Aaldad 3= = 0x21591
"0, 193.‘.5‘ 23-2-27 107533 0 la.}‘t
0.1.‘1117) "ZDt}JE::J_EQ_jftB_J -::'-Q 13 ?"
Calllias 27927 Ta0is337 7000500
TC.08T26 0L FIEE= 10T A 3375 0. 0708

N '.Q_V:?I}_"_ 326627 1237550 0.054¢
R ETAHYE HR4 e PSR 0433550 0400 5 5

Uobf)—l .

U-di.):l

Qe85 2=

u.d))._l

0. 03_4‘,7_7_ 322078 ==15UT4233
= 42+028  T.07433
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APPENDIX C

MICROSTRUCTURES OF EXTRUDED PRODUCTS

In Figs. (C-1), €C-2), some photomicrographes of extruded
aluminum products, are given. These show the variation of

structure with the initial billet temperature and length of

the product.

AOOEm LOOﬂn1
—t—y

a) R=163, T,=400°C L = 150 cm b) R=163, T,=400°C L=300 cm

FIGURE C-1. Variation of surface layer with the length of the product,L.
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400
HAm

400 um
—

b) R = 160, T, = 400°C

FIGURE C-2, Variation of structure with the initial billet
temperature.
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