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AESTRACT

In production, most extrusion conteiners are cylindericel, but -
the extruded section is ofien oilher than round. In this peper the
flow of pure aluminium was enalyzed during the extrusion of non-
circular sections from round billets. A modified visioplagtiecity
technique was used to obtain quantitative values of strain rate,
strein end flow gtress in the deformation zone. Also the extrusion
pressure wag meagured and analysed., The effect of the extrusion
ratio and extruded shape geometiery on the previous parameters was
discussed and wasg compared with that occured when extruding round
shapes. Extrusion experiments were carried out on commercially
pure aluminium through square cogynered dies and different extrusion
ratios, Results showed that The extrusion efficiéncj'

wag found to be maximum at an extrusion ratio of 14:1. The maximum
" value of the extrusion efficiency renged between 45 and 51% depend-
ing on the extruded section geometery. The square sections hasg a
more hompgeneous flow than that of rectangular sections.

When extruding a rectangular section the flow in a direction
perellel to the length 1s more homogeneous than that in a direct-
ion parallel to the width depending on the width to length ratio,
The meximum value of the flow stress, near the dle exit, or a
plane of symmetry parallel to the width of an extruded rectangular
section 18 more than that found on a plene of symmetry parallel to
the length depending on the width to 1ength retio,
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Coefficient of friction.

finial billet area 2
Extrusion ratio = AO/Af
Extrusion efficiency.

Minimum pressure, Kg/mm2

t Axial velocity component., mm/min
Radial velocity component. ,,
Equivalent strain rate sec™t

| =B Mate < N

Initial Billet dismeter. : mm2 : Equivalent strain . ‘
Average yield atiress Kg /mm : Strain hardening exponent,
Extrusion reduction ( 1 - ¢ ) : Strength coefficient . Kg /mme’
Maximum presaure. Kg/mm2 o~: Equivalent stress,

1 2]
: Billet length up to the coring point.

mm

3 Bi;let length up to the maximum pressure, 2

H Bi%let lengtp up to the minimum pressure, ), %
3 Average velocity between two points. mn/min.,

INTRODUCTION

Extrusion of non circular sections from cylindricel contalners

has been studied by seversl workers for different msterials end
conditions, reported by Jhonson and Kudol. Generally these workers
had found that the hole shape for a given reduction influenced

the extrusion pressure only slightly. Jhonson2 gtudied the flow
pattern of square, rectangular, trisnpuler and I-section extrusions
and concluded that flow patterns on planes of gsymmetry were similar
to that of plane-strsin or axigymmetric extrusions of equivalent
sections, The present paper concerns a complete analysis of the
effect of the extrusion ratio and the geometery of the extruded
gection on the total extrusion pressure in terms of the homogene~-
ousg, redundant deformation end the frictionsl work . A modified
vigioplesticity technique, proposed by Ch11653 and, Fareg and
Sellars4, wag used to study the flow of metel using split specimens
end to calculate equivalent strain, equivalent stress distributions
on plenes of gymmetiry of the extruded specimens. Also the value of
the redundant deformation was celculeted end compared with-that
outaeined from enalysing the extrusion preagsure,

EXPERIMENTAL WORK

Experimentel work was carried out with direct extrusion of non-
circular shapes using sherp edged (90°) square dies, Material
used was "commercial pure esluminium (99.97%) supplied in form

of 40 mm diemeter hot extruded rods., Billet dimensions were
meinteined constent at 30 mm nominal diesmeter end 40 mm long.

The billet was split in helf longltudinelly prior to extrusion

end a grid is applied to one of the split faces. The grid consisgts
of 8 set of lines parallel to the billet axia, called flow lines,
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and a set perpendicular to the first celled trensverse lines. The
two halves of every specimen were enesled for one hour et 350° to
produce auniform grein size and were put back together, the billet
is pertially extruded, removed from the die, sepsrated along the
geme plane and the grid line distortions are observed. The extrusion
experiments were carried out in a sub-press mounted on a 200 ton .
Amsler compression tesiing machine under constant extrusion speed
of 7 mm/min, The extrusion container was 30 mm inner diameter.
Lubricant used was a suapension of colloidel graphite in acetone
and was applied to the billet before extruding, this gives aen
even fiim of graphite when acetone had dried off. "'The method
wag adopted for all specimens to prevent sticking of both during
the extrusion., Eight extrusion ratios of (1.767, 2.5, 3.25, 7.07,
9, 14.14, 28,3 and 36) were used in the present work, and were
divided into three sets, every set contained a squere, rectangular
and circular shapes. At every set the length of the square ghe pe
end the width or length of the rectangular shape equals to the
diameter of the round shape. Thus, there was three sets of meridian
plenes, where the flow distortion was examined, passing through
the axis of symmetry of the extruded specimens and having an
initial dimension equals to the container diameter end exit dimens-
ion equals to : 20 mm in the first set, 10 mm in the second set
and 5 mm, in the third set, Extrusion experimenta were carried
out et room temperature..

METHOD OF ANALYSIS
I~ EXTRUSION FPRESSURE

5, who considered the

The extrusion pressure was analysed as Jonas

extrusion pressure to have three components,

a- The homogeneous or ideal work of deformation (P )

5~ The extra preasure due to the‘inhomogeneoue or redundant
deformation (P_). ‘

c~ The pressure required to overcome the sliding resistance to
the billet length beyond the dead metal zone due to friction
(Pg).

and defined the total extrusion pressure as :

P,b = P +P + P ees (1)

The maximum extrusion pressure obtained experimentally under
different extrusion conditions wes analysed according to the
following procedure :- ’
1~ Ideal extrusion pressure (Ph) o« The value of ideel extrusion
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pressure was calculated from the reletion of

B, = In(A /A,) = 1n(R) eee (2)
end the extrusion efficiency (”Z )} was then defined as .
. AZ = Ph/Pe . “see (3)

2- Ppesgure to overcome frictional work (Pf)

This greesure was estimated according to the suggession of

Jonas~ end Co-workers asg

Pf = Pe - PQ ceo (4)
and ag P, = P, exp 4,‘L/D eee (5)
1.ei P, = B [exptapr/py -1 ]
and P, = Py + P, at the coring point.

Therefore the frictional work ratio was taken as (Pt/Pe) .

3« Pressure required for redundant deformation (Rr)

Redundant deformetion in extrusion arises because of friction

along the container walls and the die face, this restreines

the free flow of the material resulting in intermal shearing

in the billet, meinly in a zZone that bell shsped in section

with the narrowest part of the bell at the die oriffice. The
drop in pressure from the start of extrugion to the coring point
can be attributed to that required for frictional work. The press-
ure at the coring point therefore exceeds the pressure for homo-
geneous deformation by an smount equal to that required for redun-
dant deformetion, on thig basisg the redundant work can be estimated
from the following relation

Foo=2 BBy Jeoeo (T)
Therefore the redundant work ratlio can be calculated ss the ratio

(P,/B,).

DETERMINATION OF THE FLOW STRESS

For a non work-hardening materisl the yield stress haas a
constant value but when the materiel is one of work -~ hardening
materials the yield stress’ bes an increaging value with
strain increesing. Johnson6 suggested en everage value of the
yield stress Y which was defined as the average value of the true
stireas over the range of logarithmic strain from O to (0.8 + 1,5 1n
I%? ), and r, is defined as :

r = (1- Ap/Ay)
The flow stress of the materiel used wes considered to be the
averege yield stressii'corresqunding to the velue of reduction(r).
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ESTIMATION OF THE COEFFICIENT OF FRICTION

The apparent coefficient of friction (/*) vetween the billet
material and the contsiner was ceslculated in the present work
from the expression developed by Mirst and Ursel7

/“ = D In P1/P2 cve (8)
4 (Ly = Iy)
Expregaion (8) is baged on the assumption thet the drop in extrusion
pressure is due intirely to reduced friction between the billet and
the container,

3T~ VISIOPLSTICITY TECHNIQUE

The flow of aluminium undexr the different extrusion conditions
wag enalysed from measurements of grid lines machined on & meridian
plane of partiaslly extruded billets. The measurements are besed on

* the asssumption that grid lines initially parallel to the billet

exis coincide with the streamlines of the flow aend grid lines
initially perpendicular to the billet exis represent the progress
of deformation at intervals of ram travel equal to the initial
grid spacing, i.e. steady state conditions,
The calculations of metal-flow parametfers are based on a procedure
reported by Childs3 and modified by Fereg and Sellars4 as follows :
(1) the average velocity V over a length of a streamline between
two grid points was taken as proportional to that length and the
direction coincides with thet portion of gtreamline. Graphical
methods were used to compute the radisl end exial components of
velocity, u and v, respectively, from V and to smooth their values
independently along the streamline.
(11) the equivalent gtrain rate € was taken as

' e ey

EVF (7w AT P e n (A2 )ZJ/" cen(9)

Ir vz 2z ?r

The values off? were calculated at 1.8 mm intervals through out
the flow zone, The atrain rate components in the above equation
were obtained graphically as the slopes of the plotted curves
which describe :
1- The variation of v,u independently with r at conatant z.
2~ The variation of v,u independently with z at constent r.
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where r,z are the radiel and axial coordinates of the point at
which the mean equivalent strein rete vwas celculated.
(1i1) the equivelent strein, € , at points on the streamline was
cslculated from the equivalenti strain rate,ié , by integration .
along the stresmlines as the expression represented by Farag and
Sellars® : - _ € a

: € = Sde = S - . ,,.(m)
(iv) Equivalent stress (0 ) := The stress strain curve of meny
metals in the region of uniform plestic deformation can be expressed
by the simple power curve relation8

6~ = K(€)? ce (1)

EXPERIMENTAL RESULTS AND DISCUSSION

1- Mechanical behavior of Aluminium s

A comﬁression test was performed on the material used through out
the experiments and & true stress-irue strain curve was obtained,
and it was noticed that the materisl used is a work-hardening
material. Then the material constants in the power curve relation
6 u ken, which describe the plastic deformetion of the material,
was obtained from a log-log plot of the true siress-true strain
curve, '

The velueg of the strsin hardening exponent, n , and the atrength
coefficient, k, of tihe material were 0,31 and 14.45 kg/mm
reapectively, _

An average yield stress (Y) was celculated, for different extrusion
reductions (r), as the ares under the true-irue strsin curve orress
ponding to & logerthmic strain ranged between 0,(0.8 + 1, 5 1n I—— )
divided by a value of logarthmic gtrain of (0.8 + 1,5 1n I—— Yo

- Coefficient of friction : As previonsly illustrated the friction
between the conteiner wall end die face plays en importent pert in
determining the pressures required for extrusion and the homogeneity
of metel flow, In the present work, the coefficient of friction was
¢alculated during the extrusion experiments and wes found to have

an everage valve of 0,042,

- Extrusion pressure :

Fig.(1l) shows that The values of P, and P, increased

with log (Ao/Af), but there is a difference between thelr values
due to the inhomogeneous pregsure lost in friction snd redundant
deformation.
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The difference between Pe and P incressed with the increasing of
A lAps
The pressure, Pe , wag found to increase with lncreassing the ratio
of lengih to width for non circular shapes, this is due to the
increase in redundsni deformation with increese of length to width
ratio. 1%t was found that the percent increase
of the maximum extrusion pressure for non circular sections over
that required for round sections, of the equivalent extrusion ratio,
varried between 5-25% for square sections and 13-39% for rectangulayr
sections, of width ito length ratio =« )%, depending on the extrusion

because of the incresging of inhomogeneous preasgure,

ratis.
Fig@{z}-shows that the frietionel work ratio Pf/Pe wag almost
congstent, which is underusiand§ble aince (f*) wag constant,
The yedundant work ratio, Pr/Pés Fig. (2) decressed with increasing
extrusion yetio (and tended to incresse again after extrusion ratio
= 14}, The decresse Iin Pr/Pe with the incresse in reduction indicates
a more homogeneous flow. The redundant work ratio gshowed & minimum
“velue for all shapes &t extrusion ratio = 14. Fig.(2) shows
that the square sections had a more homogenelty in flow than
rectangular sections of width to length ratic = %, end the round
gections had move homogeneity of flow due to the decrease in
redundant value then «ll other shapes.
The decrease in (Pr/Pe) and its indicaiion of a more homogeneity
of flow was reflected in the effeciency of extrusion (? = Ph/Pe)
~ &s shown in Fig.(}) which the extrumion effeciency increased with
U increasing reduction, due to the improved homogenelty of metsal
flow csugsed by the decreage of dead metel volume with increese
dead metal zone angle at high reductions. It should be noted that
this increese in (‘7 ) 5
Pig.(3),tended to decrease agsin after reduction ¢ 14 this is due
to the incresse in the value of redundsnt deformation ss discussed
previously.
It must be noted that, circular sections had the highest value of
extrusion efficiency (ﬁi J, this is due to the fect that circulesr
sections had a mo re homogeneous flow then efter shapes. 1t was
_found thst, the extrusion effeciency (’z,) levels decressed with
decreassing the width to length ratis of non circular shapes because
of increasing the value of redundant work. It should be noted that,
the square shapes had a value of efficiency more thaen that of
rectangular shepes of width to length ratio = %, which can be
attributed to the more homogeneous flow of gquare shepes than
rectengular shapes.
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Fig.(4) shows the photographs of the partly extruded billets, for
several shapes end reductions. It should be noted that the distor-
tion of the flow ldpes wap exsmined on two perpendicular planes
for esch non~circular section and it wegs found that the dead metal
zone sngle messured in a plane paasing through the width is more
then that found on & plane passing through the length.

The resulis indicated that the dead metel zone angle incressed
with decreaging shepe thickness along direction of the meridian
piane due to the increese in the extrusion ratio.

w Bouivalent strain distribution

The equivelent strein, € , wes calculeted ps illustrated previously,
using the modified visioplarticity technique. Then the wquivalent
strein digtribution wes obtained for various plengs of symmetry of
different extruded sections et different gxtrusion ratios.

The amount of redundant deforastion iavolved in extrusion can be
evaluated qualitatively by examining the squi-gtrain contours in
the deforming material. The ideal case 1lg when the contours are
streight lines st right sngles fo the billet axis with the highest
value equal to ln(AU/Af) vhere AG/Af ig the exztruaion ratio.
Inspection of the egui-ailrein contours shown in Fig.(5) shows that
the strein values at the die exit sre much higher than the idesl
value, eapecially near the extruded bar surface due to the extrs
sheer streins ceused by friction,

The emount of redundani deformation was calculeted ap the difference
between the 1desl stroin, of value equal to lﬂ(Acﬁéf}ﬁ end the
meximum velue of gtrein obtsined in Fig.(5) for every specimen,
Pig.(6) 1llustrates the varietion of such difference {redundent
deformation) with the varietion of extrusion rutio for different
extruded sections, 1t should be noted that for 8ll sections, the
value of redundant deformation decreased with the sxtrusion ratioc
incresse, till it resches the exirusion retio of value 14:1, where
& mipimwm value of redundent deformetion wag found and then, the
redundant deformstion tended to incresse, again, with the extrusion
ratio increase.

Fig.(6) shows that, at the pame extrusion retlo, the extruded round
section had a velue of redundant deformation less then all other
shapes, then, the square gection had e value of redundant deformaiion
more than that of the round section, but the rectangular sectlon
showed the highest velues of redundant deformation than round end .
square sections. It should be noted that the material flow in the
square pectione is more homogeneous than thet of rectangulax
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Fig.(5) also, shows that; on & plane of symmetry, having the seme
initial end final dimensions, @s the width to length ratio, of a
non circular shape, decreases (decreasing the thickness about the
plane of symmetry) the value of the redundent deformetion decreases

also which leads to & more homogeneous deformetion in a direction
parallel to the length than that which is parsllel to the width,

which can be attributed {0 the high registance to deformation in
the width direction.

~Equivalent stress distribution

The equivalent stress distributions was calculated ss described
before, and the results abtained sre shown in Pig.(7) . It should
be noted that the value of the stress obtained was directly depend-
ing on the values of the gtrain st these points at which the stress
wag calculated.

It should be noted that the valuea of the stress dlatribution were
highexr then the yleld stress of the material due to the work
kardening property of the material used. It was clear that the
greateast value of stress was-found near the die exit cormer because
of the resistance to deformation.,

The meximum value of the giress increesed with increasing of the
extrusion ratio, ' .

On a plane of symmetry, having the same initial and final dimenaioha,‘
the maximum value of stress increased with the decreasing of the
width to length ratio of a non-circuler shape,

Also, it should be noted that, the maximum value of the stress on
a plene of symmeiry perallel to the width of a non-circular shape
is more than that found on & plane of symmetry parallel to the
--length, because the resistance to flow in the width direction isg
more than that in the length direction,

‘CONCLUSI ONS

fi)*The-rectangu}ar sections requiredan extrugion pressure more than
that required for square sections where the percent Increase
in pressure, for sections exemined over that required for round
sections of equivalent extyusion ratio, varried vetween 5-25%
for square sections and 13-39% for rectangular sections depend-
ing on the extrusion ratio.

(2) The asquare sections had a higher value of extrusion efficiency
then that of the rectangular sections where the extrusion
efficlency was found to be 48% for square gections, 45,8% for
rectangular shapes and 51% for round shapes which gave the
higher efficiency than all other shapes, .



(3)

(4)

(5)

(6)

1w

2—

...30 -
The redundant work ratio vag found to have a minimun value at
exrusion ratio of 14:1 where the extrusion efficiency was
found to be of & maximum value .
Square sections had & more homogeneous than rectangulasr sections,
‘where the value of redundent strain, measured in square section
vas found to be less then that found in rectangulasr sections.
“hen extruding a rectangular section the flow in a direction
perallel to the length ig more homogeneous then thet in a
direction parsllel to the width.
The maximum velue of the flow stress, near the die exit, on
a plane of symmetry parallel to the width of an extruded
rectangular gection is more than that found on & plane of
symmetry parallel to the length,
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