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SYNOPSTIS

Extrusion of metal powders is s well established
forming process and its potential especially for shaping
brittle powders into usgful products was realised in the
very early stages when filaments of electric bulbs were
successfully ménufactured. The spplication of this téchnique
to softer metal powders like ironm, éopper and aluminium is
a recent innovation. Although the experimental technique
forlproducing extruded préducts from powder is well develop~
ed, theoretical analysis of the process involved received
little attention. The earliest attempt in this direction
was initiated ag late as 1970 when some well established
theories of metal forming were gpplied to the extrusion of
aluminium powder and its elloys. Application of the slip
line field theory and upper bound analysis could predict thg
load requir;d for extrusion which was lower than that required
for the extrusgion of cast billet into finsl product of the
same geometry. It was emphasised that unlike the extrusion
of a cast billet, powder billet during extrusion‘must
necessarily be subjected to massive shear zdnes along slip
lines in order that a strong and coherent product was
obtained. Based on this reasoning the use of square edge
dies with relatively higher reduction ratios ( R> 10:1 )
was favoured. Experimentation was confined mainly to a
temperature of 300°C and the theoretical analysis employed

had its own limitations because of simplified assumptions



(ii)

mede o 5S¢ also, a systematic enalysis of the micro~
structural changes that occurred during the extrusion process
was lacking. Under the above mentioned experimental and
theoretical cohstraints, the following major conclusions were
arrived at ¢

i) Densification preceeds the actual extrusion
process.

ii) Redundent work is meinly responsible for welding,
fragmentation, rewelding and eventually sinter-
ing of individual powder particle to yield a
coherent mass.

iii) Homogeneous work of deformation nerely contributes
to shape change and does not control either the
coherency of the product or its strength.

iv) Wedge shaped dies are unsuiteble for obtaining

(a) coherent mass and (b) proper surface finish.

v) Attainment of coherent product was not possible

at reduction ratios less than 10:1. '

The proposed theory was deficient in predicting the
condition under which a coherent mass (extruded product)
could be obtained. Similarly fundamental concepts on the
mode of deformation pattern and metal flow were not fully
developed,as the theory propounded failed to provide basic
data on pressure distribution, velocity vectors effective
strain rate and such other parameteés within the mass being
extruded. |

The present investigation is aimed at pProviding com-
prehensive information on the sbove aspects. This has been
achieved by utilizing amalytical approach (velocity-pressure

formulation) based on the finite element method (FEM). A



(iii)

modified yield criterion for porous products has been empioy-
ed since the dengity of a porous product continuously changeé
during extrusion. Based on this approsch, it has been
possible to obtain precise information on velocity, pressure
end effective strain rate distribution inside a billet while

being extruded.

Bxtrusion studies have been carried out on aluminiunm
powders at low (R <10:1) as well a8 high reduction ratios
(R >10:1) through square and wedge shaped dies over a tempera-
ture renge from 300 to 500°C. The relstionship between
extrusion pressure and extrusion paramefers (reduction ratio
end tempersture) was found to be linesr. The experimental
results have been discussed in relation to theoretical deduc-
tionS'obtainéd by FEM. While studying the effect of tempera;
ture on extrusion, it was noticed thet around 4OOOC there is
a2 change in the mode of deformation. This has been duly |
supported by microstructural investigations. The important
findings of the present investigation are :

i) An estimation of velocity, pressure end effective

strain rate distribution within = powder preform
while undergoing extrusion.

ii) Nature of the pressure and effective strain raote
contours as a basis of predicting whether or not
a coherent mass would be produced.

iii) Homogeneous work of deformstion snd not the
redundant work zs the sole factor contributing
to the formetion of strong and coherent mass.



iv)

v)

vi)

vii)

viii)

(iv)

Successful production of coherent extruded
product through wedge shaped dies at both

low and high reduction ratios and also through
square dies even at iow reduction ratios.

Product obﬁained through wedge shaped dies
being at least 10-20 %  more stronger than
those obtained through square dies.

Existence of dead metal zone boundary parallel
to the die axis at low reduction ratios and
its gradusl shifting to the die corners sas
reduction ratio is increased.

Bstablishment of o correlation between bulk
parameters (namely velocity, pressure and
effective strain rate contours) and the micro-

‘structural features as influenced by extrusion

parameters.

Conditions leading to the formation of sub-
structure and its role in controlling the ex-
Trusion pressure and the final tensile proper-
ties of the extruded product are discussed,
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"CHAPTER -1

-

INTRODUCTION

Among the ﬁany proéesses for‘converting metal powders
into useful solid products, the hot extruéiéﬁwbrbceSS is
relatively new. It offeré.simultaneous‘&ensifieétion‘and
large reduction in a éingle'operation,‘ Alioys having wide
freezing renge sre very prone to segregation in castings.
This leéds to problems in hot working and results in podr
yield. However, this problem can be overcome by adopting
the powder extrusion pati. Significant adventage of metal
powder extrusion process is that sintéring is eliminated
wvhich follows cold compaction in conventional powder metall:
urgy. While in sintering of sluminium base products the
oxide film surrounding powder particles obstructs the diffu~
sion process and adversely affects the densificstion.  This
difficulty may be eliminated to a large extent by hot extru-
sion Where oxide film is effectively broken under heavy
plastic deformation, thereby accelerating sintering during
hot extrusion. | |

Although some data on hot extrusion of aluminium
powder‘exist,-many_questions regarding the mechanism of
densification and the effects of extrusion ParameterS'on
the nature of the final product remain unprobed.

In the present investigation extrusion studies have
been carried out on aluminium powder at low (R=1,3:1 to 7:1)

as well as high reduction ratios (R=10:1 to 80:1) through




square and wedge shaped dies over‘a temperature range,

300 to 500°C. The relatibnship between extrusion pressure
and extrusion parameters wes established. Analytical ex-
trusion pressures were calculated based on plastic/visco-
plastic metal flow conforming to non-Newtonian fluid behaviour.
An snalytical opproach namely velocity pressure formulastion
based on the finite element method (FEM) has been used to
calculate thé velocity vectors, pressure snd effective

strgin rate distribution inside a billef while being extruded,
4 modified yield criterion for porous compacts has been
emplpyed since the density of é porous compact continuously
changes during extrusion. The experimentel results have
 been discussed in relztion to analytiéal deductions obtained

by FEM.

While studying the effect of temperature on extrusion,
‘it was noticed that sround 400°C there is é change in the
mode of deformation. This has been duly supported by micro~’
structural investigaﬁions. Macrostructural studies §f the
longitudinal section of the extruded product were also carried
out to examine the defects in the product and shape of dezad
metal zone (DMZ) boundary with respect to reduction ratios

and temperatures.

1.1 LAYOUT OF THE THESIS

The thesis has been divided into eight chapters :

The Chapter II deals with litersture review. The

extrusion process has been described with respect to



extrusion paremeters, nature of the process and densifice-

tion mechanism: Analytical methods have also been described

to celculate the extrusion pressure and other parameters.

The Chapter IIT desls in detail with the general
formulation of the problemvwith regérd to the experimental
approach to be adopted and anealytical techniques to be

pursued. : : ‘

The experimental procedures have been described

in Chapter IV.

In Chapter V computer progrem, parametric studies

and modification in yield criterion have been given.

Chapter VI deals with‘experimental results which
are discussed with respect to coherency of the extruded
product and shepe of dead metal zone. Further, the micro-
and macf§structural investigations carried out on longitudi-
nal and transverse sections ond their correlation with the

analytical plots have also been high lighted.

Jome aspects such as existance of DMZ and the role

of redundant work needing critical analysis have been put

forth in Chepter VII. ¢

Chapter VIII deals with the mein findings of the

present investigation.
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CHAPTER-TII

LITERATURE _REVIEW

2.1 INTRODUCTION

Powder extrusion studies have been carried out
on a number of materisls namely aluminium and its'alloys,
tin~bron£es, nickel and its alloys, chromium and chromiun-
base composite materigls, uranium, thorium, zireenium,
sponge iron and steel powder. However, in the last decade
studies on extrusion of powders both with regard to the
influence of process vsriables and the application of
theoretical models for predicting extrusion pressure

have been mostly confined to sluminium and aluminium

based systems.

2.2 EXTRUSION THROUGH CYLINDRICAL SQUARE EDGE DIE

2.2.,1 Aluminium and its Alloys

- Sheppard and Charxre [1] carried out hot extrusion
of atomised aluminium powder [2] mainly at 30000 at
reduction ratios from 5:1 to 50:1 at a ram speed
5-7 mm/sec, and reported that the pressure required for
extruding a powder billet was les:than that for a cast
billet of the same composition. Sheppard and co-workers
[3-6] also extruded a number of aluminium base alloy
povders viz. Al-5%Fe,Al-3.6%Mm—0.95% A1,05,
A1—2f4%Fe—l.Olﬁ A1203 in the temperature range

Compogitions are in weight percent.



5
250 to 450°C, A1-1.9#81,05, Al-3.59%Mn and Al-Thlg-ThZn
the temperature range from 250 to 550°C at a ram speed
varying from 0.5 to 150 mm/sec employing reduction ratio
from 5:1 to 50:1. They reported that the powder billet
attained 100% of the theoretical density before extrusion
started. Shepperd snd HcShane [7] extruded the A1-0.5nlg-
0.5#81i alloy powder through reduction ratio from 5:1 to
180:1 in the temperature range from 25000 to 540°C, Hansen
[8,9] carried out extrusion of aluminium base powder alloy
by blending the aluminium powder with fine oxide powders.
The blended powders were mainly extruded at 500°C after hot
pressing through reduction ratio 15:1. The aim of the
investigation was simply to examine the properties of the

extruded products.

2.2.2 Qther Non-Ferrous Alloy Powder

Sheppard and Greasley [10] reported the experi-
mental results ff extrusion of tin~bronzes, single phase
and two phase aiiy powder for reduction ratios 10:1 to
180:1 in the temperature range from 450}to 850°¢.

Gregory and Goetzel [1l] conducted experiments on extru~
sion of 80/20 nickel-chromium alloy éowder either with
titanium carbide or alumina end thoria. The cold compacts
were sintered at 2000°F (1093°C) and 2280°F (1250°0C)

and then extruded at the seme temperatures at which they
were sintered. The strength at 1500°C and 1800°C was

considerably higher in comparison to that of as cast
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state. Bhattacharya [14] pro%gced close end tube by
-backward cold extrusion of copﬁer powder. Before extru-
sion the powder billet was either sintered or compscted
followed éy annealing at low temperature. Chromium and
Chromium-niobium gintered composite materials [15] were
extruded'at 1200°C employing a reduction ratio of 10:1. The
rod after extrusion was sintered in hydrogen astmosphere
and it was observed that the strucﬁure of the extruded
product remained unchanged before and after sintering.
The density‘of the sintered product was found to decrease
with higher sintering temperature due 0 rapid diffusion

of piobiun into. Chronium matrix.

2.2.7 Iron 2nd Steel Powder

Dunkley 2nd Csuston [16,17]) carried out hot
exfrusion of tool steel and high speed steelvpowderSwith R
from 10:1 to £0:1 2% 2 rem speed,l0-20 x 102 mm/sec in
the temperaﬁure range from 1000-1200°¢. They reported
that for reduction ratio 13:1, no difference in extrusion
pressure for cést and powder billetg vag observed,Vollmer
and Jones [18] extruded cold pressed billets of sponge
iron powder into bars and tubes at two different tempera~
tures, 1000°C and 1150°C at a rem speed of 10 to 25 mm/sec;
The density of the product extruded at 1150°C was higher
then 99.5% of the theoreticel density. Oxide type inclu-
sions were found on the fractured surfaces of tensile
sample,which have an undesirable influence on the proper-

ties of extruded product. Thompson et al [19] produced



short tubes on on industriel scele from sintered sponge
iron powder billets by cold extrusion. They concluded
that fully dense ftubes could be obteined by extruding the
billet (80% of theoreticel density) st 85# reduction

(R = 3,0:1).

2.3 [LXTRUSION THROUGH CYLINDRICAL WEDGE SHAPED DIE

—so

Gregory [20]} hes suggested thet the 'gelling' and
die 'pickup' during powder extrusion could be eliminated
by using wedge shaped dies. Chare end Shepperd [1] using
wedge shaped dics extruded commercially pure 2luminium
powdexr and reported thet accepteble surfece finish could
not be achieved snd thet the threshold extrusion retio ot
which cokerent mess was produced for square dies was
raised considerably. They heve suggested thst in squere
edge dies the messive shear zones were formed and reduﬁdant'
work played zn essential and impbrtﬁnt role in building
the coherent mass by welding, bresking end rewelding of

powder vparticles.

Singh and Da&ies f21] performed 'backward' and
'forward' cold extrusion of different grades of sintered
spbnge iron powders through c¢ylindrical wedge shaped dics
with 120 degree entry angle and reduction ratios lower
than 5:1 2t slow and high speeds. They found thet extrusion
pressure was higher at higher speeds than at lower speeds.
This difference weas more marked during backward extrusion.

In forward extrusion, there was 2 limiting reduction ratio
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q

2:1, below which coherent mass was not possible. Neém

and Davies [22] carried out forward snd backward extrusion
of sintered sponge iron powder compacts of initial density
which was 87% of theoretical value at reduction ratios
from 2:1 to 7:1 in the temperature range, 880 to 1030°C
at low and pigh speeds. They reported that extrusion
pregsure was lowered with decrease in extrusion speed
~and with an increase ih the initial density. They found
“that the density of the extruded product increased wifh
the speed of extrusion and initial dehsity. The density
of the product 2l1lso increased with the reduction ratio

for the same initial density both in the forward and

backward extrusions.

\

. Loewensteen [23] has converted the loose powder
of uranium, thorium, zirconium and other rare-earth metal
powders into rods by extruding in the temperature range,
800 - 900°C and reported that nearly 100 % of the
theoretical density of the extruded product was achieved.

In these materigls effect of reduction ratio has not been

reported.

2.4 EYTRUSION PARAMETERS

2.4.,1 Extrusion Pressure

For pure aluminium powder [1l] it was shown that
the pressure required to produce solid metal from powder
was considerably less than that required for cast billet,

The extrusion pressure may be enumerated by considering
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— the compact strength ét ench velocity discontinuities due
| to shear. On the basis of upper Boﬁnd analysis it was

shown for copper, nickel [13] and aluminium-base alloys
powders [3~T] fhat the\preséure required for extrusion
of powder billet wés lower than that for the cast billet.
Siﬁilar observeations were reported experimentally foi
nickel and eluminium-base slloys. For the alloys having
low stacking fault energy [10], in which dynamic recrys-
tallisation was the predominant softening process, the
difference in pressure for extrusion of powder‘énd cast
billet was small. This was attributed to varying the
rhealogicaﬁ properties throughout the quasi-static zone,
This wos concluded on the brosis of the observrtion that
yield stress was different ot different locations in the
partislly extruded billet [10]. Chare et al [4] calculat-
ed extrusion pressure for cast aluminium alloys using =2
minimised upper bound analysis and showed that over'a v
wide range of temperature and reduction rétios, the
pressure required for powder extrusion was less than
half of that required for cast billet and thet the
aressure required for extrusion of Al-Zn-Mg =lloy powder

was 27 % less than that for the corresponding cest .alloy. -

Sheppard and Greasley [10] used the initial maximum
Pressure, obtainced from load-displecement diagrems os
the pressuré for extruding tin-bronze nlloy powder becausc
they fouﬁd excessive temperature drop while extruding,

L] 3 - ) '
which led to a considereble incresse in pressure ot the
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end of the extrusion stroke. Dunkley and Causton [16]

used the steady state load as extrusion pressure.

2.4.1.1 Bffect of Reduction Ratio On Exztrusion Pressure

Chare et 2l [1] reported that for aluminium and
its alloy in powder form, the extrusion process was much
less dependent on reduction ratio as compared to that for
 cast meteriel. However, the linear relationship was
observed between fn (R>10:1) and extrusion pressure (p)
as in case of cast material. This could be expressed in
the following form

| p=A+3BfnR
- where p_- Extrusion pressure
R - reduction ratio
A

and B are constants.
: 1

The values of constants A and B depended upon
reduction ratios and were different for cast and powder
materials. However, at lew reduction ratios (R< 10) this
- relationship did not hold good for the powder extrusion.
Dunkley and Causten ElS 16] confirmed -the sbove relation—
ship to be true for the powder extrusion of tool and

high speed steel at high reduction ratios. -

2.4.1.2 Effcct of Temperature On Extrusion Pressure

Chare and Sheppard [3-7] observed that the initial
hillet temperature hod the same cffect on extrusion

pressure independent of the state of the material. They
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found a linear relationship betweeh extrusion pressure

and log of initial billet temperature for aluminium

powder [1] end sgluminium-base alloy powder of the form:
p=2a~>b1log T

where a and b are constants. The values of a and b were

different for pure alumiﬁium powder and aluminium base

alloys. As the billet temberature increaéed the extru—l

sion pressure decreased.

2.4:1e3 Effect of Strain Rate On Extrusion Pressure

Chandra and Jonas [24,25] conducted extrusion of
strain rete senstive materisl through square edge dies
at reduction rstios from 40:1 to 160:1 and showed that
the extrusion pressure wag strong function of strain

rate senstivity of the flow stress of the materigal.

\Experiments on extrusion df pure aluminium powdgr
by Sheppard and Chare [1] showed that ram speed had
little effect on extrusion pressure and mechanical pro;
perties of the extruded product. They reported for
- Al-Fe alloy powdér theat the extrusion process was less
strain rate senstive as compared with that of the cast
alloy. Shepperd [6] further investigated the effect
of strain rate on extrusion pressure using the A1~Mn~A1205
powder azlloy and showed that powder éxtrusion process
was essentially not strain rate senstive as shown in
Fig. 2.1. He proposed, 'This was dqéigg‘that the procecgss

was dependent upon the strength of weld necks and local
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for the extrusion of aluminium baso alloy powders [3-9].

It was obscrved for purc aluminium [2] and nickel
rich alloy powders tlB] that thce extrusion pressure
varicd with the particle shapo. The extrusion pressure
was the highcst for purc flake typc of powder and lowest

for purely sphcrical shopce powders.

2.4.2 Reduction Ratio And Coherency of the
Extruded Product |

Shéppard ond Chare [1,6] reported that in case of
vpowdor cxtrugion pﬁocoss there was a tronsient reduction
ratio (R = 10:1) below which full moterial propertics
could not be developed and coherent mass could not, thcre-
fore, be achicved, 'Thoy stated on the basis of the upper-
bound onalysis that the reduction ratio should be a
function of deformation zone and for lower reductionm
ratios (R<10:1) the shear zones would be smaller with
fewer velocity discontinuities resulting in incoherent
- product. The relationship

=A+B1InR |
valid for high reduction ratios would not hold good at
low roduction ratios (R <10:1) duc to negative slope in
the p ve.ln R curve. For cxtrusion of'fool stcel and
high speed stecl powders, Dunkley and Czuston [16] reported
that the coherent product was not cxpected below & transi-
tlon reductlon ratio lylng betwecn 5 1 and 10:1. As the

l

roductlon yYatio was reducod from lO 1 o 5 1 tho slopo



diffugion rates rather than on finally devel oped flow
stress'. The sﬁrain raﬁ; was'calculated according to
method proposed by Felthan [26] where the strain rate
was estimated by celculating the time required to fill
the quesi-static deformetion zone and also the total

strain occurring in that time.

*

In the extrusion of Al-Mg-Si alloy powder [7f
through reduction ratic 80:1 at 500°C, a peak in the
load-displacement cﬁrve wag observed at high strain
rates (13 mm/sec) while no peak was observed at low
strain rate (4mm/sec) as evident from Fiz. 2.2. To
explain this, it was perosed that at high strain rates
an excess of dislocations was generated immediateiy
after the compaction zone before the onset of dynamic
softening processes.(e,g. recovery) where as at low
strain rates the rate of dislocation production was never

large enough to overcome the dynamic softening process.

2.,4.1,4 Effect Of Particle Size And Shape On
Extrusion Pressure

For pure zluminium powder it was shown [1,2] thet
the pressure required for extruding the small particles
wes much higher than for larger particles., In case of
smaller particles, larger surfacc area would result in
greater number of wolds and more work would be reguired
to shear these +rcld nccks during the 'powder propertics'

phase of cxtrusion., Similar observations werc reported
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of p ve. log R line changed and dropped awsy towards
the origin. They suggestcd that a 'knee' should cxist
in the curve botween extrusion pressurc and rcduction
ratio botween R = 5:1 and R = 9:1 as shown in Mg, 2.3
and tho rclationship betwcen preggurce and reduction
ratio for low rcduction rotio mighf be

They also‘suggestod thot the minimum value of R
for the production of = sound product wes very scnstive
to minor veriations in heating, lubrication and spced
but sound product could not be cxpected below rcduction
- rotio 10:1. Singh and Davies [21] rcported that for
~the cxtrusion of sintcred spongc iron powder billet this

tronsition rceduction ratio was lowered to 2:1.

2,5 NATURE OF EXTRUSION PROCESS

For sluminium-basc olloys [5] the cxtrugion
process was thermally activated and the activetion
encrgics for hot deformotion of these powder alloys were
cloge to the volue for sclf diffusion in oluminium [5].
It was suggested that the climb of cdge dislocotions or
the motion of jogged screw dislocations muét be the
rate controlling mechenism for deformetion of powdcers
because o three dimensional net work wos found in
microstructurc which showed that growth of these net-~
works during rccovery must be duc to climb of cdge diss

locations and migration of 'jogs' with disloceations such
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that ratce of recovery depended on the self diffusion

coefficient.

2.6 MECHANICAL PROPERTIES OF THE EXTRUDED PRODUCT

2,6.1 Bffcct of Reduction Rotio

For pure aluminium powdér [l] reduction ratio had
little cffecet on hardﬁoss. clongation and proof stress.
However, aluminium powdef extruded below a reduoction
ratio of 10:1 could not achieve its maximum properties
as the material extruded at s reduction ratio 5:1 was
found to be extremely brittle. A similar effect was also

observed for other aluminium base alloy powders [3-9].

2.6.2 BEffect of Particle Size

For pure aluminium [1,2] and aluminiuﬁ based alloys
[3—6] a linear rolatibnship exists betwecen proof stress
and the squaré~root of particle diameter which could be
quantified by Petch cquation. As the particle diameter
decreased, the pﬁoof stress of the extruded product at
room temperature as well &8 400°C_increased vhile percen~
tage elongation decreased. Further, although the alumi-
nium basc alloy powders [3-9] also bchaved the same way,
.the nechanicel propertics werc found to be much less
dependent upon porticle size in comparison to thc pure
aluminjum powdere. The mechaniczl propecrtics of the
_extruded product wecrc much more dependent upon the

microstructurc and shape of $he particles then on pantiele



16

gize. A product cxtruded from flaky powder gave better
overall mechenical properties than a product made from
‘spherical povders. This is becausc the bridges formed

on compacting the powder werce difficult to breok. Tho
mechonical propertics of aluminium base olloy products,
cxtruded from powder, were comparod with those cxtruded
from cast alloys [6] snd it wos found that both high ond
low tcmperaturc tcnéilo propcrtics werce far superior in E
the casc of the powder products. Ductility of the ¢Xx-—
truded powder product wos lower but much highoi than whaot

is obtaincd in conventional powder metallurgy parts.

Mcchenicel propertics of tin-bronze single phasc
and two phase alloy powder products [18] were found to
vory throughout the length of the product, being higher
at rear end than ot the front end. The difference in
propertics was perhaps duc to a steady decreasce in tempera;
ture of the billet throughout the press stroke. It was
reported that diamcter of the original preform had no
'significant effecet on the groin size of the extruded
product for singlc phaose alloys because dcformation
occurrcd by dynomic recrystallization followed by meto—
dynanic and static recrystellizotion whilc in two phasc
alloys final gredn size of product.WAS dependent on
original particle sizc because only dynamic recrystolliso-

tion was the predominant mechanisn.,
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2.6.3 Extrusion Temperature

The mechanical properties varied with the initial
billet temperature as reported for pure aluminium [1,2]
and aluminium base alloy powders [3=-6]. As the extrusion
temperature increages, the room temperature proof stress
falls considercblysvhile that et 400°C remains unaffected.
This was'eiplainod by stating thot suﬁgrain strengthen§‘
ing wos not cffective. It wae further reported that the
elongation obtained was controllod by initial billet
tenperature and increascs considerably os the extrusion
fcmperature riges., Honsen [7,8] also obscrved this
trend in aluminium;basd powder alloys. The elongation
at roon tomperaturc and at 400°¢ inproved as thc tcenpera-

ture incrcascd.

2.7 ROLE OF REDUNDANT WORK

In nany nctal forning proccsses like wirc droawving,
forging and cxtrusion, thc load ﬁoeded to affect the
desired change is seriously underestimated, the error
being due to appreciable internal distortion of the wprk
piece, beyond that strictly needed for shape change
caused by shearing action which consumes cnergy. This
‘energy does not contribute directly to the formation of
the final product. The additional work thus cxpended is
known as the redundant work [27].

The rcason for the underestimation of working loads

during cxtrusion is that the total work done (WT) is
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regarded as a sum of three componentssy work donc for
homogencous dcformation (WH) which represents the least
possible work requircd for shape éhange, work done due
to die wall friction (WF) and redundant work (WR) which
does not contribute directly to the shape change., In

the casc of powder extrusion the redundant work is usecd

for ipternal distortion of the powder particles [5}.

Thus WD = VH 4 WF + WR -
but these are not entirely separablé, because theAflow
constraint will be influenced by the friction at the die
surface, so WR will depend upon friction. In the rela-
tion |

Pp=4+ 3BlogR ‘
the logarithmie torm reprcsonts the contribution of work
for homogeneous deformation while the first term representg

the contribution towards redundant work [28].
Sheppard and Greasley [8] reported that the ratio

B/A generally represents the proportion of useful work %o
redundent work., This ratio for the extrusion of cast

| billet is approximately iip while in the case of the
powder cxtrusion the B/A ratio for single phasc alloy is
0.95 (average) and for the two phasc alloy 0.32 (average)
i.c. there is o groater redundant work of the total |
cnergy requircd for deformation during c¢xbtrusion of
powder. This highcr proportion of redundant work is uscd

to build o coherent mass.
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2.8 DENSIFICATION DURING POWDER EXTRUSION PROCESS

Sheppard snd Cherc [3] proposed & mechanism based
on upper bound snalysis suggesting how a coherent mass
may be built up from a powder'mass during the cxtrusion
process, According to them the deformation during
cxtrusion proccss occurs in o quasi-static zone ( Fige.2e4)
which mey bc further divided into two ecmerging regions;
powdexr propecrtics and the fiﬁal propérties ot exit cnd of
zone. The donsification,procesé was inVGstigated for
fAl—7%M5;2%Zn alloy powder by exemining the devclopment
of microstructurc throughout the quasi—static deforma-
tion zone by taking scctions fron the partially cxtruded

billet at four different positions.

Microstructure at the rear end of the billet
corresponding to arca ABE (Fig.2.4) showed bightly
packed particles showing little overall dcformation but
éhe matérial ha& attoined the theorctical density and
had just commenced its transverse of the qﬁasi-static
deformation zone, Yield strength of the moterial in thig
zone woe very low which showed poor cohesion botween
particles and littlc resistance to shear., After possing
through this initial band of velocity discontinuity
along linc AB ( Fig. 2.4) caused ‘by shear, the micrb-
structurc neor +the nid point of the linc OA showed
somec celongation in the particles ond ot this stage most
of redundant work appeared to contribute towards elonga;

tion rather than towards cohcsion of particles. This
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weang that the part of the extrﬁsion energy was utilised
towards the deformetion of individual particles but
interfaces remained incoherent, which contributed little

towards an increase in the yield strength,

The microstructure in the dead metal zone corres-—
ponding t0 area OAD (Fig.2.4) and of the product at the
las? discontinuity a2long line OC showed thét welding
betwecen particles takcs place duc to continuous intcr-
action between particles end velocity discontinuitics

along the line OG contributing towards clongation of

particles.,

Thé building of a cohercnﬁ mass from powder parti;
cle was duc t0 breaking and welding caused by.shearing
action along the line AB until the shear streﬁgth of
inter particlc bond assumed the properties of the fiﬁal
moterial duc to velocity discontinuitics caused by massivq(

shearing process along linc 0C (fMig.2.4).

Sheppard and Greasely [10,29] also examinced the
densification during powder cxtrusioﬁ of tin~bronze
alloy powders by obscrving thce microstructural changes
in the partiolly extruded billet of 8T (Cu-8.2%8n-0.2%P)
singlc phasc alloy ond that of a 8T 15P(Cu-7.4%Sn-1.5%P)
two phasc alloy. They rcportcd that the flow pattcrn
of powder cxtrusion ghowed o 45° dead metal zonc. Tho
compresgive stresscs weore not sufficient to consolidate

the powder in dead metel zono for singlc phasc alloy.
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} Macrographs showed that particle structure was retained
in the dead metal zone and also in a region of about 2 mm
at the rear face of the billet due to little shear at
ram/billet interface. At the billet edge (in contact
vith container there was a thin surface film in which the
powder structure was destroyed due to shear which is
alvays present at this surface during extrusion. However,
2 subcutaneous layer asbout 1 mm thick existed in which
the powder structure was retained. 1In the case of two

. phase alloys, the microstructure along the entire billet
surface (in contact with container retained the powder
structure well into the deformation zone because regions of
intense shear existed within the billet and localised
velocity discontinuity existed at the entery of the

deformation zone,

It was proposed that the densification mechanism
is also-éependent on stacking fault energy of the materialg
and quite different from that occurring in high stacking
fault energy =2lloys involving the major process as one
of the dynamic recovery as cviden$® from fibrous structure
and sub-grain formation observed in hot worked asluminium

and its alloy [10].

The microstructure of Al-5%Mg-5%Si alloy powder
[7] was examined and it was reported that the product
exhibited g fibrous cold woﬁked structure. The original
powder particles got elongated in the direction of metal

flow and the elongation was dependent on the extrusion
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ratio. The cold worked microstructure was producecd
even when extrusion was performed sbove the reerysta-
llization tomperaturc of tﬁo alloy. The miecrostructure
of the tronsverge scction only showed equiaxed agleins .
It was also shown by thermeal activation cevidence that

-

dynamic recovery was the dominant mcechanism,

2,9 ANALYTICAL IBTHODS FOR DETERMINATION OF
EXTRUSION PRESSURE

Conventional analytical methods for prediction .

- of extrusion pressure are slip line field theory and
upper bond technique based on the flow of metél through
a die. Theso methods are strictly applicable under plane

strain conditions [30] and it can be stated that :

dw = k.u.ds ' .. (2.1)
where

k = sghear yield stress

u = mnagnitude of vclocity discontinuity

8 = length of velocity discontinuity

W= wérk,done.

Applying this to the specific casc of planc strain
cxtrusion of a homogencous nmaterial as shown in Fig. 2.4,

we got

P. Lﬁghl . 1 =% (AB.25 + BC.24 + BO %34 + CO 45 + AO 13)
| .. (2.2)



Sheppard [6] applicd this cquation to non;
homogeneous powder compacts by taking different valucs
of yicld stress in different sheer zones. Thus, for plame
strain éxtrusion of powder compcct the cquation (2.2)

beeconmes

N agb ) 1= k) (&b.73 + BC.ZE) + k,.B0.T3+k,.50.3%

+ k,.00.45 .. (2.3)
herc kl presents the resistance to sheer of the powder
compact which ig virtually zero and k4 ropresents the
resistence to sheoxr of the final product which would be
the samec or grecater theon that of convontiohally processed
products. The remaining shear terms dopohd upon the
average shear strength of material in the corresponding
rigid quesi-stetic triangle. This method is also‘épplié
cabie to the axisymmetric problems of extrusion.
Alexander [31] proposed a kinemstically afmissible velo-
city field for axisymmetfic extrusion by determining the
velocity components from the geometry of the stream
lines. Subsequently others [32,33] also obtained hodosraphs
for upper bound enalysis ag obbained by Alcxander. A
graphicel method wes developed by Adie and Alexander [34]
t0 obtain kinematicolly admissiblce vélocity field using
single, double or triple triangular arrongements of
velocity discontinuities. Thomson [35] showed thot in
the casec of axiéymmotric extrusion thc material flow wes
similar to that of planc strain for identical configure~

tion and the megnitude of the veloeity during axisymmetric



24

extrusion is the square of the velocity during plane
strain ecxtrusion. Sheppard end McShsne [36] have used
the upper bound technique to calculate the extrusion
pressure for axisymuctric cextrusion of powder compacts
and they considcred the surfaco arca of thc vclocity
discontinuitics and squarcd the megnitude ofvtho velo-
cities. Hence, thc modificd cquation fer axisymmetric

cxtrusion for upper bound solution ( Fiz.2.4) is given as:
(a+b)%.1 = kynedyn (F5)2 4+ K 0ih (T5)%+ Konol (?Z)Z
Pelatb) .l = Xppeyp BG*BG* BO *“BO

v 2
e . 2
f kOC.ADC(45) + kAc.AAc(13) ee (2.4)

Baeged on this cquation the cextrusion pressurc was
calculated in thice different ways and compared with |
experimentally determined values for rcduction ratios
from 10:1 to 80:1l. 1In thc first cosc the planc strain
solution wae minimiged by using. Baquation (2.3), whore as
in the seooﬁd cagc morc velocity discontinuities es
obtaincd from the obscrved physical field, werc incorporat-
ed. In third case a modificd €quation gspplicable to on
axisymmetric casc o8 given by the Bquation (2.4) was
minimiscd. This corparison revcalod that the first
method is not valid whilc the sccond and third mecthods
predict the extrusion pressurcs closc to the cxperimen-—
tally determined valuc only in o very narrow rcduction
ratio renge (25:1 to 40:1) as shown in Fiz.2.5. McShanc

ct al.[28] further modified their theory by incorporating
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strains and strain rate by considering an expression of
the form o = Kém én‘where K', m and n are constants

and used this relation to predict the extrusion pressure
for aluminium alloy in the range of reduction ratios from
10:1 to 180:1, The constants.were determined by minimising
the function using pen2lty function approach. The mean
effective strain rate was determined by using the equa-
“tion

é’ : [ _2_ +2 2 )]l/2

5 ( g + ér + % i e (2.5)

which is a function of r and & only. The strains were
caleulated from slip line ficld.

This theory is appliceble for strains up to 2.3.
When tﬁe strains are in excess of 2.3, the flow stress is
no longer strain scnstive since the compact has become
100 bercent densce Thesc authors claim that using the
above penalty function optimization, cxcellent correla~
tion between theory and cxperimental work was obtained.
Thig type of curve fittdng  will,in fect be needed for every
exporimental obgervotion cither for cast billet 6r powdex
billet. It scems that the comparison of the experimental
and the theoretical rosults'havc been achicved by using

some sort of curve fitting technique.

The pressurc vas olso calculated for the coxtrusion
of cagt billet by upper bound cnalysis for wedge sheped

dies [37].
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2,10 OTHER ANALYTICAL ITBTHODS FOR DETERMINATION
OF BEXTRUSION FRESSURE USING FINITE ELEMENT
METHOD |

Slip line field theory has been used'extensivelﬁ,
out of the various approximate methods available to
predict the loads and deformation in various metal form-
ing processes. Although it has bcen used for both
plane strain end axisymmetric conditions but have

scveral limitations [38-417:

(1) The clastic strains are neglected. It assumes
the material as rigid poerfectly plastic (without

gtrain hardening and tcemperaturc effeect).

(ii) The intornel forccs arc neglected snd the problem

is trcatcd as quasi-static.

(1ii) It is epplicable to only simple boundaries -
straight boundarics with friction or without

friction,

In recent ycears the above difficulties have been
over come by finite clement method (FEM) which has been
successfully extoended to various non-lineor ficlds,
in particular to the large deformation and plasticity
problems. More recontly thesce motel forming problems
hove been analyscd as non-Newtonion fluid flow probloms
where solid hos beon taken as flowing like a viscous
fluid with varioble viscosity. The above rnalysis hos

been bricfly reviewed in the following scetion.
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2,10.1 Elagto-Plastic Analysis Using FEM

Zienkiowicz cnd Neyak [42,43] have shown that the
élasto—plastic snalysis using FEM gives useful and |
comparable results for the various ﬁetal forming process-
es, namely extrusion. They considered various types
of materiel'non;lineaxities, i.ea ideally'plaStic,
strein hardening etc. as well as different situations

like plane stress/strain snd axisymmetric cases.

These methods are useful in the context of small
geometrical changes, bﬁt when these changes are quite
large, to thc extent that elastic deformation is negli-
gible, then these mcethods arc either not applicable:or
are quite expensive ag far as thc computations arc

concerned.

2.10.,2 Penalty Function Approsch

Penalty function aﬁproach are used to modify varia-

tional principles uscd in the finitce element ahalysis

to enforce constraint. The problem of viscous incomprec-
ssible flow can be treated as & problem of comstrained
ninimisation of functional. Zicnkicwicz and Godbole[44,45]
have used this approach for plastic flow of metals and
metal forming vproblcms cspecially for cxtrustion. It

does not.involve a pressurce field, the unknowns are less
than the veloecity pressurc formulatidn, resulting in
decreased computational cost. The solutionsjcan be made

cloger to the solution of NavieraStokes equeation by the
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adjustment of a parameter (Poisson's ratiov -0.5). Its
application to some hot metal forming problems has been
recently reported [46] which also include the calcula-

tion of mean stress in addition to deviatoric stresses.

In spite of the above merits, the method suffers
from an draw back; that the value of ¥V or A is quite
important, and its value which is problem dependent, has

to be very carefully chosen.

2.10,3 Stream Punction Approach

Stream funection approach has been used for the
'viscous incompressible flow of Newtonian and non-Newtonian
fluids. Goon et al[47] originally suggested this procedure
and obtaincd some solutions using mapping techniques.
Godbole [48] uscd this procedurc for the viscous incom-
‘pressgible fiow of non-Newtonian fluids and extended for
plestic/viscoplastic flow. He has shown that plastic/
viscoplastic flows are analogous to the flow of non-

Newtonian fluids.

2.10.,4 Yelocity-Presgurc Formulation

To overcome the draw back of penalty function
approach a new formulations velocity pressurce-involving
velocities and pressurcs, was ohosen for solving viscous
incompressible non-Ncwtorian flow problems. Zienkicwicz

and Jain [49] have successfully used the velocity pressure
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formulation for Varioﬁs metal forming problems. Virturl
"work principle hes boon uscd to formulate tho problem,
with vclocitics and pregssures as unknowns; - This has
been cextended with céftain modifications for the ﬁrcsent
study and the deteils erc available in the subscquent

chaptecrs.
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EXTRUSION FORCE,MN

Extrusion pressure, P

- M AB

C
initial temperature 500°C
extrusion ratio 80:1

A(powder) ram speed 13mm/s
B(cast) ram speed 13mm/s
C(DOWder) ram speed 4mm/s

10 20 30 40 50 60 70
RAM DISPLACEMENT, mm

FI1G.2.2 LOAD-DISPLACEMENT DIAGRAM.[7]

; | sound
U“SOUNS# l product
‘ P-A+Blog R
P=KilogR
1 10 100

Extrusion ratio, R
FIG.2.3 PROBABLE REAL PRESSURE/log
EXTRUSION RATIO RELATION FOR
POWDER BILLET EXTRUSION.L[16 ]

31



32

billet

|
|
’ w
i 3
Quasi static . 2
Zone C
é 1
Dead metal— ! 4
zone 7 0 |
L
a—1|d- 5
D-a-d hodograph

FI1G.2.4 UPPER BOUND SOLUTION FOR PLAIN-
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FIG.2.5 COMPARISON OF EXPERIMENTAL AND
THEORETICAL RESULTS.[36] (1=Minimized;
2 =Experimental; 3 =0bserved physical
field; 4 =Minimised axisymmetry)



-

CHAPTER - TII

FORMULATION OF THE PROBLEM

3.1 INTRODUCTION

A critical analysis of the literature reveals thaf
there have been mainly two approaches to understand the
process of extrusion of aluminium powder through square edge
dies :

i) The experimental approach involving (a) en exami-
nation of the effect of extrusion parameters on
the extrusion pressure end quality of the product,
znd (b) the microstructural changes during the
process.

ii) Anslytical spproach based on upper bound solution
to predict the extrusion pressure assuming thet
intensive shear zones are formed in the billet
being extruded.

It has been further suggested thet redundant work is

an important parameter for achieving coherency. In order

to maximise redundant work square edge dies with high redﬁc;
tion ratios (R> 10:1) were mainly emPloyed for powdér extru-—
sion due to existence of massive shear zones. It was argued
that coherent mass can not be obtained at low reduction
ratios (R<10:1) due to the formetion of shorter massive
shear zones (and hence lesser redundant work) which is
insufficient to yield coherent extruded product. On the
basis of this reassoning the possibility of employing wedge
shaped dies for powder extrusion was not favoured. However,

it is felt that role of homogeneous work of deformation with
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regard to ¢oherency of the product should be properly examined,

Effect of temperatﬁfe on thé coherency of tﬁe~pro&uct
has not been considered so fer. However, it ﬁas enticipated
thet this, being an importént paremeter in controlling densi-
ficetion, would defihitely influence coherency. It is also
expected thet structural changes before and after the extru~
sion of aluminium powder by way of metallographic examinstion
would provide concise informetion on the mechenism of densi-
fication/bonding between the individusl particles and their

subsequent deformation - an area which is still unexplained.

1

It is, therefore, proposed to investigéte the problen
from both the angles i.e. experimental as well as analytical
aPprosch, using square and wedge sheped dieg for various
reduction ratios (low, less than 10:1, and high reduction |
ratio) and at different temperatures, 300 %o 500°¢. Analytical
approach uéing finite element method with veloeity pressure

formulastion has been adopted.

3.2  BEXPERIMENTAL APPROACH
| In view of the above it was approached to investigate
the following :

i) BExtrusion through square dies at low (R £10:1)
and high reduction ratios (R >10:1) in the
tenperature range from 300 to SOOOC.

ii) Extrusion through wedge shaped dies with semicone
angle of 450 at low and high reduetion ratios
(R=1,6:1.to 80:1) in the same temperature range
as in case of square die,
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iii) The effect of extrusion temperature and reduction
ratios on coherency of the product.

iv) To establish a relstion between extrusion pressure
end extrusion parameters (reduction ratio and
temperature).

v) - To critically analyse the role of redundant work,
work for homogeneous deformation snd frictional
effect in the extrusion process.

vi) To investigete density chenges of the mass being
extruded.

vii) To compare the quality of the extruded product
in square dies and wedge shaped dies by way of
tensile properties measurements =nd detailed
macroscopic examination of the cross-sections
end the surface, '

viii) To investigete in detail the microstructural
changes that occur in the billet and its
subsequent emergence as an extruded product.

3.3 ANALYTICAL APPROACH

Metal forming problems have been snslysed using
slip line epproach and subsequently upper bound technique.
Both these techniques involved some inherent assumptions as
jndicated in section 2,10« Finite element method was then
wsed for these non-Newtonian flow problems and various
approaches viz. elasto-plastic analysis, penalty function
approech, stream line approach and velocity pressure formula-
tion have been used for cest billet. The velocity pressure
formulation was employed by Jain [50] to analyse number of
problems in static zd quasi-static situstions involving free

surface problems with large surface deformations and with
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changing contact boundaries. This formulation is 2lso0 capable

of considering strein hardening and friction effects.

In the present investigation it is proposed to analyse
the problem of extrusion of aluminium powder by using velocity

pressure formulation which gives us :

i) TFlow of metal in the form of velocity vectors
at different sections of the billet and die.

ii) The veriation of pressure inside the billet.

iii) The effective streain rate can be directly
-obtained inside the billet.

‘It is also proposed to establish a correlation

between the experimentsl and analytical studies.

3.4 VBEIOCITY-PRESSURE FORMULLTION

L1lthough the details of the formulation are now well
established bﬁt for the“;éke of completenessrthese are briéf—
ly reproduced in the following section indicating the modifi-
cation incorporated for the present investigation wherever

necessary.

5.4.1 Finite Element Method (FEM)

FEM is a technique in which a continuum with in-
finite degree of freedom is eapproximated by =n assenblege
of sub-regions (elements), each of which hes a simple
geometry (triangle, rectengle, prism etc.). The number
of unknowns are finite and each element interconnects with
its neighbours through the elcment nodes which usually (but

not always) lie on the element boundaries. Thus, any
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continuum must first be divided into finite number of
elements. |
Briefly, the snalysis of a continuum by finite ele-

ment method hes three basic steps :

i) Idealization, in which the continuum is divided
into sn assemblege of discrete elements.

ii) Bvalustion of element cheracteristics such as
stiffness, stress, mess matrices ete.

iii) Assembly and solution of the simultaneous
equations, calculation of stresses etec.
Idealizeation is not usuelly =2 difficult problem.
However, the most importent step is the determinstion of
element cheracteristics., Most of the literature on the finite
eiement deals with this aspect. Attempt is always made to
produce an element ﬁhich is well behaved, converges faster

and whose properties can be generafed cheaply.

The third stcp, nemely the assembly and solution of
equations is more or less standardized for linear problems.
For non-~linear problems the solution usually proceeds itera-
tively. The complete details of this method ere available
elsevhere [51,52].

3.4.2 XNon-Newtonian Fluids

All those fluids for which the flow curve (shesr
stress t© Vs shesr strain Y) is not lincar through the origin
at a given tempercture and pressure are ssid to be non-
Newtonien i.e. those which have the variable viscosity. The

behaviour of time-independent Binghem fluids (Fig. 3.1) can
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be represented by,

= oYR | ) .
T =y +p Y (3.1)

where the values of Ty and p and n are as shown in Fig. 3.1

for different types of time-independent non-Newtonian fluids.
The zpparent viscosity can be expressed as :
T
y - YY)
—_—t vo L

|J, = 00(302)

Y
It will be shown later that the behaviour of plastic/visco-

plastic fluids can be represented in a similar manner =s that

of Bingham fluids.

3.4,3 Plastic/Viscoplastic Flow

Because of the great gfowthvof interest over the past
few years in metel forming énd particularly extrusion, éttempts
have been made by various researchers [42-50] to set up =a
theoreticsl frame work within which a rational appreciation
of the various features of the process could be given. vSince
a ﬁatbematical model can never reproduce the physical process
which takes place, it is necessary %o make various idealiza-
tiong to bring it into the frame work of mathematicel snalysis.
Clearly, these different analysis can give very good first
approximation to the loads iequired to perform operations
and provide indication of the manner in wvhich the matgrial

deforms.

For mechanical forming processes like extrusion,
identation, forming, rolling, etc. the following sssumptions

are usually made :
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ii)

iii)

iv)

39.

The elastic strains are negligible when compared
to large rate-dependent plastic strains; thus,
the concept of rigid plastic beheaviour is well
applicable here i.e. the materiesl doés not defornm
$ill the yield stress is reached; but as soon as
yield strcss is reached, the material flows like
a fluid.

Materiel is incompressible (no volumetric chenges
occur). "' This assumption holds good for squere
shaped dies when the material attains nearly |
lOOfgdensity of the theoretical wvalue before the
extrusion starts. In case of wedge shaped dies

a proper sccount of compressibility/compaction
has been taken. The details are availesble in
Chapter 5.3."!

The flow is highly viscous and can be treated as
quasi-static.

For such creeping flows, convective terms in
Navier-Stokes equations lose significence. On
the other hand, friction and strain-~herdening
play an important part in such plastic flow
problenis.

It has been c¢steblished that starting from the

general form of viscoplastic model, and using some yield
criterion (usually Von-Mises), viscosity can be shown to

be dependent upon strain retes and the yield properties for
a plastic/viscoplastic materisl, snd such dependence resemb-
les that of the Binghom type non—Newtoﬁian fluids. Thus,
the metal-forming problems (rigid plestic materinls) cen be

treated 2s non-Newtonion fluid flow csses.
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Z.4.4 Viscous Incompressible Flow Formulation
Using Virtunl Work Principle

3.4.4.1 Virtual York Principle

The virtual work principle is simply an nlternative
statement of the equilibrium conditions. It states," In a
system for which internal forces (stresses) and externsal
applied forces are in equilibrium, the application of any
(virtual) system of displacement and corresponding internal
strains compatible with it, results in‘equality of external

and internal work'.

In the case of fluids, this is algo applicable if
we replace displacements by velocities and strains by strain
rates, znd the equilibrium of a2 specified mass by an arbi«

trary surface can be considered at an instant of time.

Thus, we can write :

et can- [su' zan-foug"tar =0 ..(3.3)
g A "

where 6u and 6é are virtual velocity and strain rates chenges
for any flow domain S in which tractions £ are specified
on boundary |t and where 8u is zero on boundary fu where

velocities are given.

3.4.4.2 Discretizetion with Velocity and Pressure Fields

Describing the velocity and pressure fields by

trial functions as
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mw U u 1
= A . = N.
u I\l 8‘1 2 a
=5 q? WP = P gP (3.4)
2 =7 l_i ,i &N < e -

in which ﬂu and ﬂp are appropriste shape functions, defined
element by element. It will be observed from the nature of
integrals involved thet we require ¢ continuity for the
velocity field, but discontinuous function can be used to

describe the pressure field.

For axisymmetric case as in the present study the

velocities and pressure have the trial shape functions as :

(wvzkl u u

u= ¢ 2> =12 .(3.5)
17 |

p = §° g*

For cases of slow steady state viscous flow using
the above shape functions and virtual work principle Equation

(3.3), we get 2 simple set of equations which can be written

8s |
( B g ] 2" | [ F“

. ! } v 4 = 0 +(3.6)
F ol (e L

Kg”’—.@:o oo(3o7)
where X is the stiffness matrizx.

The matrix K is dependent on the stress level, or

alternatively on the level of strain rates. Thus,

k=%X(g)=E(&)=E(a) .+(3.8)

e

)
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The variables essocisted with Kth node are :
[ X
Va
aKz <VE ) 00(309)
X
P

-

Using a cylindrical coordinate system (Fig. 3.2) in case of
leminar flow the components of submatrix oy 1is explicitly

given by :

dA .e(3.10)

where

5
i

u A7
oNy  oNy ]

azz‘*["ér ‘9z _}

3 j¥
83 = I\Ij 9z
o o]
% = p’-baz * dr
r u u U U u u
o N SN 2N NZ ON o) ’
ar = W 2 5 - A + ..___i_....L. + .—.l._:l.'. . _.]:\Ll
5 .~ or or Pl oz EY) l
u u
a, = NP ?[M\Ti + Ni J
6 3 Lor r
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Y
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3.4.5 Plastic/Viscoplestic Flow as Non-Newtonian Flow

If elastic deformation is negligible, a very general
desciiption of behaviour of most of the materisls_cen be given
in termg of viscoplasticity.A particular form of this can be
written following Perzyne [53] who defines the strain rate

Eiy 85 ¢
aQ

egy = ¥ < @(F));rg;i-j-' | ..(3.11)

vhere F = F ( cij , T, Eij.) is the description of yield

surface and Q = Q ( o,

157 T, €55 ) is the definition of a

plastic potential.

Here, < ¢(F)> =0 if F<O
and <9(F)> = 9(F) if F>0 | ..(3.12)

( T = extrusion temperature, ¢ = a suiteble functional form)

The most common description of viscoplastic flow
of metals (and any other materials) follows the assumption
that both the yield and plastic potential surfaces are iden-
tical, and that these depend only on the second stress
invariant, i.e. ¢

F=Q=Y3 VJZ -7 ..(3.13)

where

o

Jp =% 555 845

Y =unisxizl yield stress.
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In general, Y itself is dependent on the temperature,
T, and the accumulated effective strain; €. The strain rate

second invariant is defined as :

22 . . ‘
€ = 2 Ela Si;} . 00(3014)

From Equation (3.13), the Equetion (3.11) of general flow

can be written as :

. . V’j
= Y - — ..(3.
€53 < o( V3 \(J2 Y)> 7, sij (3.15)

Clezrly the strain rates are such that

éij=o
i.e. the material flowswithout the volume change, and in the
equivalent elagstic model it has to0 assume incompressible
behaviour. In such an equivaient model, one can compsre the

Bquation (3.15) to an elsstic shear deformation given by

oL
,Eij,“'Zp sij ee(3.16)
in vhich p is shear modulus. Indeed, the shear modulus and
viscosity play en identical pert in viscous and elastic

behaviour. Thus, viscosity is identified by :

YY3
5 = <o (V3V7,-Y)> .+(3.17)

and this is a function of the stress level.

An equivalent equetion in terms of the strain rate,

from Equations (3.13) and (3.16), can be written as :

2 e, =

2 =2
j.j ij V5 € | 00(3018)

Jo = 2p
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Here, from expression (3.17) and (3.18) one gets

E=YY3< o (V3 pElay )> ..(3.19)

from which p can be found for any strain rate function.

For an exponential type law Equation (3.15) takes

» -— fJ 2 - ! V- S . & LR - 2

ond p can be evaluated explicitly from Equation (3.19) as :

o= — ..(3.21)
V3 € |
Equations (3.20) and (3.21) are of great generality.
Ideally plastic material with a fixed yield point, is simply

obteined by teking Y = o vhich gives

- .
= e ’ P 3022
po= 75 ] | ( )

The form of Equation (3.21) is identical to Equation (3.2)

for non-Newtonian fluids. It is, thus, clearly observed that
the plastic/viscoplastic flow is =z special cazse of non-
Newtonian fluid (Bingham fluid) and, by using Equation (3.22),

rigid plastic matérial can be analysed as non-Newtonian fluid.

3.4.6 Some Importent Aspects of Metal Forming Process

%3.4.6,1 Frictional Effect

If the boundary of the container is rough and fric-

tion is present, the extrusion pressure increases with the
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length of the section between the ram and die. For this
reason the solutions are 1es§ general than those for the
frictionless case.l The effects of boundary friction were
introduced by inserting a narrow lgyer of elements between
'the boundary of the container wall and the die with billet,
and assigning different values to the friction coefficient.
The éffect’of friction was considered by varying the yield
properties of boundary layer elements, depending upon the
mean pressure existing in those elements. The pressure
dependence of yield strength presents a useful device for -

dealing with friction conditions. The relation

y .
k=— =ac0 | (3.23)
m LN -
V3
o« = friction coefficient
0, = pressure or first stress invariant

gives a good approximation to purely frictional behaviour.

3.4.6.2 Strain Hardening Effect

The true charaéteristics of most materials show
considerable strain hardening, and the assumption of ideal
plasticity may not be correct for such materials. 1In a
transient situation, it is not difficult to include such
strain hardening in the calculations. As at such stage of |
the deformetion the strain rates8 are known,the total strain,
and in particular the total (scaler) effective second sfrain
invarient, can be evaluated, and the yield strength can then

appropriately be updated,
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3.4.6.3 Singularity Effects

When dealing with rough boundaries and also at the
exit from the die, exact boundary conditions can only be |
effectively dealt with by making the mesh singular at these
points. These have been studied with respect to axisymme-

tric problems of square and wedge shaped dies.

3.4.6.4 Sequence of Operation

We start from a prescribed initial value of viscosity
in the first iteration snd solve for Newtonian velocities,
using Bquation (3.6) knowing the velqcities, the strain rates
( éij ), end hence the effective strain rate [ £ =l2-éij éij ]
can be obtained. ‘Then using Equation (3.212, a new value
of viscosity is obtained which modifies the [K] matrix
accordingLy,

Iteration of the type :

n+l -1 :
{ &7 }=-[E" 17 {F} .. (3.24)
are then performed to get the results of desired accuracy.

The effect of convective terms (if needed) can also be includ-

ed simultaneously in these subsequent iterations.

3.4.6.5 Convergence Criterion.

In the iterative procedure, it is necessary to

ensure that the desired accuracy has becen obtained, and then
the iterations can be terminated. Since we are mainly

interested in velocities, the following criterion was set:
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Unew - Uold'< some absolute value
where U oy 18 the current velocity and

U g i the velocity obtained in previous
iteration.

’The absolute value is ordinarily set as 1 percent of
average axial velocityﬂin the domain. Usually 6 to 8

iterations were sufficient to get this accuracy.
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CHAPTZER -1IV

EXPERIMENTAL _PROCEDURE

4.1 INTRODUCTION

, In this chapter. experlmental procedure for hot
extrusion®' of aluminium powder has been described. Experi~‘
ments on cylindrical powder compacts were conducted to
establish a yield criterion at high temperatures, Yield
stress of the billet being extruded was also determined |

at the extrusion temperatures.

4.2 ALUMINIUM POWDER AND ITS CHARACTERISTICS

4.2.1 Particle Size Distribution

Atomised alumlnlum powder, 99. 5% pure supplled by
M/s Metal Powder Company, Madurai, India, was used in the
present study. The particle size distribution determined

by sieve analysis is given in Table 4.1.

TABLE ~ 4.1

PARTICLE SIZE DISTRIBUTION OF POWDER

S.No. ©Size in Microns Weight
: # of powder
1 + 147 6.3
2 -t 74 1705
3 + 45 30.7
4 Vo= 45 45.5

7
TR [igRany a’!"ﬂz'!lﬂ?!ﬁ;! I%MEI

RODAK N



4.2.2 Particle Shape

Shape of the powder particles was eiaminéd by
Stereo Microscope end Scenning Blectron Microscope. It

- was observed that aluminium powder was of flake type.

4.2.,3 Apparent Density and Flow Rate

Apparent density and flow rate of the powder were
determined according to ASTM standard Nos.B4l17-64 and

Flow rate of the powder was very poor and no flow
date could be recorded by Hall Flowmeter. The apparent

density of the powder was found to be 1 gm/c.c.

4.2.4 Chemical Analysis

-~ The chemical anslysis of the powder was carried out
to determinc the insolubles. It was found to have 0.32%

insolubles.

4.3 EXPERIMENTATL SET-UP

. In the present investigetion direct extrusion

process has been employed. The experimental set-up con-

sists of extrusion assembly as shown in Fiz. 4.1.

i

1

4.3.1 Extrusion hsgembly

It consists of two parts (i) the prefarm container
end (ii) extrusion die. Both the parts were fabricated

I n A
from hot die stecl heving the chemical compogition 5% Cr,
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0.35%C , 1.0% V and 195%'Mo. It was hardened and tempered
to hardncss, Re-55. The internal surface finish of the |
- preform container, die surface and ram was of the order
of one micron. Toolings werec manﬁfactured as per our

drawing ( Migs. 4.2(a),(b) and (c) ) by B.H.E.L., Hardwar.

4.%5.2 Powdér Preform Preparation

Cold preform of aluminium powder, &i@s prepared
by compacting aluminium powder in a eylindrical die of
27 mm diameter to 85% theorétical density. The height
of the compact varied from 40 to 50 mm. The single action
hyerulic-press, 20T capacity was employed. The die was

lubricated by zine stearate. Powder was dry compacted.

4.4 EXTRUSION .

Colloidal graphite powder solution in acetone was
applied.aé lubricant to the wall of the container apd die
surface before it was heated to the extrusion temperature.

Two thermocouples were used.

The fhermocouple toﬁching the outer surface of
the die wasvoonnected to temperatﬁré controller and the
other thermocouple was introduced inside the éontainer,

- When thé extrusion temperature reached,the-temperature
indicated by the first thermocouple wes set on the
controller and then powder preform and thQ ram was intro-
duced. Sufficiont time was allowed before starting the

extrusion to ensure that the powder preform attained ‘the
. A\
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extrusion temperature. The extrusion was carried out
mainly at three different temperatures nsmely, 300, 400
and 50000. Squere edge dieé heving low reduction ratios,
1.3:1, 1.6:1, 2.,1:1, 2.6:1, 3.2:1 and high reduction
ratios, 10:1, 20:1, 30:1, 40:1 and 80:1 were employed.
Wedge shaped dies with 45° semicone angle having low:
reduction ratios, l.6:1, 2.0:1, 3.5:1, 7:1 and high re-
duction ratios, 12:1, 30:1, 45:1 and 80:1 were used.
BExtrusion tests were cafried out on 20 and 40 tons Uni~
versal Testing Machine at a ram speed 1 mm/sec  and the
‘loed rem displacement diagrems were recorded on a strip

chart recorder.

4.5 DETERMINATION OF YIELD CRITERION

The density of the extruded product and the billet
being extruded was not found to be 100% of theoretical
value et low reduction ratios (R<10:1) both in square
and wedge dies. Hence, a yield criterion for porous
compacts was'establishﬁxo take into account the variation

in density at different temperatures.

Cold compacted cylindrical elumiﬁium powder preforns,
having 85% of the theoretical density and H/D <1 werc
compressed at different temperatures viz. 300, 400, 450 and
500°C. The technique of incrementel straining was used.
Loading and unloading thc preform during compression test
was gradually performed. For heating the gpecimen upto

required temperaturc, thc specimen was kept in 2 cylindrical

-
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furnace of 100 mm diameter and 125 mm height. A thermo-
couple was inserted inside the furnace to control the
temperature. The specimen temperature was measured by
another thermocouple. Graphite powder (~300 mesh) was
used as a lubricant at the interfaces and it waes smeared
after each increment of strain. This provided minimum
and uniform interfoce frictional condition and tarreling
was negligible leading to axisymmetric deformetion. After
each known incrementsl loading the specimen was cooled

in air to room temperature, the ﬁeight and diameter were
mcasured at different places to get everage of these.
These data were used to calculate the density; transverse
stroin, axial strain and axial stress for all the values

of incrementsl strains.

4.6 DETERMINATION OF YIELD STRESS OF BILLET
BEING EXTRUDED

In order to decterminc the yield stress of the billet
being extruded the cxtrusion tests at all reduction ratios
(through squere die) were stopped at maximum load and the
tensile specimens were prepared from longitudinal direction
of the unextruded billet and the yield stress of these
samples were determined at the same temperaturc st which
they Weré extruded. The test was carricd out at a strain
rate of 1.6 mm/min using 2 motorised Monsanto Tensometer;
Type 'W'. A high temperaturc furnacc was fabricated using

o band heater of 2000 watts, 15 cm long aﬁd 5 cm diameter.



55

A copper tube of 2 mm internal diameter was brazed on

the outer surface of mild gteel furnace shell to cool the
outer surface. The tensile specimen was positioned in

the middle of the furnace and two thermocouples touching
shoulders of the tensile specimen were used to ensure

that the sample remained at uniform temperature. The
tensile tests were carried.out and load - éxtension curves
were recorded on strip chart recorder. The 0.2% proof |
stress/yicld stress determined from the load-extension |
curves arc given in Table 4.2. for different reduetion
ratios in the case of squarc dies. These values were

also used for wedge shaped dics. They were used for anaé
lytical study to calculate the prcssure and effective
strain rote. Teable 4.2 shows that the yield stress value
increasecd with incrcase of reduction ratio. However,
tensile specimen could not be preparcd from the billet

' being extruded at 300°C due to brittleness.

4,7 DENSITY MEASUREMENTS

The density measurements [56] as per IS: 4841-1968
of the extruded product and the unextruded billet under

steady state condition were carriecd out.

4.7.1 Test Procedurec

The density of the extruded product;and the product
being extruded were measured by Archimedes. principle. To

measure the weight of the specimen, stanton electronic
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gsemimicro balance having sénstivity of 1 x 107 gm was
used. Poréus,specimens were dipped in paraffin wax to
prevent the wéter from entering the pores. Before wéighing
the speqimen the excess paraffin wax was removed from the
outer surface of the specinmen.
TABLE = 4.2
~ YIELD STRESS OF BILLET BEING EXTRU@ED
FOR SQUARE EDGE DIES

S.No. Reduction 0.,2% Proof é;;ess (N/mm? )
Ratio 500°¢ -400°¢
1. 1.3:1 25.0 36,0
2. 1.6:1 25.3 | 36.3
3, 2.1:1 | 26.0 36.8
4. 2.6:1 26.7 3744
5, 3,2:1 2.5 38.0
6. 10:1 | 28.5 42.2
7. - 20:1 312 46,3
8. 30:1 32.4 50.6
9. 4031 33,7 . 52.8

10. .~ 80:1 36.0 5T7.0

4.8 MEASUREMENWT OF TENSILE PROPERTIES

Tensile tests on the product extruded through
square dies for reduction ratios, 1.3:1 to 10:1 and wedge

dies for 1.,6:1 to 32:1,at temperatures 300' to 500°C, were

L
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carried out 2t room temperature. The tests were performed
on motorised Monsanto Tensometer, Type 'W' at a strain rate

of 1.6 mm/min.

4.9 METALLOGRAPHIC STUDIES

The longitudinal and transverse section of the
extruded products were electropolished and etched using
'Elypovist' Electropolisher. The electrolyte used was a
mixture of nitric acid (65 %) 300 ml and methyl alcohol
700 ml. The polishing time varied from 25 to 40 sec and
the voltage across the electrodes was maintained at 24 volts.
Whereas the etching time varied from 3 to 5 sec and the
voltage across the electrodes was maintained at 12 volts.

The microstructure of polished and etched specimens were
examined by Metavert Incident Light Microscope, Model

No. 2GA.

Macrostructural studies were also carried out to

identify the dead metal zone boundary snd extrusion defects:

The Scanning Electron Microscope (SEM) studies of
the fractured surface of the tensile specimen tested at
room temperature were also carried out for reduction ratios,

1,3%:1, 3.2:1 and 10:1 at 500°C in cese of square dies.
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CHAOAPTER -V

LNALYTICAL WORK

5.1 INTRODUCTION

In this chapter computer programming using velocity .
pressure formulation (u/p), parameteric study and modifica-
tion in analytical formulation are descriéed. The results of
this study have been used to analyse the actual extrusion

problem in subsequent chapters.

5.2 COMPUTER PROGR/AM

The velocity pressure (u/p) formulation has been useé

by which the pressures as well as velocities can be obtained.
Using this formulation a computer program has been developed
for axisymmetric case to solve the two dimensional steady state
viscous incompressible and compressible flow problems (plastic/
viscoplastic flow problems as non-Newtonian fluids) using
Navier-Stokes equations [57] @s the basic equations.The program
has been executed on a DEC 2050 system. The compressibility
effect has been considered by taking into account the density
of the billet being extruded and thé extruded product by
modifying the yield criterion as discussed in section 534.
The computer program incorporated 8 noded isoparametric p%raQ
bolic element with three degrees of freedom (u,v,p) at corner
nodes and two degrees of freedom (u,v) at middle nodes as
shown in Fig. 5.1

It uses an unsymmetric frontal equation solver [58]

using the Gaussian elimination method; The basic variables
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used are the velocities and pressure while temperature effect
was considered by taking the value of yield stress of the
billet being extruded at the extrusion temperature. Parabolic
shape function is used for the velocity field and linear
shape function for the pressure. This has been reported [57]
to give better results. 3 x 3 Gauss-Legendre suadrature rule
is used for integration.

The boundary conditions are in the form of free
tractions or velocities or both and the iterations are done
for the variable viscogsity. The effects of boundary friction
were introduced by inserting a narrow layer of elements near
the die surface (for square and wedge dies) and by assigning
the different values to the friction coefficient.

The velocities (u,v) and pressure at each node and‘ 
effective strain rate at all the nine Gauss points are cal-
culated as shown in block diagrams, Fig.5.2, with friction
coefficient 0.05 for low reduétioh ra‘bicv)v (R<10:1) and 0.10
for high reduction ratios (R>10:1) in both the cases (for
square and wedge shaped dies). Velocities, pressures and'effec;
tive strain rotes were also calculeted without friction (a=0)
for square dies at low reduction ratios. It seems that the
effect of friction is more in case of low reduction ratios
(R <10:1) than high reduction ratios(R>10:1) for square dies.
Hence, for analytical study, a =0 was used for low reduction
ratios(1.3:1t0o 3.2:1). The actual value of friction coeffici-~
ent would depend upon the lubricant used. The total pressure
at the ram boundary was summed up and was considered as the
analyticel extrusion pressure. The effect of friction co-

9
efficient on extrusion pressure per unit yield stress was
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studied for square dies at low and high reduction ratios.

5.3 PLRALMETRIC STUDIES

The following parameters have been studied in order
to improve the accuracy of the results :

i) Effect of configurestion adopted for extrusion
ii) Effect of different shapes of element
iii) Effect of iteration

iv) Effect of mesh size

v) Frictional effect. -

5.3.1 Configuration Adopted for Exitrusion

To zscertain the static stage of extrusion two
analyses were made assuming frictionless conditions. First,
a stage of extrusion when the billet just starts extruding
(Fig. 5.3) and =nother stage of extrusion when some length
of billet had extruded (20 elements mesh as shown in Fig.5.4)
were considered for reduction ratio, 3.2:1. In the first
case,the velocities at the outlet nodes are not constant as
shown in Fig. 5.3(b),while in the other case the velocities
at the outlet nodes are constant as shown in Fig. 5.4(b), The
latter represents the steady state of extrusion and also
satisfies the condition of continuity. In both the cases
the extrusion pressure per unit yield stress (p/Y) was
obtained and is given in Table 5.1.This shows that as the

billet length decreases p/y value is slmost same in case

of frictionless condition. Therefore, this configuration

has been used for further analysis.
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TABLE = 5.1

EFFECT OF BILLET CONFIGURATION

S1. Billet length p/Y
No. ‘

1. 25 mm 4.055
2. 12 mm 4.056

5.3.2 Effect of Different Sheopes of Element

A 24 element problem has been analysed by taking the

elements in the direction of metal flow for reduction ratio,
3.2:1 assuming frictionless condition and a stage of steady
state. The ghape of the elements snd the boundary conditions
are shown in Fig.5.5(a). The pressure and velocities at all
nodes were obteined after convergence. These velocities are
shown in Fig. 5.5(b). The p/Y value is compared with the

p/Y value obtained for 20 rectangular elements mesh and is
given in Table 5.2. Results reveal that there is not
-uch difference in the p/Y velues.

TABLE - 5.2

EFFECT OF DIFFERENT SHAPES OF ELEMENT

S1. p/Y value of rectangular p,Y value for
No. element mesh modified element
mesh

1. 4.05 3.90
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Therefore, either of these can be used. Hence, for
simplicity rectangular eiement has been used for square dies

and modified mesh has been used for wedge dies.

5.3.3 Effect of Iteration

For the problem as shown in Fig. 5.3(a) the p/Y values

were obtained upto 15th iteration and results are given in

Table 5.3.
| TABLE = 5.3
EFFECT OF ITERATIONS ON p/Y VALUB
No. of Iteration p/Y value
1 2.080
2 4.220
3 4.150
4 4.100
5 4.080
6 4:070
7  4.060
8 4,055
9 4,052
10 4.045
11 4.045
12 4.042
13 4.040
14 4.040
15 4.040
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It is evident that the difference in p/Y valueg after
8th iteration is very small i.e. negligible. Hence, in
further analyses for other prbblems the velocity, pressure

and effective strain rate were obteined in 8th iteration.

5.3.4 Effect of Mesh Size

The result of 20 elements mesh problem for &, 3.2:1

(Fig. 5.4) is compared with 44 elements configuration as shown
in Fig. 5.6, the boundary conditions remaining the same. The
p/Y value for 8, 20 and 44 elements mesh problems are shown

in Fig. 5.7. The result shows that by increasing the number

of elements from 20 to 44 the p/Y value changes by 7.4 % .

Therefore, for further work finer mesh has been used.

5.3.5 Frictional Behaviour

For a given configuration, the effect of bounddny
friction was introduced by inserting a narrow lagyer of
elements between the boundary and the billet and assigning

different values to the friction coefficient.

When dealing with rough bounderies and also at the
exit from the die (point & and B respectively in Fig. 5.8),
exact boundary conditions (by retaining only one node at
these points) cen only be effectively dealt with, by making
the mesh singular aﬁ these points. It was noticed that
singularity at the exit tip improves the general behaviour
and 2 better presentation of flow pattern.was achieved.
Therefore, for further anelyses singularity effect was

considered.
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The convergence study was also conducted by incorporat-
ing friction elements near the die surface. The 27 rectan-
gular element and 48 rectangular element problems with
friction coefficient, 0.05, were analysed for R, 3.2:1,
and a stage of steady state, as shown in Figs. 5.9 and 5.10
respectively. The extrusion préssure per unit yield stress
was obtained in 8th iteration. The p/Y value of these mesh
solutions are shown in Fig. 5.11 indicating thet as the
number of element increases the p/Y value decreases end
compared well with experimental values discussed in Chapter

VI.

On the basis of these parametric studies the other
problems of different reduction ratios were snalysed by
taking rectangular elements (for square die), finer mesh and
o stage of steady state extrusion. In case of rough bound-
aries singularity effect was éonsidered. Results were

obteined =fter 8 iterastions.

5.3.6 Effect of Friction for Varioug Reduction Ratios

The effect of different values of friction coefficient
on p/Y values were determined and shown in Fig. 5.12 for
squere diesg at different reduction ratios, Results sﬁow that
the value of p/Y increases sherply upto the friction coeffi-
cient value of 0.10 and then increases slowly upto the value
of 0.2 and then becomes almost constant upto the velue of
0.5. It may be noted that the effect of friction coefficient

on low reduction ratios is higher than that on high reduction

ratios.
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5.4 COMPARISON OF grmany STATE EXPERIMENTAL
EXTRUSION PRESSURE WITH ANALYTICAL VLLUES
(BY UPPER BOUND TECHNIQUE AND FEM)

The analytical extrusion pressure was calculated by
upper bound technique as determined by Sheppard et al,[36]

using a modified Equation (2.4) for axisymmetric condition.

Figure 5.13 shows = éimple deformation field ond
hodograph (velocity field) for reduction ratio, 3.2:1. From
this Fig. analytical extrusion pressures, calculsted at
400 and 50000 using yield stress value at the same tempera-
tures and those by TFEM, were compared with the experimental
values. The results are given in Table 5.4.

TLBLE -~ 5.4

COMPARISON BETWEEN EXPERIMENTAL AND ANALYTICAL VALUES

LS atpbn

R Temperature Extrusion Pressure(N/mg?)
O Bxperimental By v
L Value Upper - FEM
- Bound ¢ = 0.05
Solution :
3.2:1 500 110 92.7 108.9

3.2:1 400 152.8  128.1 150.5

Results show that the experimental values are very
close to analytical valucs determined by FEM as the difference
is only about 1% while the difference is about 16 % in the
case of upper bound analysis. Thus, FEM is more precise for
such metal forming problems than upper boupd enalysis. Hence,
in further study for other reduction ratios extrusion pre-

ssures were determined only by FEM.
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5.5 YIELD CRITERION

It is reported for aluminium‘povdor cxtrusion [1]
that in square dies with high reduction ratios (R> 10:1),
densification was very nearly complete before extrﬁsion
started. However, experimentsl observationg,described in the
latter chapters, revealed thaf in wedge shaped dies for o1l
reduction ratios and sQuare dies at low reduction ratios
(Ei<10:1) the situation was different,as the extrusion start-
ed before full densification was achieved. 1In steady state
extrusion the density of the product and the billet being
extruded was not found to be 100% of theoretical density.
A variation in density was found meinly at low reduction
ratios (R <10:1) in both square and wedge shaped dieg. A
change in analytical approach was, therefore, necessary and
modificationé~made'in enalytical formulation by using yield

criterion for porous compacts, have been discugsgead.

5.5.1 Yield Criterion for Porous Compacts

As density of the extruded vroduct snd billet being

extruded was observed to be less than theoretical value,
therefore a yield criterion for porous compact has been

evolved at high temperatures.

In a fully dense material, yielding is a function

1
only of the second invariant of the stress deviator, J,

£ =(33,) L.(5.1)

In porous powder preform, a hydrostatic stress does

cause yielding. Therefore, the yield criterion for these
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materials must be o function of hydrostetic stress as well

as the deviatoric stress.

£=1(Jy,d,) «.(5.2)

where .
J1 = °i + 02 + q3

represents the hydrostatic stress and is the first invariant

t
of stress tensor. J, can be related %o J, and J, , the

gsecond invariant of.stress. Hence, we can write :
v 1/2
Jl = [ 3(J2 - J2) } "(5‘3)

Therefore, yield function will be

f=2(J,,73,) . (5.4)

It was proposed by Khun [59] that yielding for sintered

porous iron powder preforms may be expressed as :

1 1/2
y=[33,-(1=2¥)7,] +(5.5)
where
Yy = Poisson's ratio
Jé = Qecond invariant of stress deviator,
- - 2 - 5. )2, 2
= 2 [(cl 02) +(c2 03) +(63 - Gl)]
vhere Gl, GZP and 03 are principsal stresses
32 = Second invarisnt of stress tensor

= --(crl 0, + 0, Oz + Og dl).
The density and the ¥ after each incremental load were
calculsted from the dimensional changes of the test samples.
Figure 5.14 shovs the variation of Y with density and the

relationship is linear. It moy be noted that the Vis a
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function of density of the material only, and not the tempera-
ture. In other words the ) is seme at a given density regard-
less of the test temperatures and can be determined using

Fig. 5.14. On extrapolsting the curve to 100% density the)
cdmes out to be 0.5, which thérefore, justities using the
yield criterion for porous compacts given by Equation (5.5),

in the present study.

5.5.2 Modification in Analytical Formulation

If elastic deformation is negligible, a very genersl
description of behaviour of most materials can be given in
terms of viscoplasticity. A particular form of this can be
written following Perzyna [53] who defines the strein rate,
Eij

» _ d ' |

Es5 = Y <o(®) > "“Q""a S | ..(5.6)
ij _

where F = F ( Oy 5 T, €,. ) is the description of a yield

surface and Q = Q(cij , T, Eij) ig the description of a

plastic potential.

0 if F< O

it

Here, < 9(F)>

o(F)> = ¢ (F) i P> 0 | .. (5.7)

i

(T = extrusion temperature, ¢ = a suitable functional form)

- Using Equation (5.5)

' 1/2
=Q=[3J2~(l—2V)J2] —y 00(508)
R L1 g2 2
T, =388, =3 (81 + 85, 55;) ..(5.9)
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o = =813 Spp + 8pp 835 + S35 514) -+(5.10)

2

¥y = uniaxial yield stress of fully dense material.

In general, y itself is dependent on extrusion temperature,
T, and the accumulated effective strain, €. The effective

strain rate second invarisnt is defined ag :

;2 l * [
The effective strain rate will be
*2_2 . :2 -2 142
e=3 [ &+ et 3 M2 | +(5.12)

for two dimensional axisymmetric flow.

From Equations(5.6) and (5.8) we get an equation of modified
viscosity as below proceeding similarly as explained in

section 3.4.5

5 1/2
_ [y +.(l -2Y) Iy ]

K «.(5.13)
V3 ¢

M
J2 in terms of strain rate can be written as :
T, o= (g Bop + &, Exnx + tzg £a0 - = Y2 )
2 11 22 22 33 33 "1l 4 ‘12
«o{(5.14)

By substituting the value of J, in Equation (5.13) we get

the finsl equation :

2 . . . . s ° l 2 1/2
(y -(1—2)))(811 822+€22€33+E33€ll- 2 712)]

1
b= V‘j 2
[ ' 00(5515)
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For the porous compact, the velue of poisson's ratio depend
upon the density of the porous compact. And for fully

dense material Y = 0.5 and this gives

y

- : | ..(5.16)
V3 €

p:

This is the same equation which we get for the fully dense
‘materisl.

This modified equation given by (5.15) has been used for
équare and wedge shaped dies for low reduction ratios

(R <lO:l)‘whe£e the complete densification wes not ebserved
before extrusion. The ) was determined for various densi-

ties observed in the experiment using Fig. 5.14.
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CHAPTER - VI

RESULTS AND DISCUSSION

s oo

6.1 INTRODUCTION

In the present chapter éxperimental and analytical
studies ,carried out by extruding the aluminium powder through
square and wedge shaped dies under axisymmetric condition
having reduction ratios, 1.3:1 to 80:1,are discussed. The
effect of extrusion parsmeters (reduction ratio and extrﬁ—
sion temperature) on the extrusion pressure'were investigated.
The load-ram displacement diagrams, density measurements and
tensile. properties of the extruded products were determined.
Analytical steady state extrusion pressure (using FEM) was
calculated by taking into account the friction for all
reduction ratios and under frictionless condition for low
reduction ratios only for square dies. The modified yield
criterion for porous material is incorporated in the analy;
tical approach to take into consideration the dehsity varia-~
tion in the billet being extruded. The analytical extrusion
pressures were compared with the experimental steady state
extrusion pressures. The analysis also provided the velocity.
vectors, average pressure contours and average effective
strain rate contours which are discussed with rcspect to
coherency/deformation of the cxtruded product and thc shape

of dead metal zonec (DMZ). On tho basis of anslytical
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extrusion pressure contour (EPC line*), a model has been

proposed for the coherency criteria of the products.

Microstructural studies have been carricd out in
detail during billets journcy from the container and dies
opening both through square and wedge shaped dies for various
reduction ratios in the temperature range 300 to SOOOC. These
microstructures also providb a good opportunity to link the
extrusion paramcters, analytical results and the final tensilc

propertics of the cxtruded product.

Macrostructural studics of the longitudinal soction
of billet being extruded werc carricd out both in squarec and.
.ﬁedge shaped dics to identify the extrusion defects, if any
and to propose the rossons for thesc dofects. Thesc studics
WOre also ﬁado for squarc dics to scc thc cffeet of reductioh

ratios on DMZ boundary.

6.2 EXTRUSION THROUGH CYLINDRICAL SQUARE EDGE DIES

6.2.1 Low Rcduction Ratios (R<10:1)

The cxperimental rcsults obtained from the extrusion
through squarc cdge dics with low rcduction ratios, 1.3:1,
1.6:1, 2.1:1, 2.6:1 and 3.2:1 at different tcmperaturcs,
- 300, 400 and 500°C arc discusscd with rcspeet to cohcrency
of the cxtrudced product with thc holp of cxtrusion paramctcrs

and analytical rcsults.

¥ EPC linc refers to thet contour in the billet being
cxtruded whosc valuc is cqual to the analytical cxtrusion
pressurc .
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6.2.1.1 Load-Ram Displacement Diagrams

A typical load-ram displacement diagrams at 500°¢
for different reduction ratios (1.3 to 3.2:1) are shown in
Fig. 6.1 which also includes diagram for cast billet for
comparison purpose. The éxtruéiOn pressure required to ex-
trudé the cast billet is more than that required for powder
compact, this confirms the earlier findings{l]. The curves
can be divided into two regions. The initial'portion of thé
curves corresponding to cast and powder billets exhibit
distinct differences. In the case of powder billet it corres-
ponds to the compaction zone because extrusion does not
start, although the ram displacement continues. Whereas, in
the case of cast billet this portion of the curve remains
very steép. It is, therefore, evident that cast villet does
not extrude till the required pressure is attained. In
order to ascertain densification of powder billet (R=3.2:1)
at the start of extrusion, %he extrusion pressure was
released “as soon as the maximum pressure reached. It was
observed that the matefial at this pressure has just started

extruding and the density of the billet approached the
theoretical value (99.98 %).

Load~ram displacement diagrams corresponding to

other extrusion temperatures, 300 and 400°C were similar.

6.2.1e2 Bxtrusion Pressure

Extrusion pressure(p) was plotted against logarithmic

of reduction ratio(R) as shown in Fig.6.2. The relationship
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between p and log R was found to be linear and can be

exprgssed as
P=A+3BlogR N/mm?

where A end B are constants whose velues were defermined from
Fig. 6.2 and are given in Table 6.1, These results do not

confirm the suggestion put forward by Dunkley end Causton[16]
and Sheppsrd[6] thet at low reduction retios the.curve should

pass through origin.

TABLE - 6.1

" VALUES OF CONSTANTS A AND B AT DIFFERENT
EXTRUSION TLMPERATURES

e

S.No. Tempereture Volue of Value of
O A B
1 300 - 34.0 405.3
2 400 26.2 256.9
3 450 24.9 209.2
4 500 . 13.3 - - -~ 193.6

When extrusion pressure (p) wos plotted against
logarithmic of cxztrusion tempersture (T) for different recduc- .
tion ratios (1.3:1 to 3.2:1) linesr behaviour »s shown in

Fig. 6.3 wag observed and.con be expressed as

P=a-5blog T N/mm2
Teble 6.2 gives the velucs of constant a end b at different

reduction ratios.
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TABL;_E - 6 [ 2

VALUES OF CONSTANTS =2 AND b AT DIFFERENT

Y 7 A g o ——

REDUGTION RATIOS

S.No. R a b
1 1.3:1 575.0 200.7
2 1.6:1 939.8 329.4
3 2,131 1248.4 436.0

4 2,621 1290.7 442.4
5 3,221 188l.3 664.3

A change in the slope of the curve wes bbserved at
40000 corresponding to reduction ratios 2.1:1, 2.6:1 and
3.2:1. To ascertsin the existence of this chenge in slope at
400°C more tepperatures; 350, 425, 475 and 530°C were investi-
gated for R, 3.2:1,28 shown in Fig. 6.3 and\the value of

constants a and b are given in Table 6.3.

IABLE ~ 6.3

VALUES OF CONSTANTS s AND b AT DIFFERENT
REDUCTION RATIOS LFTER SLOPE CHANGE

S.No. _ R a | b
1 2.1:1 1000.5 343.5
2 2.6:1 963.3 321.5

3 3.2:1 745.9 225.4
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It may be noted from Tebles 6.2 and 6.3 that 2% z hivher
eitrusion temperature namely above 40000,there is a2 lowering
of slope,suggesting a change in the fiow behaviour of the
material.

6.2.1.3 Density Measurements

3

The densities of the extruded product and'the unex-
truded billet in steady stote condition are given in Teble
6.4. TFor » given reduction ratio the density of the cxtrﬁded
product increasces with tcemperature. At the lowest reduction
rstio, 1.3:1 the density is 98.69 % at 300°C, yhich increased
to 98.82 % of theoretical dengity at SOOOC, vhere as a2t reduc-
tion ratio, 3.2:1, thec density of the oxtruded product veried
from 99.68% to 100% of theorcticsl density. The differcnce
between the densitiecs of the extruded product and the billet
being extruded are cxtremely smell indicating‘hardly any den-
sification during extrusion.

TABLE - 6.4
DENSITY OF THE EXTRUDED PRODUGCT AND
THE BILLET BEING EXTRUDED

gé | # Theoretical'Density of # Theoretical
* Extruded Product density of
R . \ . . .5 Billet being
To L1.3:1 1l.6:1 2.1:1 2.6:1 3.2:1 extruded

300 98.69 98.78 99.89 98.93 99.66 99.58
400 98.97 99.13 99.34 99.87 99.97  99.73
450  99.63 99.81 99.44 99.85 99.97 99,85
500 99.82 99.92 99.96 99,98 100,00 99-94

e

O N
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6.2,1.4 Tensile Properties of BExtruded Product

Results are given in Teble 6.5. At a given extrusion

- temperature the tensile properties'improved with increase

in reduction ratio. It moy be noted thet extruded product

was found to be incoherent in the case of two reduction ratiog
1.3:1 and'l.G:l et 300 apd 400°C but coherent mess was
obtained at reduction reotios 2.1:1 at 30000. However,
coherent product was obtained above 400°¢ for 211 reduction
ratios., At higher extrusion temperature, 500°C there is
substantial drop in room temperature tensile strength and

consequently large increesse in ductility.

6.2.1.5 Comparison Between Analytical and Experimentel
Extrusion Pressures |

rd

Anal&tical extrusion pressures were obtained at 400
and 500°C for low reduction retios by taking the actual length
-of the billet beihg extruded (H = 12 mm) which remsined in the
container_aftef\aéhieving the steady state condition of
extrusion and taking thc density equel to theoretical density.,
A fineimesh o showvn in Figs. 6.5(=a), 6.7(2) and 6.9(a)~for
reduction rsﬁios,l.B:l,'Z.lzl and 3.2:1 respectivel&,was used
~with friction coefficient,0.05 for reduction retios,l.3:1 to
3.2:1. These anelytical valucs arc compered with cxperimental
values in Table 6.6. There is o close agreement betwecn
these values for all rcduction ratios except in esmse of reduct-
ion ratios,1.3:1 end 1.6:1, The oxtrusion pressures were also
obtained with frictionless conditions for o1l reduction ratios

using fine mesh (44 clements) end ere given in Table 6.6.
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’ EABLE - 6.6

COMPARTSON OF EXPERTMENTAL WITH ANALYTICAL
 EXTRUSION PRESSURES( SQUARE EDGE DIES)

-

Reduction __Extrusion Pressure (N/mm? )
Ratio T = 500°0 T = 400°C
Experi- By FEM Experi~ By FEM |
mental mentol -
Values a=0.0 o=0.05 Values a=0.0 a=0.05
1-3:1 3805 38!57 5l¢2 5504 55.5 71.3
1.6:1 54.6 51,8  63.5 81,8  T4.3 88.6 |
2.1:1" 75.7 70.0 76.9 110.0 99.2 109.0
2.6:1 - 89.8  85.4 92.5 128.5 119.6 129.6
%,2:1 - 105.6 100.9 108,9 149.6 139,0 150.5

It is clear from the Trble 6.6 thet for reduction ratio

1.3:1, the analytical coxtrusion pressure with frictionless

condition is nearer to the experimental value;which suggests
thet the friction is very small in this case. For reduction
ratio 1.6:1 rnd above a suitable value of coefficient of
frietion ranging between zero snd 0.05 should be used,
Employing modified yield criteribﬁ for porous eompacts the
ahalytical extrusion pressures were also determined for
reduction ratios,l.3:1 snd 1.6:1 nt 500°C by taking the
varistion in the density of the cxtruded produet s~nd the

billet being extruded observed experimentolly snd friction

cocfficient 0.05. Results rre given in Toble 6.7.



TABLE - 6.7

BFFECT OF DENSITY ON ANALYTICAL
EXTRUSION PRESSURE

Reduc~ Extru- % Theore- # Theore- Lnalytical Extrusion
, tion sion tical den- #ical den~ Pressure
Fph Retio Tempera~ sity of sity of (N/mm?)
“nll L ture unextruded extruded P = 100% Varvi
= arying
o o (,() product product density
rusl ,
103:1 500 O'OS 99042 . 99.82 5102 5005

1.6:1 500 g.v¢ 99.65 ©99.92 63.5 62.7

It may be noted that anslytical pressures considering
variable density sre marginally smaller then those taking
100 # theoretical density. This difference is only of the
order of 2% . Therefore, anslyticel extrusion pressures have
been calculated by cbnsidering.the moterial fully dense in

square edge dies.

6.2.1.6 Velocity Vectors

Figures 6.4(b), 6.6(b) and 6.8(b) show the velocity
vectors (arrows indicate the direction and their megnitudes)
a8 obtained by FEM for reduction ratios, 1.3:1, 2.1l:1 and
3.2:1 respectively, assuning friction ooeffioiOnt equal to
0.05. The vélocity vectors depict the flow of metal ot
different ‘'sectionsof the die. The rotio of velocity ot out-
let and the velocity ot inlet gives the continuity require-
ment ,

ieee u. A, =u A
* i Ti 0o o
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or

I-‘z: io‘:

A,
= Ki = Reduction Ratio .
0 | |

Figures 6.,9(a) ond 6.10(a) show the resultent velocity
along the die axis (line 1-1), the line passing through the

point of discontinuity of the die (line 2-2) end neer the
die wall (line 3-3) for reduction ratios, l.3:l}and 3.2:1
regpectively, It may be noted thot velocity slong the die
axis is meximum (which becomes equal to the velocity of
extruded product near the die exit). The velocity zlong
the container wall remains lowest and eprroaches to zero
value even beforc rcaching square edge of fhe die. The
velocity along the plane paséing through the point of
discontinuity increases slowly upto point of discontinuity
and after the dic exit the velocity incresses sherply ond

atteins the velocity of the extruded product.

The velocity distribution perpendiculnr to the
direction of metzl flow along the planes 1'-1' to 4'-4. is
rlso plotted snd is shown in Figs. 6.9(b) ond 6.20(h). The
velocity along the cxit plsne is constont upto the point of
discontinuity from the die axis and then becomes zero ot
the hodes of the square cdge of the die. The velocity slong
the other planeé decreases as woving avay from die axis

and then becomes zero at the containe:r surface.

In Figures 6.4(b), 6.6(b) and 6.8(2) the region in
which the velocities are small may be termed ss DMZ. It is
expected that the materiel is static in the DIMZ and the seme

is observed by plotting the Velocity vectors, except that in
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thié zone, with frictional conditions, there is a movemeﬁt
of materisl in the direction opposite to the direction of
extrusion as the velocity vectors are opposite to the 1
~direction of metal flow. The magnitude of these velociéiéﬁﬁ
are,however,very small, The velocity vectors at the exit
are indeed parallel to the die surface and their magnitude
is equal to the velocity of the extruded product satisfying
the condition of continuity. But in case of 1.3:1 and 1l.6:1
at 400°C continuity condition was not satisfied while ét
other reduction ratios the continuity requirement wes satis-
fied at 400 and 50000. This may be due to the fact that

ot 400°C for reduction ratios, l.3:1 and 1.6:1 coherent

mass was not achieved experimentally.

6.2.1.7 Average Pressure Contours

Figures 6.4(c), 6.5(a),6.6(c)and 6.7(e) show the sverage
pressure contours at 400°C for reduction ratios, 1.3:1 to
2.6:1 snd Figs. 6.4(c), 6.5(c) and 6.8(c) ot 500°C for reduc-
tion ratios, 1.3:1, 1.6:1 and 3.2:1 respectively inside the

billet being extruded in steady state condition with a, 0.05.

All pregsure contours meect in the narrow region of the
point of diécontinuity, in other words there is a very sherp
variation of pressurc in this rcgion. These pressure con-
tours indicate that in the‘region near the DMZ where there
is a poor flow of materiel the pressure build up, even
more than the analytical extrusion pressure, is present. Thig
is more so'in case of lowest reduction ratio, 1.3:1 where

the continuity condition is not satisfiecd at 400°C.

\,_
\\‘
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Experimentaily also this reduction ratio hes yielded inco-
herent product at 400°C snd below 400°C. However, on .
account of good flow conditions the pressure drops end mexi-
mum drop of pressure is clong the die oxis. There is also
an indication from these pressuré contours that the pressure
persists even beyond the die exit, It may be noticed that
in Figs. 6.4(c), 6.4(e), 6.5(2), 6.5(c), 6.6(c), 6.7(a) and
6.8(c) the shaded region (PZ) between the pressure contour
" corresponding to the extrusion pressure (BPC line, shown by‘
bold line) and the pressure contour which correspond to the
yield stress of the material being extruded represents the
plastic zone where.extensive flow of material occurs. The
shaded region (HZ) above the'EPC line shows region of’hydro-
static forces where material movement is very little. The
shaded regionf(EZ) below the pressure contour line which
indicate yield stress of the meterial is thé region of
elastic zone which represents meterial flow under low
| pressure (below yield strength of the material). The sheded
region (CZ),beloﬁ the pressure contour line of 0.0 value is
the region where strains are getting relieved and material

flows under constraint frece condition.

It was also observed from these pressure contours that

- pressure much greater thon the actusl extrusion pressure are
developed in the DMZ. The poéition of the DMZ appeors to
ghift in the directiqn opposite to the direction of metal
flow end the DMZ no more remains at an sngle of 450 from
the point of discontinuity ss considered in carlier theories

of plastic flow such as slip line and upper bound[30].
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According to average pressure contouré, it may be stated
that the hydrostatic region (which is equivalent to DMZ)
where the material is subjected to compressive forces of
much higher magnitude than the extrusion pressure, extends
along the direction opposite to the metal flow as well as

" perpendicular to the metal flow in case of lower reduction
ratios. This is particularly more predominant in those
cases where the product was found to be incoherent. The
same region compresses towards the corner of the extrusion
container in case of relatively higher reduction ratios, much
more than what was predicted earlier as 45° angle from the

point of discontinuity.

It may be seen from Fig. 6.11 that position of
EPC line can easily predict the possibility of eoherency in
a particular case. TFor instance, it was observed that the
position of the pressure contour corresponding to the value
of analytical extrusion pressure (EPC) @as great bearing
on the prospect of getting coherent product. If the EPC
is above the horizontal line in the extrusion container as
shown in Fig. 6.11, the product has been invariably coherent.
If the EPC line falls on the horizontal line, it happens to
be a limiting case of coherency. HoWever, if EPC line
drope helow horizontal line the product is always incoherent.
This observation is true for all reduction ratios and
temperatures investigated. 1In case of reduction ratios,
1.%:1 and 1.6:1 at 400°C,the EPC line falls below the hori-
zontal line (Figs.6.4(a) and 6.5(a))end experimentally also ot

these reduction ratios incoherent mass was obtained. In cese
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of reduction ratio; 2.1:1 at 400°C (Fig. 6.6(c)) and 1.3:1,
1,631 at 500°C (Figs. 6.4(e) and 6.5(c)) the EPC line
remains elmost horizontal and at%t these reduction ratios and

temperatures coherent mass was obteined experimentally.

6.2.1.8 Bffective Strain Rate Contours

Figures 6.4(a), 6.5(b), 6.6(d) and 6.7(b) show the
average effective strain rate contours at 400°C for reduct-
ion ratios, 1.3:1 %o 2.6:1 and Figs. 6.5(f), 6.6(d) and
6.9(a) =t 500°C for reduction ratios, 1l.3:1, 1.6:1 and 3.2:1
regpectively. These dffecfive strain rete contours have been
plotted assuming zero elastic strains and steady state
extrusion. As-in the cose of pressure contours, the highest
effective strain rotes sre concentrated sround the point of
discontinuity (maximum of unit 2.0 for reduction ratio 3.2:1
and unit 1.0 for reduction rotio 1.,3:1). By considering
o strain rate contour of unit 0.2 in above figures, the
contour ig in a very narrow region of point of discontinuity
for reduction ratios, l.3:1 and l.6:1 and the extensive
plastic deformation occur only in this narrow region of point
- of discontinuity.-” This is 1ikeiy to develop zones of diff-
erential plastic defohmation (predominently by shear mechs-~
nism) of the material in the container resulting in develop-
ment of defects such as cracks in these :eduCtion ratios,
and incoherent product must be obtained at 400°O}and lower
temperatures. Experimentally also incoherent product was
obtained upto 40000 for thege reduction ratios. In the

cases of reduction ratios, 2.1:1, 2.6:1,at 400°C and 3.2:1
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et 500°C the effective strain rste contour of unit 0.2

(Figs. 6.6(a), 6.7(b) and 6.8(d)) extends upto the centre of
the die. This sﬁows that there is an extensive plastic defor-
mationveven upto the centre of the die,i.e. die eaxis,resulting
in coherent mess. This is 2lso confirmed by the experiment
thet the extruded product no more remains incocherent for these
reduction ratios. It may be noticed thet as the reduction
ratio increases the megnitude of contour s2long the die axis
‘also increased. This shows that as the reduction ratio increesQ
es there is more extensive plastic defdrmation upto die axis
and we get more coherent mass. The meximum effective strain
rate contouﬁ-along the die axis for reduction ratio, 3.2:1
corresponds to 0.4 unit. The pressure contour plot and the
effective strain rate contour plot, therefore, in general,
exhibit parallelism in regerd to meterial flow and deformetion

during extrusion.

6.2.2 High Reduction Retios (R>10:1)

In %he present section experimentsl studies carried
out for high reduction ratios, 10:1, 20:1, 30:1, 40:1 and
80:1 at different btemperatures, 300, 400 and 500°C are dig-
cussed with regerd to the effect of extrusion parameters on
extrusion pressure. Results are discussed with respect to the

shape of DMZ and coherency of the products.

6.2.2.1 Load-Ram Displecement Diagrems

Logd~ram displacement disgrams ot 50000 for different

reduction ratios (10:1 to 80:1) are shown in Fig. 6.12. Like
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at low reduction ratios the curve can be divided into two
regions (i) the compaction zone. (ii) extrusion zone. Ih
case of high reduction ratios the extrusion starts well'

. before attaining the meximum load. For example, in case
of reduction ratio; 10:1 and 400°C some experiments were
stopped at 16 toh load (maximum load being 17.8 tons) and
it was found that about 3 cm length had already extiuded.
At this point the density was aleo measured and it was
found that the densify of the unextruded product and the
extruded product was not 100 % as reported by Sheppard [1].
When the experiments were stopped at maximum load,17.8 tons,
the density of both were found to be 100 %; This situation
also continues in steady state condition. The similar
behaviour is observed for all other reduction ratios and
températures investigated. This observation suggests that
pressure required to initiate extrusion is lower than the
steady state extrusion pressure required to continue extru-

sion. Load peak was not sharp.

6.2.2.2 Density Measurements

The density of the extruded broauét end the billet
being extruded during steady state condition were measured
for all the reduction ratios at all the temperatures.
Density was.found to be 100 % of the theoretical value. The
density of the extruded product and billet being extruded
were algo measured at 16 ton load where the extrusion

has just started as given in Table 6.8.
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'TABLE ~ 6.8

DENSITY AT 16 TONS LOAD

.

-

R T % theoretical density % theoretical den~
o of billet being sity of extruded
c extruded product

10:1 400 99.5 ’ 99.6

6.2.2.3 Extrusion Pressure
The relationship between p and log R is linear as
shown in Fig. 6.2 and cen be expressed by the relation :
p=4+ B logR N/mm2

where L and B are constants whose values are given in

Table 6.9.
TLABLE ~ 6.9

VALUES OF CONSTANTS 4 AND B
AT DIFFERENT TEMPERATURES

Temperature A B
°¢
300 29.6 394.8
400 15.5 306.4
500 6.6 190.8

The relationship between p ?nd log R for higher
reduction ratios is seme as reported by Sheppard [1] for
aluminium powder (Fig. 6.2). The difference is in values
of A and B. The slope of the curve is higher than that

observed in case of low reduction ratios at the sane
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temperature. The slope of the curve ot 300°C is more steep
than that at 500°C. When p was plotted against log T, a
linear relationship wos obtained as shown in Fig. 6.3 and

can be expressed as
p=2a->blogtl

where a and b are constent. The relationship is same sas
that reported by Sheppard [1] for sluminium powder. The

difference is only in the values of a and b.

There is a change in slope at 400°C similar to the

one reported in case of low reduction ratios.

6.2.2.4 Tensile Properties

Tensile properties of the_product extruded through
reduction ratios, 10:1 to 80:1 at 500°C were messured only
at rooﬁ temperature and are given in Table 6.5(b). The
table shows that the tensile properties increased with
reduction ratios from 10:1 to 30:1 and after that the

tensile properties becae constent.

v6.2.2.5 Comparison Between finalytical and
Experimental Extrusion Pressure
knalytical extrusion pressure were obtained at 400
and 500°C for all the reduction retios, 10:1 to 80:1, by
taking the actual length (H = 12 mm) and density (100% of
theoreticel) of the billet being extruded which remein in
the container after achieving the steady state condition.

L fine mesh (52 elements) was used with friction coefficient,
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0.10.  These analytical pressureg§ were conpsiod vith the
experimental steady state extrusion pressures =2nd are given
in Table 6.10. Analytical pressures for 300°C were not

obtained due to lack of yield stress data.

Results show that the experimental values are in
close agreement with the analytical values. The difference

in both values varies from 2 to 3 % in most of the cases.

TABLE - 6,10

COMPARISON BETWEEN EXPERIMENTAL AND ANALYTICATL
EXTRUSION PRESSURES

B .

S. Reduction :ﬁi Exﬁrus;én Pressure (I/mn®)

- No. Ratios 500 9 400°C
Experimental By FEM Experimental By FEM
Value L0=0,10 = Value a=0.10
1. 10:1 195.6 191.0 305.0 282.8
2. 2001 244.5 253.3 © 387.7 375.9
3. 30:1 279.5 287.4 454.1 448.8
4. 40:1 310.8 318.8 490.8 - 499.5
5. 80:1  365.0 382.8 585.1 604.8

6.2.2.6 Veloeity Vectors

Figures 6.13(b) to 6.15(b) show the velocity vectors
for reduction ratios, 10:1, 40:1 and 80:1 respectively at

500°C with friction coefficient, 0.10. In the above figures
the region in which the velocities are small may be termed
as DMZ. It may be noted thet DMZ is not st an rnele of 45° %o

" the die axis and its position and angle veries with the
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reduction ratio., It is expected that the material is static
in DMZ and the seme is observed by plotting the velocity
vectors except that in this zone there is a movement of
material in the direction opposite to the direction of metal
flow as the velocity vectors are opposite to the direction

of metal.floa. The magnitudes of these velocities are however
very small as shown in Figs. 6.13(b), 6.14(b) and 6.15(b),
near the point of discontinuity. The velocity vectors ot

the exit are parallel to the die axis as expected and their
magnitudes are equal to the respective velocities of the

extruded product.

The magnitude of resultant velocities plotted against
the distance in Z-direction from the ram4for reduction ratios,
0 10:1 and 40:1 2% 500°C are shown in Figs. 6.16(2) and 6.,17(2).
The figures show the velocity profiles along the linc 1-1 corres-
ponding to the die exis, line 2-2 corresponds to the plane
paséing through the point of discontinuity and 1ine 3~% along
the container wall. The velocities along die axis are maxXimunm
whieh becones edual to the velocity of the extruded product
near the die exits The velocity near the container wall
remzing lowest and aepproaches to zero velue even before reach-
ing the squere edge of the die. The ﬁelocity along the plane
passing through the point of discontinuity increazses slowly
upto the point of discontinuity and sfter the die exit the
velocity incresses sharply and attains the velocity of the
extruded product.

The magnitude of the resultant velocity along the

different planes perpendicular to the die axis as marked
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in Figs. 6.13(2) and 6.14(a) for reduction ratios, 10:1 and
40:1 at 500°C ere plotted in Figs. 6.16(b) and 6.17(b). The
velocity along the die exit plane is constant upto the point
of discontinuity from the die axis and then becomes zero at
the nodes on the sguare edge of the die. The velocity along
the other planes continuously decreases and approaches to

zero before reaching the container surface.

6.2.2.7 Average Pressure Contours

Figures 6.13(c), 6.14(c) and 6.15(c) show the

average pressure contours in the billet being extruded 2t
500°C for reduction ratios, 10:1, 40:1 and 80:1. It nmay be
seen that most of the pressure contours start from the die
axis and terminatesalong the square edge of the die. This
obviously means that there is a sharp veriation of pressure
inside the container and that the flow of material is very
extensive all along the billet being extruded. In these
plots it mey also be noticed that BPC line which divides
hydrostetic (HZ) and pleostic zone (PZ) gets confined %o the
top left hand corner of the container. Thus, the hydrostatic
zone is limited to & very small ares of the container. It mey
also be noticed from these pressufe contours that the DIz
shrinks toward the die corner as the reduction ratio increases.
The shaded region between the EPC line and the pressure
contour corresponding td yield astress of the materisl being
extruded represents the plsstic zone where extenéiVe flow

of material occurs. The other ghaded regions sre elagtic

zone (EZ) ond econstraint free zone (CZ) respectively as
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shown in Figs, 6.13(c), 6.14(c) 2nd 6.15(c). As the reduction
ratio increases the area of plastic zone i.e, the area of

extensive flow of material increases.

6.2.2,8 Averasge Effective Strein Rete Contours

Figures 6.13%(4) fo 6.15(d) show the average effective
strain rate contours at 500°¢ for reduction ratios, 10:1,
40:1 and 80:1 respectively. These effective strain rate
contours have been plotted assuming zero elastic gtrains and
steady state extrusion. The highest effective strain rates
are concentrated around the point of discontinuity (maximum
being of unit 7.9 for redueciion ratios,10:1 and 90 for 30:1).
The strain rates are very low in the corner of the die indi-
¢ating the presence of DMZ., Considering the strain rate
contour of unit 0.5, it exists in a very wide region inside
the billet being extruded while in low reduction ratio, the
same contour exists in a2 very nerrow region around the point
of discontinuity i.e. from the squere edge of the die to the
die axis, Due to this wide renge the extensive plastic
deformation occur upto the die axis resulting in coherent
mass, &s the reduction ratio decreases the strain rate

contour of same unit gets confined in the narrow region.
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¢.3 EXTRUSION THROUGH CYLINDRICAL WEDGE SHAPED
DIE UNDER AXISYMMETRIC CONDITION

Very little work has been reported on powder extru-
sion through wedge shaped dies. Sheppard et él [3] attempted
extrusion of aluminium powder through wedge dies and reported 3
that the surface finish of the extruded product was}not
acceptable.and the threshold extrusion retio at which coherent
mass’wgsAproduced increased considerably. They attributed
this}behaviour due to the absence of DMZ and massive shear
zones in wedge shaped dies, which was considered to be res-
ponsible for building up the coherent mass. Jain [50],
using FEM, concluded that extrusion pressure for cest billet
is lower in wedge die as compared with that in a square die.
The lower extrusion pressure, in wedge dies, might be due
to the elimination of DMZ and the deformation being more

homogeneous because there is no sudden reduction in area.

The basis for choosing 45° semicone angle for wedge
die in the present inveétigation is to eliminate DMZ because
several workers have reported that in square die the DiZ
is oriented at 450 with respect to die axis. The present
work revealed thet in square dies densification was very
nearly complete before extrusion sterted. The gitustion is
diffetent in wedge die, where the extrusion started well
before full densifica%ion was achieved. The yield criterion
modified for porous compect was, therefore, used to consider
the varying density in the extruded product, conical portion
and the billet being extruded. The experimental investiga-

tions were carried out to determine the extrusiocon pressure
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under psxisymmetric condition.

In contrast to the conclusion by other workers,it has
been possible to achieve a coherent mass with good surface
finish in extrusion through wedge die even =t lowest reduction
ratio 1.6:1 at 400 and 500°C end this hes been justified

by ahalytical observations.

6.3.1 Logad-Rom Displecement Dizgrams

Load rises initially and reaches moximum value and thewn
fallsto a constant value. The extrusion stsrts well before
maxima is reached. This pattern is common for 211 the
extrusion temperatures‘and reduction ratios investigated.
Load-ram displacement curves at SOOOC for different reduction
ratios are given in Figs. 6.18(a =2nd b). However, it nay
be noted that the initial portion of the curve, for high
reduction ratios, the rem displscement obserﬁe@ v2s more
and then the curve practicazally becomes parsllel to load
axis suggesting very little compaction with inereesing load.
The portion of the curve, before pezk load is reached, may_
be called as compaction zone. After this, a maxima in loed
is attained and ram displacement commences again showing
that the extrusion has started. Immediately after maxima,
steady state condition is obtained wheﬁ load becomes practi-
cally constant and rom displacement continues. This portion
of the curve is the extrusion zone. The extrusion wos
observed to have started even before the pesk loed is
reached, revealing thrt the losd required to initiete

extrusion is lower than the maxima observed in the curve,
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for exemple, in the cese of reduction rstio 45:1 at 500°C
the peak load observed was 23 tons but in the interrupted
test, at 20 tons load, it was observed thet the extrusion
hed stzrted and the length of the extruded product was

25 cm. The density of this extruded product was found to
be 99.80 %, while the density of the extruded product ot
maximum load was found to be 100% . . For comparison of
analytical extrusion pressures with experinental pressures

the lozd under steady stete condition was considered.

It wes also noticed that at 500°C the difference
between peask load and the steady state load is less than
that 2t 40000. It moy be due to the fact that beyond 400°¢

the state of the meterial has chenged.

The difference in peak load end steady state load,
at any given reduction retio, increesses with decressing
temperature. Similarly, at constant temperature, this
difference inoreasses with increasing reduction ratioc. Such
2 behaviour may be due to strain hardening tendency of
porous products &t differgnt temperatures and reduction
rotios. A linear relestionship wes obteined ﬁhen g graph
between the difference of peak loed 2nd steady state'load
(AL) was plotted agesinst log R, as shown in Fig. 6.19. 'This
is further discussed in Chapter VII.

6.3.2 Extrugion Pressure

The relstionship between extrusion pressure, p, and

log R shown in Fig. 6.20 was found to be linear for lovw

L3
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reduction ratios (R<10:1) and cen be expressed as
p=4+ BlogR N/ mm®
where A and B are constents =nd whose vaiues wéfe derived

from Fig. 6.20 and are given in Table 6.11.

TABLE - 6.11

" VALUES OF CONSTANTS A AND B AT
+ DIFFERENT TEMPERATURE(R< 10:1)

S.No. Temperature A B
OC .
1 300 43,4 270.6
2 400 _ 40.9 179.9
3 500 25.8 130.1

Lt higher reduction ratios (R>10:1) the relation-
ship between p and log R wes also linear bgt values of A and
B were different as shown in Teble 6.12. The extrusion
pressure increases with increase in redﬁction ratios, at =
- constent tempersture (Fig. 6.20). Thé inerease in extrusion
pressure ot 300°C is more steep than that at 500°C. It may
be mentioned thet extrusion experiments could not be conduct-
ed for high reduction ratios =t 300°C due to limitation of

¢rapacity of the vress.

The reletionship are same as 4that in the case of
square dies (scction 6.2), but the values of constants & and
B are different. [s the temperature increases the value of

A eand B decresnses.
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TBLE - 6.12

VALUES OF CONST.LNT A4 LND B AT
DIFFERENT TEMPER[.TURES (R>10:1)

!

S.No. Temperéture

0 &L . B
1 400 28.7 349.8
2 500 12.4 219.2

When extrusion pressure, p was plotted against
log T for different reduction ratios linesr beheviour as
shown in Fig. 6,21 was observed and can be expressed as:

Pp=a-D>blog T N/mm®

4 chenge in slope of the curve was observed at
400°C for all the reduction ratios except 1.6:1 and'2.0zl

as observed in case of square dies.

6.3.3 Density lleasurements

tThe density of the different sections (Fig. 6.22)
of extruded products, after getting the steady state load,
sre shown in Teble 6.13. Lilso the densities of the mategial
inside the container and that of coniczl portion are included

in the Table 6.13.

For o given reduction ratio the density increasses
with incresse in temperature of extrusion. A4t the lowest
reduction ratio (R=l.6:l), the density of the extruded
product varies from 98.24 to 98.50 # 2s the temperature

increscses from 400 to 500°C while the density of the



139(1)'

R ‘ | o | — o
£8°86 ¢L°66 PC'66 TI'96]09°96 T6°86 26°9%6 ToeCh €2°96 Y686 Y6 g6 9L°bE 006
€L*86 VL'86 GL°S6 00°G6[02°96 9V €6 ev e 09°bG 08°L6 V2°96 +L'86 966 00%
£0°86 91°86 9T*'S6 GC°¥6 POASTIUD® SBM SSBE  4ULISYCOUT 00¢

e . e _

a 0 g ¥ a o q v a 0 g v Do
e | _ L | i :
T36°¢ o .T.@.N N T:9°T q

, SHIQC QEdVHS #DAER HONOUHI ARGNNIXE
ONIEY IHTTIE QNV TONd08d Gadndiiye mhi &6 SHTLICNAd

CT°9 < miavr



1%9(ii)

[

‘T:08 0% T:0¢ wWOIF setasa J[- SB ‘L3Tsuep

TBOT32208Yg JO %00T 01 9°66 pum 0,007 3B %8*66 03 <°66 ussmjaq

S8Tara ¥ uwotqaod ut L4Tsusep ayg *0,00¢ pur ~QQF 9B SOT3TSUSD

TBOT30q08Y] 900T @29 0% PUNOF pPUB PoINSBEW oIoM d pue D ‘g suotBea
UT SoT3TIsSusp ayy3 (1:08 pue‘T:sy ‘T:0¢) soT3eI uoTionpaa USTY 3V -2 HION

= ey

ﬁm.mm\ 00" 00T 00°00T  2L°86 | 69°86 B £8°66  1¥8°66 ¥Ge 6 005
a 59°66 14766 166 mm.ww; crege 0566 16°66 cz* g6 oo
i:quwmmq .Nm.mm cC66 - ocees 6o o6 00°66 Ho.mmq;z 2T 86 00¢

I:0°CT

(*P3U0D) CT°0 - FTAVL




140

unextruded product in.the container varies from 97.80 to
98.20% . The density of the product which comes out first
designated by '4' (Fig. 6.22)during the experiment is 94.5%
2t 400°C and 94.7% at 500°C. These results show that in
wedge shaped dies extrusion sterts before complete densifica~

tion which is continued in the extrusion process.

The density of the extruded product at 500°C for
R, 12:1, is 100 % except the starting portion desiznated as
'A'. The density =t higher reduction ratios 30:1, 45:1 and
80:1 is practically 100 # at 211 temperatures except the

starting portion, '4'.

6.3.4 Tensile Properties

The‘tensile properties of the extruded product u?to
réduction‘ratio 15:1 2t room temperature are shown in Table
6.14. At the two lowest reduction ratios 1.6:1 end 2.0:1,
the product extruded at 300°C was found to be incoherent
(section 6.5). However, coherent mass was obtained for
these reduction ratios a2t higher extrusion temperatures,
400 and 500°C. A% & given extrusion temperature the
strength improves with increasing reduction ratio. As the
extrusion temperature increases from 300 to 500°C for =
constant reduction ratio, a substential drop in tensile
strength but large increase in ductility was observed. It
was also noticed that the tensile strength of the product
extruded through wedge die are 10-20 % higher than that of
the product extruded through square die (Table 6.5) where as

elongation at low reduction ratios, 1l.6:1 and 2.0:1 is
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20-30 % less but et high reduction ratios the values are
comparable.

Tensile properties for higher reduction ratios could
not be obtained as it was not possible to make tensile samples
due to the fact that the diameter of extruded product was

small.

6.5.5 Qggpérison Between Analytical and

Experimental Extrusion Pressures

Analytical extrusion pressures were oObtained at
400 end 500°C for sll the reduction retios by taking the
actual length of the billet being extruded ( E = 21 mm )
which remain in the conteiner after achieving the steady
state condition of extrusion. A fine mesh (53 elements)
was used with friction éoefficient, 0.05 for low reduction
ratios (1.6:1 to 7.0:1) and 0.10 for high reduction ratios
(12:1 to 80:1) as used in case of squsere dies. In calculat-
ing extrusion pressures the effect of density variation in
the product and the billet being extruded under steady state
condition of extyusion was considered by using yield criterion
modified for porous material (section 5.3)for reduction. ratio,
1ls6:1 ond reduction fatio,3.5:1 et extrusion tempera-
ture 50000. The analyticel extrusion pressures were 2lso
calculated by taking the density as theoretical density in
all the sections (Pig. 6.22) for reduction ratio 1.6:1 and
3,5:1 at 500°C and were compared with experimental extrusion

pressure. Results are given in Table 6.15.
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TABLE - 6,15

EFFECT OF DENSITY FOR ANALYTICAL
EXTRUSION PRESSURE

S.No. R T szperimental JAnelytical Extrusion
e Pressure Pressure N/mm2
N/mm2 )
P, = 100% Verying
| density
1 1.6:1 500 5%.65 59,.6 56.3
2 3.531 500 - 94,30 93.9 91.8

The results given in Teble 6.15 show that the density
has an effect on the vaiue of analytical extrusion pressure,
The use‘of yield criterion modified for porous materisl in
the present investigation is justified because it takes
into account the observed experimental condition i.e. varia-
tion of density in the materisl during steady stete extru-
sion. |

Therefore, the snalytical extrusion pressures, so
obtained using yield criteria modified for porous material,
were compared with the eiperimental extrusion pressures at‘
400 and 500°C for all reduction retios investigated and

are given in Table 6.16.

The above table shows thet for low reduction ratios

- the difference between analytical and experimental values

is about 6 to 10 %l.' If may be due to the fact that at

these reduction rétibs the value of ¢ may be less than 0.05
which has been taken for our snalyticesl studies. In case

of high reduction ratios the difference is only 1 to 3 # which

shows e very good agrecment between anelytical and experimental
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COMPARISON OF EXPERIMENTAL WITH ANALYTICAL

EXTRUSION PRESSURE (WEDGE DIEl

Fric-

BExtru- Extrugion Pressure
No. R sion tion .
Tempera- | Co- Exp. Anaslytical
ture effi~ > 2
o cient XN/ mm N /mm
300 - 101,3 . -
1 1.6:1 400 0,05 75.1 86,2
| 500 0.05 52.4 56.3
300 - 120 . 5 -~
2 2.0:1 400 0.05 92,6 87,8
500 0.05 6644 62.1
300 - 192.1 -
3 3.5:1 400 0.05 134.5 129.7
500 0.05 94.% 91.8
4 7.0:1 400 - 0,05 194.5 200. 1
500 0.05 136.3 131.1
300 - - -
5 12:1 400 0.10 349.3 336.1
500 0.10 230.5 218.2
400 0.10 480.0 460.2
6 30:1 500 0.10 312.0 295.7
400 0.10 558.2 547.3
7 45:1 500 0.10 349.3 48,6
400 0.10 637.5 630.3%
8  80:1 500 0.10 410.5 421.95
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extrusion pressures. The @nalytical extrusion pressure was
found to be lower in wedge shaped dies as compared to that of

sqQuare edge dies for the some length of the billet.

6.3.6 Velocity Vectors

Figures 6.23(b), 6.24(b), 6.25(b), 6.26(b) and
6.27(b) show the velocity vectors for reduction ratios, 1.6:1,
3.5:1,7.0:1, 30:1 and 80:1 respectively at 500°C assuming
friction coefficient as 0.05 for low reduction ratios(R < 10:1)
and 0,10 for high reduction ratios (R> 10:1). Results show
that the continuity requirement is satisfied at 400 and 500°C
for all reduction ratios. Experimentelly also, coherent
mass was achieved at these temperatures for all reduction
ratios. The mognitudes of the velocity vectors nesr the
conical surface, are more than the velocity at the die axis,
which is in contrast to those of square dies where the

material movement across the die surface is less.

The magnitude of'resultanf velocities plotted sgainst
the distence in y~-direction from die axis along the different
plenes marked in Figs. 6.23(a) to 6.27(a) for reduction ratios
1.6:1, 3.5:1, 7.0:1, %0:1 and 80:1 at 500°C are shown in
Figs. 6.28 to 6.32. 'The velocity distribution shows that
the region of homogeneous deformetion is less in low reduction
ratios compared to high reduction ratios as the resultant
velocities curves meet in a smaller region in case of low
reduction ratios. At the exit plane, the velocity is meximum

along the die 2oxis and reduces to zero at the point of second

discontinuity while the velocities along other planes from
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the die axis remain constant for fairly long distances.
However, it increases =s the conical surféce of die 1is
approached and then it becomes zero at the conical surface.
Magnitudewise this increase is not more than 20% of the
velocity along the die axis. This clearly shows that near

the conical surface there is extensive movement of material
$ekes—ptoce, while in case of squere dies the velocities
remain constent for o smell distance from die axis and then
approach to zero value (Figs. 6.28, 6,31 and 6.32) which shows |
that extensive movement of material takes place only in a
small region of die near the die axis. Due to this difference
in the flow paﬁtern of the materisl, better coherent

mass in cese of wedge die extrusion is possible.

- In the case of R, 1.6:1, for wedge die the increase
in velocity as described sbove is not observed and there is
continudus decrease of velocity from die axis to conicel |
surface of die (Fig. 6.28) where it atfeins zero value. This
indicates that corresponding to low reduction ratios, there
might exist,so called DMZ but however, in high reduction
ratios the high flow condition near the conical surface of
die completely rules out the possibility of the existence of Di*zZ.
Thus, the DMZ is not formed at 45° as suggested earlier but

it depends upon reduction ratio and extrusion temperasture.

6.3.7 Average Pressure Contours

Figures 6.23(c), 6.24(c), 6.25(c), 6.26(c) and

6.27(c) show the average pressure contours for wedge shaped
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dies for reduction ratios, 1.6:1, 3.5:1, 7.0:1, 30:1 and
80:1 at SOOOC respectively. The natﬁre of pressure contours
for wedge die are, in genergl, transverse to the material
movement and most of them extends upto the die axis. The
shape of the contour is symmetrical with respect to the die
axlis showing extensive movement of the material i.e. exten;
sive plastic flow inside the die and results in coherent and
sound product. VWhereas in the case of square dies many of
the pressure contours are parallel to die axis and terminate
at the ram surface. This situation is not good for coherency
and soundness of the product. Thus,wedge dies appear 1o

be better for the coherency ond soundness of the product.

In lowest R, 1.6:1 at 500°C the pressure is built
up, at the conical surface to the exteqt that it is even
more than the extrusion pressure wvhich was obtained analyti-
cally. This indicates the existence of =2 zone of reletively
- slower motion of meterial. This is similar to the one called
ﬁydrostatic zone, observed in square die. However, this
zone 1is absént in high R's, This observetion suggests that
the DMZ does noi exist at an angle of 45° from the die axis
but the angle devends upon the R under question. On the
basis of this observation it may be concluded that for
lowest R the DNZ extends towaids the opposite direction of
the metal flow and a2long the conical surface of the die.

The seme was observed in square dies as well., It was
reported in section 6.2 that in case of square dies in low
R's the DMZ éxtends in the oppbsite direction of nmetal

flow and in lowest R (1.3:1) becomes almost parallel to
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the die gxis. As the R increases the DMZ shrinks towards
the sguare edge of the die i.e. DMZ is formed at an angle
more than 45° from the die axis. This observation is veri-
fied by wedge dies where, for higherfR's, the DMZ is eliminat-
ed completely. |

The shaded region between the actual extrusion
pressure contour (EPC) and the contour which represents the
yield stress is the region of plastic flow (PZ) where there
lis an extensive movement of material. This region, from the
die surface to the die axis, is large enough in these dies
and consequently indicates a better flow of material and
better coherent product. The other shaded regions are samé -
as explained in section 6.2. With increasing reduction |
ratios the pressure contours get confined to a narrow region
towards the point of second discontinuity. These contours
are transverse to the materisl flow and, therefore, we can
expect increasing strength and coherency with respect to
reduction ratios. This is clearly observed in Tables 6.5
and 6.14. It is also noticed that extruded product through
wedge die, are stronger than that of square die. It may,
therefore, be concluded that it is homogeneous deformation
prevailing in the case of wedge dié which is responsible for
stronger product and not redundant work which prevails in
square dies as proposed earlier [3,5].

Qualitatively, it is necessary that the pressure
contours remsin transverse in the large region of the die
for extensive and homogeneous movement of material and this

is possible only in wedge dies. In this context, therefore,
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wedge dies are better for extrusion of powder preforms.
These pressure contours also show that the pressure persists
even after the point of second discontinuity (Figs.6.23(c)to
6.27(c)) suggesting the presence of internal compressive

stresses in the extruded products.

6.3.8 Average Effective Strain Rate Contours

Figures 6.23(d), 6.24(d), 6.25(d), 6.,26(d) and
6.27(d) show the average effective strain rate contours for
reduction ratios, 1.6:1, 3.5:1, 7.0:1, 30:1 and 80:1 respect-
ively at 500°C. The effective strainvrate contours have
parallelism with pressure contours aé both of them are
transverse contours so the former can be interpreted in the
same way as pressure contours as far as the soundness and
coherency of the product are concerned. It was seen experi-
mentallj, that in case of lowest R, 1l.6:1, coherent mass was
obtained at 400 and 500°C, while in case of square dies
coherent mass was not obtained at 400°C for the same reduc-
tion ratio. This has been explained in section 6.2 on the
basis of the shépe of contours. As the reduction ratio
increases, like the pressure contours, the effective strain
rate contours get confined to a narrow region towards the
point of second discontinuity and these contours extend upto
the die axis from the container surface as shown in Figs.
6.26(d) and 6.27(d) for reduction retios 30:1 and 80:1 at
500°C.

In comparison tc square dies for the seme R, the

rate of deformation is high in wedge die and the rate of
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increagse of deformation is 2lso very high as the R increases.
Thé maximum effective strain rate contours is of unit 1.5 for
R, 1.6:1 at 500°C and it incieases to the unit 260 corres-
ponding‘to R, 80:1, 1In casc of gsquare dies the rate of
increase of deformation is not so high as the maximum effec-
tive strain rate contour for R, 80:1 is only unit 90 at the
same temperature.. Hence,there arc better chances of coheren-
cy in vedge shaped dies which was confirmed experinentally
also. The maximum effective strain rate'contours exist near
the second point of discontinuity in a very narrow region.

It was also noticed that the deformation, after point of
second discontinuity, persists for longer length of extruded
product then in square dies suggesting the presence of inter-

nel compressive stresses in the product.

6.4 METALIOGRAPHIC INVESTIGATIONS

6.4,1 Microstructural Studies : Square Edge Dies

These were undertaken to investigate the microstruc-
tural changes that occur in the material during its entry
into the die and its subsequent emergence as an extruded
“product. This way a correlation was sought to be established
between the microstructural changes and the pressure contours,
effective gtrain rate contours and flow of material during
the extrusion process as influenced by temperature and reduc-
tion ratios.

licrostructural investigations have been carried out

at four different locetions as indicated in block diagram
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(Fig. 6.33) for different reduction ratios, 1.3:1, 3.2:1,
10:1, 40:1, 80:1 at 500°C (Figs. 6.34 to 6.38). The corres—
ponding features in terms of pressure, effective strain
rate distribution and velocity vectors have also been
indicated.

On the-basis of these features certain rationaliza-
tions could be made regarding the fundamental parameter(s)
vhose effect on the microstructure needs considération. Thege

are as follows :

(1) Location 1 - Pressure and Effective Strain Rate
S - Contours

(ii) TLocation 2 =~ Pressure and Effective Strain Rate
Contours

(iii) Location 3 =~ Effective Strain Rate Contours
(iv)  Location 4 - Velocity Vectors.

Establishment of a correlation of the type envi-
saged would help in = quantitative appreciation and under-

standing of the extrusion process.

6%4.1.1 Effect of Reduction Ratios
(a) Location - 1

At a low reduction ratio (1.3:1) and extrusion
temperature, SOOOC, microstructure reveals the presence
of coarse sub-structure within a particulate mass (Fig.6.34(2)).
The existence of particle identity in fractured surface of
tensile specimen medec from the extruded product (Fig.6.34(f))
indicate that 'coherent mass' mey heve just sbout formed.
Thus, for all practical vurposes the majority of the over-
all deformetion imparted has been localized to a particle

proper. Existence of a high temperature has, therefore, led
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to the formastion of 2 coarse sub~structure. A gimilar sub-
structure was formed 21l slong the billet edge adjacenment to

container wall., | This observation is consistent with the
S — - .

\\ e e - -
pressure contours indicating the hydrostatic zone to be

parallel to the die axis and the effective strain rates are

low (Figs. 6.4(e,and f)).

With an increase in R to a value 3.2:1, a well
defined grain structure has appeared (Fig. 6.35(2)) whose’
average size is smaller than the particulate size observed
at 1.3:1 (Fig.‘6.34(a)). An incresse in R hag resulted

in particle deformation 2nd in bringing =bout cohesion. A
e

fair proportion of the sub—structﬁre is sligned in the
28l PRopoRtion bE MR R ’ !
direction of deformation (Fig. 6.35(a)). Thus, at this re-

duction ratio, the deformetion imparted in combination with
the temperature has primerily contributed to the formation

of a coherent product vwhich was not the case at R value l.3:1.

As the R value is further raised to 10:1 the overall
effect is that equiaxed grein structure is well defined, grein
érowth occurs and also that sub-structure tends to be coarse
and not aligned in any direction. Further,{practically no

porosity is visible (Figs. 6.36(a) and (b)).

At R velue of 40:1, pertial directionality is

s

observed within the sub-structure (Fig. 6.37(a)). However,
at a reduction retio of~80:1, the sub-structure is coarse
and dircctionality if eny is at a minimum. Existence of
grain is clearly menifeosted (Figs. 6.38(2) and (b)).
Taking an overall view, at low reduction ratio the

net effect is that ywith initial transmission of pressure the
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particulate mass undergoes thermelly activated softening.
This stete of the material is conducive to the formation of
fully coherent mass showing directionality et higher reduc-
tion ratios i.e. at 3.2:1 end 10:1. A%t reduction ratios
higher than this, no directionality is observed but only sub-
structure formetion is accomplished which is'coarsest at an
R value of‘80§1. Thus, it may be inferred that at this reduc-~
tion ratio both the deformation and temperature are effect-
ively combining to produce grain coarsening and sub~strﬁcture
coarsening. This analysis reflects the importance of high
pressures developed in”the corner of the container near the
ram and the low effective strain rates in contributing to

the steate of microstructure described earlier and is in coﬁ—
formity with the pressure variation ag shown by the preésure
contours corresponding to thesc reduction ratiss (Figs.6.4(e),

6.8(¢), 6.13(c), 6.14(0).and 6.15(c)).

(b) ZLocation - 2

Considering the structursl changes at location-2
i.e. just outside the DMZ boundary, there is veryvlittle
difference betwéen the microstructure at the earlier location-
1 and just eutside the DMZ at the lowest reduction ratio.
This is because the hydrostatic zone is parallel to the die
aXis an observation in conformity with the pressure contours
(Fig. 6.4(e)). At R velue 3.2:1 directionality is observed
(Fig. 6.35(b)), On raising the R value te 10:1, heavy uneven
fibering is observed (Fig. 6.36(0)) which evens out at R

values 40:1 and 80:1 (Figs. 6.37(b) and 6.38(c)). Distinct
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sub-structure formation with directionality is visible from
R value 10:1 onwards (Fig. 6.37(b)). In this region the
pressure is not meximum, as in the case at the location-1.
This is so because it is being trensmitted from the ram
into the interior and as such its magnitude would gradually
reduce as the extrusion loceztion is approached., Transmitt-
ance of pressure would cause the mesterial to flow. In the
region just outside DMZ,both these factors namely pressure
transmission leading to its gradusl reduction and the conse;
quent material flow are contributing to the structural

thanges.

(¢) Location - 3

At 2 region just where the extrusion proper is going
to occur i.e. nesr the exit plene, the value of the pressure
drops to the level of yield stress 2z a consequence to a
gradual tapering off in pressure transmission. This would
result in the creation of material flov leading %0 = condi-
tion of high effective strain rates as shown by the Figs.
6.9(f), 6.9(a), 6.13(4a), 6;14(d), 6.15(d)). At low R velue
3.2:1, the microstructure is showing grain coarsening and
coarse sub-structure (Fig. 6.35(c)). Pressure being small,
and the effective strain rate being 'low' (not enough to
counteract the effect) the temperature effect predominetes
resulting ih the formestion of coarse grains and sub-structure.
For 211 practical purposes, the existence of the sub-structure
was just about perceptible. Directionslity is observed.

Seme is the cese at the next higher R velue (10:1), although



155

directionality is now more pronounoed'(Fig; 6.36(d)). Thus,
the effect of increasing the effective strein rate is being
clearly manifested. At R value of 40:1, besides directionali-
ty formation of sub-structure is clearly seen (Fig. 6.37(c)).
Remembering the temperature to be 500°C,the high density of
sub-structure clearly demonstrates that the effective strain
rate component is the predominant factor in controlling the
microstructure. The existence of high values of effective
strain rate (30 units as shown in Fig. 6.14(&))|are in con~

formity with this reasoning.

It is worth mentioning here thst the microstructures
immediately after the point at which extrusion has occurred
‘and the one at which it has just begun, are similar. This is

en interesting observastion.

(d) Locetion - 4

Finally, mi crostructural investigetions were also
cerried out within the extfuded prdduct,closé %;”tié_&ie
axis snd near the perivhery of the specimen., This was done to
ascertain the chenges between the microstructure just at the

point of extrusion and that within the extruded product. it

lan R value of 1.3:1 the microstructure slong the die axis
%Fas equiexed in nature (Figs. 6.34(d) =2nd (e)), although near

the periphery it showed slight directionality and the presence
of sub-structure (Figs. 6.34(b) and (c). The tensile proper;.
ties and the low elongation value (Teble 6.5(z2) )were consis-
tent with frecture appeerance as shown in Fig. 6.34(f). At

this R value, although the product is macroscopically coherent,
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but it is not so 2% the microscopic level. The tensile
properties are thus consistent with the microstructure. As .

the R velue is increaged, the important chenge in the micro-

structure is that the extent of directionelity is getting
more pronounced end the fibering is becoming heavier (Figs.
5;36(9) and 6.37(d4)). This led to 2n improvement in thé
tensile properties gos indicated by fiactuie surface appearan-
ce ag shown in fgs. 6.35(h) and 6.36(i). Thus the overall
improvement in proverties upto the R value of 30:1 is
expleined. However, with an increase in reduction ratio,
the stezdy state pressure value is continuously increzsing
in comparison to the value at R, l.3:1, as the reference
base. Thus, for each R, slthough a steady &tate pressure is
being attained, the incrense in its velue with reduction
ratio vig~a-vis the conditions at R velue 1.3:1, as the
reference basec, should be regsrded =s =n indicative of

a continuous incresse in the extent of 'work hardening'.
Therefore, with sn increase in R value there should be a

" enhancement of tensile properties upto = limiting R vealue
and thereéfter become z2lmost constant. The tensile proper-

ties date (Teble 6.5) are in accordance with above reasoning.

M;crostructurpl observations were also made on
transverse sections. Typical microg:aphs thus obtained for
reduction ratios 3.2:1 to 80:1 st 508C sre shown inFigs.G6.35(f
and g)’6.36( £, nd. h), 6.37(e) =nd 6.38(e). ALt an 'R velue of
3.2:1 o very smell amount of porosity is seen and the overall
structure is by =nd lerge equioxed (Figs. 6.,35(f and g)).-

At R velue 10:1, there is & definite trend towards fibering
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(Figs. 6.36(f)), which eventually leads to the attainment of
fragmented grain structure (Figs. 6.37(e) and 6.38(e)) at R
value 40:1 and 80:1, an indication that a large deformation

has been imparted.

/

6.4.,1.2 Effeect of Temperature

The effect of temperature on microstructure and
hence, the tensjle properties were examined to a limited
extent ot R value 10:1. It was observed that at 500°C, the

presence of sub-structure is seen to a limited extent,

At 300°C the sub-structure in the form of pits is
visible only in eertain regions (Figs. 6,39(a 4o h)). A
nearly similar structure exists in the transverse section
microstructure (Fig. 6.39(i)). Corresponding te 400°C, there
is an increase in the sub-structure formation (Figs,6.40(a to
d)). The extruded section shows presence of nonhomogeneous
microstructure( Figs.6.40(e and £)). The transverse micro-
structure at 40000, shows that the structuré is somewhat
'coaisezﬂongthe periphery(Fig.6,40(g)),compared with that at
the centre (Fig.6.40(h)). However, this trend is completely
reversed at 500°C(Figs.6.36(g and h)),where there appears to
be extensive grain growth as a result of whiéh grain size neer
the die axis(Fig.6.36(g)) is very large Gpmpared to the -
grain size near the periphery(Fig., 6436(h)). Such a struc=-
tural change is due to initiation of grain growth within the
material mass which is effectively eounteraeted at the die
walls leading to a relatively fine grain size at the peri-

phery. Bagsing the recrystallization on the usual concept of
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0.5 Tm and congidering that the starting moterial is green

end hes attained ~ 85% of the theoretical density, en extru-
sion temperature ~ 300°C =t best signifies a stnge where re-
crystallisation has just begun (Fig.6.39(i)). Thus, the dense
sub=structure is not sannesled, thereby requiring = larger
extrusion pressurc. On raising the temperzture to 40000, the
thermally activated softening processes are occuring very
ra2pidly leading to grain coarsening and sub-structure coarsen-
ing. This softer state of the meterial would require relative-
ly low preseure for affecting extrusion pressure as compared
to thet required at 300°C. This reversal mode of deformation
hes also been noticed while plotting extrusion pressure Vs,
log T (Fig. 6.3) and thus this phenomenon is evidently clear
by microstructurc investigation. On raising the temperature
to 500°C, although the grain size snd the sub-structure hes

become very coarse, the chenges sre not significant enough in

- altering the statec of the material in comparison to the state

of offairs at 400%.

6.4.2 Microstructure S%ud;esz'Wedgo Sheped Dies

The discussion, so far, has been confined to the mode
of deformetion occurring in 2 squsre die. Besides it, extru-
sion studies have zlso been carriéd out in wedge dies primerily
because it offers the possibility of eliminstion of DMZ as
cnviseged by the different theories propounded till now.
Further, in vicw of the shape of the die (semi-cone angle of
45°) o moreAhomégeneous'doformation pattern would emerge during

the‘extrusion process os hes already been shown with the help
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of the enalytical studies. The following discussion shall be
devoted to establish o correlation between the microstruc-
tural changes and the (i) velocity vectors, (ii) pressure

and (iii) effective strain rate contours as influenced by
temperature and reduction ratios during the extrusion through
wedge sheped dies. An éttempt-shall 21s0 be made to ascer;
tain whether the basic differences between the‘behaviour of
materiel while being extruded through o square and a wedge
sheaped dieé,as reveeled by analytical studies could be
correlated with the microstructural observetions. Micro-
structursl studies have been carried out at reduction ratios,
1.6:1,-721, 15:1 and 80:1 at 500°C. To examine the effects
of extrusion temperatures on microstructural,studios were nlso
cerried out at different temperotures, 300,400 end 500°C

for reduction retio, 7.0:1. These were carried out 2t four

locations mentioned in the Fig. 6.33.

The mein difference between the extrusion process

through = wedge'and square shaped die,is thet in the former
materisl movement is more marked along the conical surface

in comperison to the die axis. is & consequence of this,

2 uniform material movement occurs from the adjoining arcas
into the regions corresponding to the conical surface. is

a result of this difference, the nature of the microstructure
at different locetions while extruding through a wedge sheped
die, would be different from what has becn observed during

cxtrusion through 2 squaere edge die.
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6.4.2.1 BEBffect of Reduction Retios

(a) Location - 1

The nicrogtructurc ot location-l,resembled the
corresponding-microstructure in the square dies except that
tpe extent of deformation appears to be more and consequently
the sub-structure formetion is more pronounced (Figs. 6.41 to
6.46). With an increese in the reduction ratio from 1.6:1 to
80:1,this features is retained 25 such (Figs. 6.41(2) to
6.44(2)). Lddition2lly, it is observed that the oversll grain
size’ is smaller, the product more coherent and the sub-
structure mch finer than what is obsserved in the cese of
squere dies (Figs. 6.34(a) to 6.38(a)). These features rnre
"observed 2ll 2long the rear end of the billet. This observa-
tion is consistent with the pressure znd effective strain
rate contours which are uniformly distributed in the billet,
originating from the conteiner surface and termineting at the
die axis. Reésoning in support of this contention has already

been given in the forcgoing pera.

(b) XLocation - 2

Representative microstructures at this locetion are
shown in Figs. 6.41(a and b),6,42(a and b),6.43(~) and 6.44(a).

This location is characterized by the start of the conicel

portion. At reduction ratio of 1.6:1, the microstructure
revealed a non-homogeneous wevy pettern,indicative of the
existence of high pressure zones. This is consistant with

the obsgervation,that hydrostetic zone is present near the

N - End
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location 2 (Fig. 6.23(c)). As reduction ratio is increased
to T7:1, although the non-homogeneity in the deformation
pattern is absent, directionality has been introduced (Figs.
" 6.42(c and d)). This is consistent with the observation
that et this reduction raeio, there is no hydrostatic high
pressure zoﬁe (rige 6425(c))e A further increase in the
reduction ratio to 15:1 and 80:1 respectively, did not appreQ
cisbly alter the miérostructure,except thét the presence of
coarse sub=-structure could be seen. The sub-structure was
aligned in the direction of def&rmation (Figs. 6.43(b) and
6.44(v)). This is in conformity with the observation that no
hydrostetic zone is present 2t reduction ratios higher than
5.5:1. The megnitude of effective strein rete is low

(0.1 - 0.2 unit) thereby clearly signifying thet the tempera—
ture effect is predominant leading to the formation of coarse

sub~structure.

OQ traversing from location 2 to location 3, occurr-
ence of directionality cen be easily detected (Figs.6.41 t06.46)
There s an increase in the density of suo-structure znd a
reduction in grain size on raisiﬁg t-e reduction ratio from
1.6 to 15:1.(f&gs. 6.41(b), 6.42(e), 6.43(c)). On raising
the reduction ratio %o 80:1, the grain size snd sub-structure
size were coarser than that observed 2t 15:1 (Fig. 6.44(c)).

These observations are consistent with the effective strain

rate value and con be explained as before.

(¢) XLocation - 3

Lt location 3,i.e.,t0wards the end of the conical

surface where the material is just on the verge of being
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extruded, the reduction rstio hed a pronounced effect on the
microstructure (Tigs. 6.41(c), 6.42(f), 6.43(d) and 6.44(a
and e)). It mey be noted that effective strain rate is
maximum at this location and increases markedly with reduc-~
tion ratio. At R value of 1.631, there is no change in the
structure with respect to location 2. However, from

R, 7:1 and obove , pronounced directionality is observ-
ed giving way to heavy fibring at reduction ratio of 15:1 and
80:1. At the ¥Yeduction ratio,80:1, fragmentatiOntié nlso
observed (Figs. 6.44(d and e)) indicative of very large
deformation that is being impartéd. This is possible due to
morging of sub~grain boundary along the direction of flow
leading to their poor identification. This is expected in
view of the fact thet the msgnitude of the effective strain
rate incresses from 10 units at reduction ratio, T:1, to

260 units at reduction ratio of 80:1. This has not been
observed in the case of extrusion through square die where
for the same temperature and reduction ratio,the maximum

value of strain rate encountered is ~ 90 units.

(d) Location - 4

At location 4, i.e. in the extruded product, the
general trend of the microstructures observed is similar to
thet observed at (i) Location~3 and (ii) in the extruded
sections in square dies. Certain pertinent observations
regarding extrusion through wedge dies need to be recorded
here. Firstly, beceuse of a better overall homogeneous
deformation the extrusion pressure values are consistently

lower than the corresponding values observed in squere dies
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extrusion. For similar reasons andAalso because.of appre-~
cisbly larger strain rétes, the strength of the extruded
product in the present instance is at least 10 - 20 % higher
than what is observed in the case of square dies; Except

at lQw reduction ratio, 1,6:1, the elongation values for
extrusion through wedge and square dies are comparable. The
consistency of experimentally measured tensile strength has
been found to be better in the case of wedge die as compared
to square die. This is sgain,due to the fact that deforma-
tion in wedge die is more homogeneous than through square

die.

Microstructural obsservations on the transverse
seetion (Figs, 6.41(f), 6.42(i), 6.43(g) and h)) can be

explained as before for square dies,

6,44242 Effect of Extrusion Temperature

The microstructure for reduetion ratio 7.0:1 at
300, 400 and 500°C are shown in Figs. 6,42, 6445 and 6.46,
Comparing the temperature effect on extrusion through wedge
die keeping donstent. reduttion rrtig,7:1, it was noticed |
that the size of sub=structure increased with increasing
tempersture. It was also noticed that the gtrueture of

extruded product along the periphery and die a¥xis showed

1 "reversal wvhile increasing the temperature from 400 to SOOOG,

\
'a phenomenon similar to that observed in case of square die.

SRR

Howewver, corresponding to lowest reduction ratio, 1@6:1,
this reversal is not noticed (Figs, 6.41(f and g)) and

correspandingly it was noticed that the straight line nature
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of the plots does not change the slope in p Vs. log T curve.

6.4.3 Macrostructural Studies

In order to identify the shape of DMZ in square dies
microexamination of partially extrided billet was slso per-~
formed. '

The shape of DMZ boundary for reduction ratios,
2.1:1, 10:1 and 20:1 at 300°C are shown inFigs. 6.47, 4.48(a

and b)and 6.49(z and b). It was noticed that at these reduc~
tion ratios and temperature the DMZ boundary is clearly idenﬁi—
‘ fiable' due to incoherent flow of metal along the boundary.‘
The grains zre highly deformed =2long both sides of boundary

as shown in Fig. 6.50 for reduction ratio, 10:1 at 300°C.
However, at highef reduction ratios (R> 20:1), the boundary

no more remsins incoherent. Whether or not this boundery is
identifiable by way of incoherency, the grains are observed

to be heavily deformed, elongated and thereby Ziving

rise to fibrous orientation along the boundery. Grains sppear
to change their directior of flow as‘they.approach the bound~
ary, thus in all the cases, The boundary should be identifi--
able through microstructural investigetions. The boundery,

as predicted by averasge pressure contours, appears to be

well in conformity with the macrostructursl observetions.
Shape of DMZ chenges with reduction ratio. As the reduction
?atio increases, the DMZ boundary shifts towards the corner

of the die (Figs. 6.47 to 6.49) while 2t low reduction ratios,
the DMZ boyndary becomes parallel to the die exis. However,

. . . o . . . 0
this observation differs very widely in comparison to 45
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orientetion of the boundery, as predictedlby slip line field

theory.

6.5 DEFECTS IN EXTRUDED PRODUCTS

It wes observed during powder extrusion at lower
reduction ratios and temperature, mainly 30000, coherent
product was not obtained both in square and wedge shaped
dies; -However, on raising extrusion temperature the coherent
mass was obtained both in square and wedge shaped dies at
these reduction ratios. In the present section the reason
for the 1ack of coherency in extruded product whenever
obtained has been discussed on the basis of average pressure
and average effective strain rate contours eabtained by FEM.
A model has been proposed for the criterion of coherency of

the product which had been discussed in section 6.2,

6.5.1 Sqguarc Edge Die

Figures 6.5(2 and b)end 6.52(a and b) show the
surface =nd longitudinal section of the produet extruded
through reduction ratios 1.3:1 end 1.6:1 at 300 and 400°¢
respectively. 1In these products, coherency was lacking. At
300°C corresponding te R, 1.5:1 the product fractured longi-
tudinally as well as laterally (Fig. 6.51(2)) where as at
40000 for the same reduction ratio only lateral cracks were
observed both on the surface in longitudinal section of the
product (Fig. 6.51(b). These cracks are pretty long in

width but most of these do not extend upto the periphery of
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the extruded product. For reduction ratio 1l.6:1 at 300°¢

the lateral cracks (Fig. 6.52(2)) are still present, most

of these extend upto the periphery of the product. However,
2t 400°C for this reduction ratio the width of these cracks
reduces considerably (Fig. 6.52(b)). The product, at 300°

for reduction ratio 2.1:1 end at 500°C for the lowest reduc-
tion retio 1.3%:1, are fully coherent as shown in Figs. 6.53(a)
and (b). 'Their sections also show complete coherency thus,
the product appears to achieve a limiting condition of co-
.herency above reductioh ratio 1.6:1 which may be designated-

as lowest limit of coherency.

The cracks in the extruded product can be explained
by veiocity vectors, average pressure contours and average
effectivé strain rate contours drawn by FEM. In most of
the cases, lateral cracks were observed and the width of the
cracks‘is naximum at the centre of the product. This was
due t§ fact that at the centre the material hss maximum flow
vhile at the surface of the die the materisl flew is negli=-
gible. Average pressure =nd aversge effective strain rate con-
tours f&rreduétion.ratios, 1.6:1 snd 2,0:1, show that the
homogeneous metal flow and deformetion was confined to a
very small region neer the point of discontinuity end also
the ZPC line ( COfresponding to analytical extrusion pressure
contour ) is below the horizontal line, passing through the
point of discontinuity. Due to smaller region of extensive
movement of material, homogencous deformation takes place
only in limitcd space which results in cracks in the extruded

- product. The continuity requirement was also not satisfied
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at 400°C for reduction ratios 1.3%:1 and 1,6:1, which clearly
predicf that coherent mass should not be obtained which was
confirmed experimentally, In the cases where coherent pro-
duct was obtained experimentally e.g. at 500°C for R, 1.3:1
and at 300°C for R, 2.1:1 and above (Figs, 6.53(a and b))

the continuity requirement was satisfied and EPC line remains
almost horizontel, suggesting a limiting reduction ratio
where the product was fully coherent. The pressure contours
and strain rate eontours could not be drawn at 300°C due to

lack of yield stress data,

6.5.2 Wedge Shaped Die

. Figure 6,54(a) shows the ineoherent product extruded
through reduction ratio 1.,6:1 and 2,0:1 at 300°C, In these
reduction ratios only lateral cracks at the periphery of the
product are visible which extend through cross-section. This
has been termed as snakeskin [37]. At 400°C goherent mass
was obtained at these reduction ratios as shown in Fig.6.54(b)
.but the cracks were visible gt the starting pdrtioﬁ only
(Fig.6.55(a)). At 500°C fully coherent mass was obtained
and the cracks even at starting portions are not visible as

shown in Fig. 6.55(b).

Like square dies, in wedge dies, at low reduction
ratios, the maximum flow of material occurs at centre of die
which results into the formation of eracks in the extruded
product. Although velocity, pressure and effective strain
rate contours could not be plotted at 300°C due to lack of

vield stress data, but it is expected that the trend would
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be similar as observed at other temperatures. The average
pressure and average effective strain rate contours for
reduction ratios 1.6:1 and 2.0:1 at 500°C show that the EPC
line is horizontal and extends upte the centre of the die,
i.e. homegeneous deformastion oceures in a very wide region
from die surface to the centre of the dies as explained
earlier (Section 6,3). The same thing was Seen by effective
strain rate contours at SOOOC corresponding te reduction
ratio 1.6:1 and 2,0:1,i.e. extensive movement of material
takes place from die surface to the centre of die which
result in coherent mass at 400°C and 500°C for all the reduc-

tion ratios.

Therefore, the model proposed on the basis of FEM
fully explains and predicts the coherency of the extruded
product, for all reduction ratios and temperatures investiga-

ted, and is fully borneout by experimental ebservations.
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6.3

Longitudinal section of partially extruded billet

(Square die), R = 1.3:1 and T =

500°¢

(Circular spots indicate the electropolished

regions and arrows - approximate locations
of the microstructures)

(2)

(¢)

(e)

Coarsgse sub-structure

Polarised

1ight, 1000 X

Coarse sub~structure,
oriented in the
direction of metal
flow

Polarised

light, 500 X

Sub-structure in the
form of pits

Polarised

light, 500 _X

(b) Very coarse sub-
structure in
deformed grains

Bright

field, 200 X

(d) Undeformed grains

Bright

field, 200 X
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Fig. 6.34(f)

Fracture appearance of extruded
product, R=1.3:1 and 1=500°¢

Individual particles identity
observed - '

2650 X_



 F16.6.34(f)
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Fige 6435

Longitudinal section of partially extruded billet
(Square die), R=3,2:1 and T=500°C
(Circular spots indicate the electropolished

regions and arrows - approximate locations of

the microstructures)

(a)

(c)

(e)

Pits delineate sub-
structure.

Polarised

light, 1000 X

Pits are delineating
sub-structure orient-
ed along the grains.

Polarised

light, 1000 X

As in (c).

Polarised

light, 1000 X

(p)

(d)

Sub-structure in
the form of pits
inside hesvily

deformed grains.

Polarised

light, 1000 X

Directionality
visible. Sub-
structure is in the
form of few pits
only. '

Bright

field, 200 X
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Fig. 6.35(f)

Transverse section of the extruded
product, R = 3.2:1 and T = SOOOCO
Fine grained structure.

Bright field, . 200 X

Fig, 6¢35(g)

Same as 65¢35(F)

Pits delineate sub-structure.

Polarised light, 1000 X

.

Fracture sppearance of extruded
product, R = 3,2:1 snd T = 500°C.
Graing heavily deformed,

2650 X

£
o
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Fig. 6.36 1
to\ .
Longitudinal section Of‘g?rtially extruded billet
8 } (Square die), (R = 1.3:1Jand T = 500°C =~ - . .
A (Circular spots indicate the electropolished
regions and arrows ~ approximate locations of the
microstructures ).

(2) Equiaxed grains, (b) Sub-structure in
showing evidence , the form of pitss
of recrystallisation. '

Polarised
Bright light, 1000 X
field, 200_X
(c) Heevy uneven (a). Pits visible in
fibering. deformed grains.
Bright | Polarised o
field, 200 X light, 500 X
(e) Directionality e
observed.
Polarised

light, 500 X
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Fig. 6.36(f)

Transverse section of extruded produet,

R = 10:1 and T = 500°cC.

Microstructure near the die axis shows
deformed grains having partial
directionality,

Bright field, 200 _X

Fi&%’f 6.36(g)

‘Same as 6.36(F)

Sub-structure in the form of pits only.

Polarised light, 1000 X

Fig. 6.36(h)
Transverse section of Extruded
product, R = 10:1 znd T = 500°C.

Microstructure near the periphery
shows coarse grain strueture with
only few pits.

Polarised light, 1000 X

Fig. 6.36(i)

Fracture appearence showing extensive

3400 X

deformation.
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Fig, 6.37

Longitudinal section of partially extruded billet
(Square die), R = 40:1 and T = 500°C |
(Circular spots indicate the electropolished
regions and arrows - approximate locations of the
migrostruetures).

(2) Heavy sub-structure. (b) Heavy sub=-structure
in deformed grains.
Polarised :
light, . 1000 X Polarised
light, - 500 X

(¢) Heavy pitting within (d) Anodised structure
the grains. of extruded product,

fibrous strueture.
Polariged

light, 1000 X Bright
field, 200_X

(e) Transverse section
Fragmented grains
due to heavy
deformation.

Polarised
light, 1000 X
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Fig, 6.38

Longitudinal section of partially extruded billet
(Square dia), R = 80:1 and T = 500°C.

(Cirenlar spots indicate the electropolished
regions and arrows -~ approximate locationg of the

migrostructures).

(a)

(c)

(e)

Undeformed grains
showing their
identity,

‘Bright
field, 200 X

e e

Heavy uneven flow
and deformation of
grains.

Bright
field, 200 X

Transverse gsection
Fragmented grains,
sub-structure in
the form of pits.

Polarised
light, 1000 X

(b)

(a)

Coarse subwgstructure.

Polarised
light, 1000 X

Deformed grains
showing little

directionality.
Bright
field, 200 X
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Eiﬁ;mé;éﬁ

Longitudinal section of partially extruded billet
{Square die), R = 10:1 and T = 300 C.

(Circuler spots indicate the electropolished regions
and arrows - avproxinste locations of the micro-
strugture). ‘

(a) Coarse and dense sub- (b) Coarse sub=structure

structure in all the which is deformed

grains. \ along the grains.

Polerised Polarised _

light, 3000 £ light, 1000 %
(¢) Grezins are legs (&) Very few pits inside

deformed in comperison heavily deformed

to (b). o grains.,

: | Polarised
Folarised .
light, 1000_X 1ight, 1000 .2

(e) Deformed sub-structure (f) Pronounced directionality
eligned along grains. ‘

Polarised ". Polarised
light, 1000 X light, 1000 X

Plopny
St . Seas——h
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Pig. 6.3%9(g)
()

Bxtruded produet, R=10:1 and T=500°C.
Fibrous structure.

Bright field, | | 200 X

]

Deformed greain showing directionality.

Polrrised light, : 1000 X

Fig. 6,39(i)

Transverse section of extruded product,
R=10:1 and T=300°C.
Finc deformed greins with pits.

Polerised light, 1000 X
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Fig. 6.40

Longitudinal section of pertially extruded billet
(Squere die), R=10:1 end T=400°C

(Circular spots indicate the electropolished regions
and arrows - gpproximatc locations of the miero-
structure.

(2) Particles identity {b) Coarse sub=structure.
and porosityv is
visible. Polarised '
light, 1000 X
Bright -
field, 200_X%
(0) Fine sub-struciture. (d) Pits inside deformed
grains.
Polarised
light, 1000 X Polarised '
light, 1000 X
(e) Few pit inside (£) A fine network of
deformed gragins. sub~strueture.
Polarised Polarised

light, 1000_X light, 1000 _X
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Figo 6040(g)

- Transverse section of the extruded product R=10:1
and T = 400°C (near the die axis).
Only sub~structure visible.

Polarised light, ' 1000 X

Fig. 6,40(h)

Transverse section of the extruded product R=10:1
and T=400°C (neexr the perirhery).
Heavy sub-=structure.

Polarised light, 1000 X



F16.6.40 (h)
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Hig, 6.41

Longitudinal section of partially extruded billet
(Wedge die); R=1,6:1 snd T=500°C

(Circulaer spots indicate the electropolished regions
and errows - approximate locstions of the micre-
structures).

'

(a) Sub=structure. (b) Sub-structure
q oriented along grains.
Polayised ‘
light, 500 X » Polarised
light, 500 X
(¢) Heavy flow, no (d) Deformed grains
sub—structure. having sub-grains.
Polarised Bright
light, 1000_X field, 200 X

(e) Deformed sub-structure,

Polarised
light, 500 X

L Aok .
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Transverse section of extruded product,R=1.6:1
and T=500°C.

Sub-structure.

bS]

Bright field, 200

Fig. 6,41(g)

Transverse section of extruded product,R=1,6:1
and T=400°C, ™ |
v‘
Same o8 6.41(f).

Bright field, . | 200 X
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Fig. 6.42

Longitudinal section of partially extruded billet
(Wedge die), R=7.,0:1 and T=500°C

(Circular spots indicate the electropolished
regions and arrows ~ approximate locations of the
picrostructures.

(a) Heévy sub=~gtructure.

Bright

field, 200 X

(c) Deformed grains

(e)

containing oriented
sub-structure,

Bright

field, 200X

[\ LR ey

Sub-structure in the
,form of pits.

Polarised

light, 1000 X

(v)

(£)

Heavy and coarse
sub=-structure;
Grain grouth seen.

Polarised

light, 1000 X

Pronounced direction-
ality of sub-structure.

Polarised

light, 1000 X

Deformed grains
showing directionality.

Bright

field, 200_X
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' 1
Extruded product (near periphery),R=7.0:1,
7=500°C. . |
Fibrous structure, sub-structure in the form
of pits.

Bright field, _ 200 X

Fig., 6.42(h)

Bxtruded product (near die axis),R=7.0:1,
7=500°C. '
Heavily deformed grains.

Bright field, 200 X

Fig. 6.42(1)

Transverse section of extruded product
R=7.0:1, T;SOOOC (near periphery).
Only pits wvisible.

Polarised light, 500 X

 Fig. 6.42(3)

Transverse section of extruded product
R=7.0:1, T=500°C (Neer die sxis).
Coarse grain structure and sub-structure.

Polgrised light, 500 X
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Fige 6.43

Longitudinal section of partially extruded billet,
(Wedge die), R=I5:I, T=500°C

(Circular spots indicate the electropolished regions
and arrows -~ approximate locations of the micro-
structures).

(a) Heavy sub=-structure, (b) Deformed sub~structure.
in undeformed grains. : '
o Polarised
Polarised light, 1000 X
light, 500 X_ -

(o) Deformed grains with  (d) Fibrous structure.
less sub=-structure, -

than (a). Bright _
field, 200 X

Polarised

light, 200 X

(e) Showing directional- (f) Only directionality
ity. observed,

Byight Polarised
field, 200 X light, 1000 X
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Fig. 6.43(g)

Transverse section of extruded. product,
R=15:1, T=500°C.
Fine grained.structure.

Bright field, ‘ 200 X

Fig. 6043(1’1)

Same as (g).
Sub~gtructure.

- Polarised 1light, 1000 X



£16.6.43 (g)

FI16.6.43(h)
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Fi & 6!4

Longitudinal section of partially extruded billet
(Wedge die),R=80:1, T=500°C -

(Circular spots indicate the electropolished
regions and arrows - approximate locations of
the microstructures).

(a) Sub-structure. . (b) Deformed sub~
‘ structure in the
Polarised form of pitsy
light, 1000 X
Polarised
light, 1000 X

(c) Pits are oriented (d) Fragmented grains

along the (no flow and no
deformation. ~directionality).
Polarised Bright

light, 1000 X field, 200 X

(e) Fine sub~gtructure (f) Anodised structure

in the form of pits. showing direction-
ality and sub-
Polarised structure.
light, 1000 X
' Polarised

light, 1000 X
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Figs 6.45

Longitudinal section of partially extruded billet
(Wedge die), R=7.0:1, T = 300°C

(Circular spots indicate the electropolished
regions and arrows ~ approximate locations of
the microsetructure).

(a)

(c)

(e)

Heavy sub-structure
in 2ll the grains.

Bright
field, - 200 X

Deformed sub-
structure in the
form of pits,

Polarised
light, 500 _X

Pits are aligned
in the direction of
flow.

Polarised
light, 100

—————

L

v

(b)

(a)

Heavy sube-strcuture.
Polarised :
light, 1000 X

Directionality and
sub=structure in
the form of pits.

Bright
field, , 200 X
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Figs 6.45(f)

Transverse section of extruded produet
(Wedge die), R=7.0:1, T=300°C.
Fine grain structure.

Bright field, 200 X

Fig. 6445(g)

Same as (f)
Sub-structure in the form of few pits.

Polarised light} ' 1000 X
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Tig, 6.46
Lognitudinal section o7 partially extruded
billet (Wedge die), R=7.0:1, T=400°C
. (Circular spots indicate the electropolished
regions and arrows - approximate positions of
the structures). b

(2) Grain growth (b) Coarse sub-
observed. structure.
Bright ' - Polarised
field, 200 X light, 1000_X
(c) BExtensive (d) Heavily deformed
flattening of grains, sub-
grains(deformed structure in the
sub-structure). form of pits.
Polarised Polarised

light, 500 X light, 500 X
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Fig. 6.46(e)

Extruded product (Wedge die),R=7.0:1,
T=400°C.‘ ‘
Directionality observed.

Bright field, 200 X

' Sage as (e) _
Directionality and fine sub-structure.:

Polarised light, 1000 X

Pig. 6.46(¢g)

Treansverse section of extruded product
(Wedge die), R=7.0:1, T=400°C,
Heavy concentration of pits.

Polarised light,: 500 _X



FIG.6.46 (g)
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Fig. 6.47

Mac:ograph showing incoherent DMZ boundary,
'R=2.1:1, T=300°C.

Fig, 6.48(3)

Macrograph showing incoherent DMZ boundary.
Macrograph of partielly extruded billet showing
incoherent DMZ boundary.

Fig, 6.48(1b)

Scanning Electron Macrograph showing only DMZ
boundary, R=10:1 and T=300°C

20 X



Macrograph showing incoherent DMZ boundary,‘
R =2.1:1, T=300°C,

'Macrograph Sh0W1ng 1ncoherent DMZ boundary

Macrograph of partially extruded pillet ‘Showing
'1ncoherent‘DMZ boundary.

Scanning Electron Macrograph showing only DMz
boundary, R=10:1 and T=300°C %ot

FIG.6.48(b)



213

Fig. 6.49(=a)

Mocrograph of pertislly extruded billet showing
incoherent DNZ boundary, R=20:1 and T=300°C.

Fig., 6.49(b)

Scenning Electron micrograph showing only DMZ

boundary, R=20:1 andk?=500 9;)

20 X

Fig. 6.50

Flow of'material on both sides of incoherent
DMZ boundary, R = 10:1 end T = 300°C. ‘

Porarised light, 200 X



Scanning Electron micrograph showing only DMQ

boundary. R=20:1 o AR

o Ni-.._ e, NTRe ) ";;573‘“
' Flow of material on both sides of incoherent:
DMZ boundary, R =10:1 and T= 300°¢, !

Falaricee’d 15 aht L



214

- Fig. 6.51

Defect in products extruded through square die

A

% reduction ratio, 1.3:1.

(a) Incoherent extruded product at BOOOC
showing longitudinel as well as latgeal
cracks.

(b) .Incoherent extruded product at 400°¢
showihg lateral cracks on the longitudinsl
section. '
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Fig. 6.52

Defect in products extruded through square
die at reduction ratio, 1l.6:1.

(a) Incoherent product at 300°¢ showing
cracks on the surface and longitudinal
Asection. |

(b) Incoherent product at 400°C showing
cracks on the longitudinal section
only.



£16.6.52 (a)
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Pig, 6,53

Coherent products extruded through square -
die at low reduction retios, '

(2) Coherent product R=2,lxl_aﬁd
1=300°¢,

(b) Coherent product R=1.3:1 and
1=500°C.



F1G.6.53 (b)
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Fig. 6.54

Products extruded through wedge shaped
dies at low reduction ratios.

(a) Incoherent‘extruded product at BOOOC
for R=1.631 and R=2.0:1 showing
lateral cracks called snakeskin.

(b) Coherent extruded produst at 400°C
for R = 1,631,



Froducts extruded through wedge shaped;
!

dies at low reduction ratios,

. i o }

T NI B
(a) Incoherent extruded product at 300°C
for R=1.6:1 and R=2.031 showing

lateral cracks called snakeskin. :

(b) Coherent extruded product at 400°C -
for R = 1l.631, |

. e oo e i
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Fig, 6.55

Defects in the starting portion of the
products extruded thiough wedge sheped
dies at lov reduction ratios.

(a) Cracks at the starting portion
of the product extruded at 400°C
fOI‘ Rzl.6=l and 200:10

(b) Sterting portions of the product
show no crack extruded at SOOOC
fOr R=l|6:l al’ld 2-0210



‘Defects in the starting portion of the)
jproducts extruded through wedge shaped!
|dies at 16w reduction ratios. |

AEE R

Cracks' at the starting potion
of the product extruded at 400G
for R=1.6:1 and 2.0:1. '

(a

(p) Starting portions of the product
" show no crack extruded at 500°C
for R=1.6:1 and 2.0:1.



CHAPTER - VII

GENERAL DISCUSSION

T.1 INTRODUCTION

In the preceeding chapter a2n attempt has been made
to systematically analyse the experimental observations and
highlight the.important experimentsl features. However, it
Waé felt that the process of extrusion inVOlves numbexr of
lparameters and while explaining certain experimental results,
many a times‘correlation of one result with the other got
lost. In order to establish such correlation and to emphasi-
se the important observations which have so far not been

discussed in depth, the need of this chapter arose. Some of

the important areas, where elaborate discussion is needed, ares

'

i) Concept of DNMZ.

ii) Concept of flow and deformation during -
_extrusion. .

iii) Densificabtion in wedge shaped dies.

7.2 CONCEPT OF DMZ

| It is agreed that there exists DMZ as it could be
delineated experimentally in certain cases. However, as
putforward in slip line field theory that it is inclined to
an angle of 45° to die axis for all reduction ratios is not
true. In fact,the orientation of DMZ boundary veries with
reduction retios, as shown in Figs.6.47 to 6.49. For low
reduction retios it is somewhsat parallél to the die axis and

it becomes nearly perpendiculer to die axis when reduction
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ratio is increased. At intermediate reduction ratio there

is likely to be near vicinity of 45° orientstion. As the
material movement is evident in DMZ it may be more&ap?ropriate
to cell it hydrostatic zone (HZ). It was also seén that the
pressure more than extrusion pressure appears to develop in
certain regions near the container surface. This way it would
be better to identify these regions as regions of hydrostatic
pressure where overall material movement is very low. The
orientation of this region with respect to metal flow has a
great bearing on the overall pérfqrmance of the process. In
fact when EPC line is parsllel to the die axis, the forces

are so oriented_that it is practically shesr which is pre-—
dominent before extrusion (Fig. 7.::(a)). Such a situation
prevailing in low reduction ratio would lead to incoherent
product. However, at high reduction ratios its orientation
being nearly perpendiculer to the die axis, the forces now

are predominently compressive in nature (Fig. 7el:(b) and as

a result of this the coherent product was obtained.

On the basis of the concept outlined above it oould
be concluded that coherency of the product is unlikely to be
rélated with the parsmeters likeschalled redundant work as
proposed earlier. This is further discussed in the following
'section. On the contrary, it is expected that material would
be. coherent whenever the relastive deformetion between the

particles (representing mass in quantised fashionx) is gradual

# So far the materisl is treated ss continuum in 11 analyti-
cal theoreis. However, this is far from the fact thst the
powder material represented by individual particles does
not easily lose its identity in the extrusion process there-
fore the existence of particles and its influence on the
overall deformation is very importent in the process.



(l

yl
-

A

(\

A

2y

and of high magnitude. Such a situation exist in wedge
shaped dies, where the contoure in the container ensures
gradual deformation all along the section of the billet,

In this case also,there are only compxessive forces~whﬁé\aﬁg
developing. Hence, it is expected and has been rightly

obtained a better extruded mass through wedge shaped dies.

7,5 CONCEPT OF FLOW AND DEFORMATION DURING EXTRUSION

It has been reportea that in the relation
| p=A+3B log R o (741)
Corresponding to extrusion process, the constant 'A' repre-
sents redundant work and 'B' represents homogeneous work

—— +
of deformation. It has also been reported that the redundant

.work is proportional to the area where massive shear zones

'develop inside the mass being extruded and it is different

.

from the work causing homogeneous deformation. It has been
axgued that the quantity of redundant work is primarily
dependent upon the reduction ratio. It is ﬁot clear how
this concept of redundant work which varies with reduction
ratio has arbitrarily been linked with the eonstant 'A', as
it is a constant for all reduction raties falling along the

line depicted by the Equation (7.1).

It has been reported in the past as well in the present
investigation that the relationship modifies to

P = Al + B log R e (Te2)

t o .
For lower reduction ratios where Al is a very small quantity

compared to 'A' of Equation (7.1). This fact can be
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interpreted that for lower reduction ratios,. curves have
tendency to pass through the origin. However, on account of
frictional condition prevailing in the process these deviate
from the origin; In this context no attempbhés been made

to explain as to why the linear relationship changes its
slope in the region of reduction ratios being 7:1 to 10:1l.
In faet, the value of 'A' is precisely dependent upon this
.change of slope, so0 in order to interpret this value it is

necessary to reasonout why at all the slope has changed.

The ehange of slope can be very preeisely understood
from the mode of deformation and flow conditions inside the\
mass being extruded, DBoth these factors are very weterogene-
ous in nature, Flow Qonditions are depicted in pregsure
’contours where as deformation condition can be depicted in

N i e -

strain rate contours. In the context of low reduction

i e et . —

ratios it is evident that high flow condition exists to a
fairly large section of extruded producty, 1In this region
grains flow without exhibiting noticeable deformation. This
region, therefore, may be treated as a region of friction-
less flow and no part of extrusion pressure is used up in
initiating such a flow. &8 the dic” epnstraint- are aporonrche
the flow conditions get reduced and deformation conditions
got improved. As a result contours of high strain rate

start developing in this region showing extensive deformation.
The grains in this region undergo massive shearing and hence,
A high order of shape change leading to‘fibrous structure. Such
. a situation prevails when flow and pressure conditions are

-~m, However, in the close vicinity of die constrain
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interpreted that for lower reduction ratios,.curves have
tendency to pass through the origin. However, on account of
frictional condition prevailing in the process these deviate
from the origin; In this context no attemptﬂas been made

to explain as to why the linear relationship changes its
slope in the region of reduction ratios being 7:1 to 10:1.
In faet, the value of 'A' is precisely dependént upon this
change of slope, so in order to interpret this wvalue it is

necessary to reasonout why at all the slope has changed.

The ehange of slope can be very preeisely understood
from the mode of deformation and flow conditions inside the\
mass being extruded, Both these factors are very heterogene- |
ous in nature, Flow conditions are depicted in pressure

e

contours where as deformation condition can be depicted in

e . ————

gﬁraigﬁfate contours. Iﬁ the context of low reduction
ratios it is evident that high flow condition exists to a
fairly large section of extruded product, In this region
grains flow without exhibiting noticeable deformation. This
region, therefore, may be treated as a region of friction-
less flow and no part of extrusion pressure is used up in
initiating such a flow. As the di¢ epnstraint- ere approrched
the flow eonditions get reduced and deformation conditions

gct improved. As a result contours of high strain rate

start developing in this region showing extensive deformation.
The'grains in this region undergo massive shearing and hence,
' high order of shape change leading te fibrous structure. Such
; a situation prevails when flow and pressure conditions are

- both optimum. However, in the close vicinity of die constrain
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(namely a region so far recognised as DMZ) the flow condi-

tions become highly unfavourable. Therefore, chances of
massive deformation are also minimised. This is reflected
in strain rate contours being small in magnitude in this

region.

This massive deformation as deseribed above is
localised near the die boundary and as the reduction ratio
~increases the extensive deformation proceeds towards the
die axis. Corresponding to reduction ratios 7:1 to 10:1
this extensive deformation (in other words the effeet of
die constraint) happens to reach the die axis. As a result
resistance is experienced throughout the extrusion cfoss—
seg¢tion when such a reduction ratio ie approached which was
earlier confined to localised section, Due to this res-
triction imposed by the reduction ratio the material requires
minimum pressure for initiation of flow. This maximum
pressure gets consumed in overcoming this restriction. Due
to this the initial curve happens to change its slope.‘ So
the change of slope is precisely due to the effect of die
eonstraint extended upto the die axis. Depending upon the
quality of the material being extruded and hence the inter;
particle friction, the quantity of slope change is likely
to occur. As Such,‘therefore, value of 'B' is a material
dependent quantity and this inturn influences the value of

'A' obtained by this curve.

This change in slope appears to be independent of

geometry of die (and hence die design) as similmr trend was
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obtained in the gase of wedge shaped dies glso. However, the
change of slope in case of wedge shaped diesis of greater

extent because the constraint is spread over the large ares
of inclined surface of the die in comparison to the point in

case of square edge dies.

The suthor has come to the conelusiom on the basis
of above discussion that constants 'B' and 'A' are with
material as well as die design variables and precisely
depend upon the particle characterisfics and subsequent defor-
mation of{the powder being extrudéd. The difference in
the slopes obtained in the present investigation and that
corresponding to Sheppard [1] experiments for aluminium powder
extruded at BOOOC,.shown in Fig. 6.2, caﬁ be accounted on the
basis of différence in powder charaeteristies employed, To
attribute 'A' towards redundant work and 'B' towards the
homogeneous work of deformation has, therefore, no sound basis
and hence the interpretation proposed in the bresent investi-
gation is well supported by the analytical and microstructural

investigations.

T.4 DENSIFICATION IN WEDGE_SHAPED DIES

It is established that densificatioh in square edge
dies completes before the extrusion starts,exception being in
the case of very low reduction ratios.However,in case of Wedge
shaped dies corresponding to all reduction ratios the densifi~
cation is incomplete till certain length of the extruded produet
has come out. It was also noticed that load-ram displacement

diagrams in wedge shaped dies (Figs.6.18(a end b))is different
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from that of square edge die in the éense that extrusion
begins before the attainment of peak load, Such a difference
in densification behaviour may be explained on the basis of
frietional conditions during steady state and non;steady
state extrusion, It has been already concluded that inter:
paxticle friction in presence of different pressure zones
inside the mass being extruded influenees greatly the extru:.
sion pressure Vs, log R relationship, This peak load may

alse be related to frictional conditions inside the mass

being extruded,

The peak load may be regarded as a sort of barrier
for initiating extrusion process{ unless it is erossed,
extrusion can not sustain. This way the peak load is a
dividing zone between non-steady state and steady state
extrusion in the case o0f wedge shaped dies. This peak load
is moxe pronounced in the case of wedge shaped dies than that
of square edge dies. As discussed in seetion 6.3, the
‘difference in peak load and steady state load shows a lincar
relationship te log R Therefore, this difference may be
related to the total static friction prevelent in the process.
As the process gets initiated, the dynamic friction being
lower in comparison to static friection, the load required to
sustain the process also reduces . Therefore, in the
ease 0f wedge shaped dies the material situated near the die
enfrance does not suffer from the frictional constraint as
gtated above including the boundary friction. This part of
the material, therefore, starts moving with deecrcased fric-

tional conditions resulting in incomplete densification. The
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material immedistely following this portion, however, has
to undergo higher frictional constraints leading to forma-
tion of pesk load and hence complete densification before
coming out of the die. ZExplanation of existence of peak
load due to temperature quenching [60] 2t the die/billet
interface, does not seem to be valid, because in the
present investigation the temperature of die and billet are
same before extrusion. Also argument given earlier [7] about
the source of peak load being high concentration of disloca-

tien and their consequent dynamic resovery lacks in concept.

1t was observed that complete densification was not
achieved during the entire extrusion'processyfor low reduc-
tion ratios. This can be explained from the fact that in
these cases good flow comnditions with lowest possible inter-
particle friction exists in the large portion of the extréded
seetion. It was observed in these cases by microstructural

studies that partieles situated near the die axis (when

viewed lengitudimal sections) do not at all deform.

Inter-relationship between peak lesd and inter-
partiele frietion is further confirmed by the faet that the
difference between peak and steady state leads decreases
with inerease in extrusion temperature. Higher temperature
may reduce- interparticle friction and henee, difference in
these loads. It may be concluded, therefore, that densifi-
cation phenemenon during extrusion process is purely related
with static and dynamic interparticle frigtions. Not only

this, the dynamic interparticle friction gontributes towards
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'work hardening' of the extruded product, because with
increasing reduétion ratio,the strength of the extruded
product goes on increasing. Dynamic interparticle friction
in wedge shaped dies may be related with homogeneous work
of deformation and on the basis of experimental results

it mey be concluded that this homogeneous work is responsi-

ble for overall strength and coherency of the product.
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CHAPTER~ VIIT

CONCLUSIONS

The main conclusions which emerge from the present \

analytical and experimental studies, are given below :-

1

Finite element method,-using velocity—pressuré
formulation, is a better technique te calculate
extrusion pressuré than the slip-line figld theory
and upper bound technique. Pressures thus obtained
are in close agreement with the experimental

extrusion pressures for both the type of dies.

Using Finite Element Method velocity vectors,

average pressure and average effeetive strain rate
contours are computed. These bulk parameters help
tb understand the exact state of material flew and

deformation during extrusion process.

On the basis of position of the extrusion pressure

contour (EPC) lihe on average pressure contour dia-
/

gram, a model is proposed which explains the extent

of coherency in the extruded product.

EBxperimental studies reveal that, the extrusion
pressure varies linearly with the extrusion parameters
(reduction ratio and extrusion temperature) for both
the dies and for all the reduction ratios. This
behaviour may be éexplained on the basis of metal flow

and deformation during extrusion.
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It is possible to obtain coherent product during
extrusion by both the type of dies for reduetion
ratios as low as 2.1l:1 at all temperatures. However,
coherent product has alse been obtained for both
the dies even at lower reduction ratio, 1l.3:1 at

500°C.

The hundred percent density of the extruded product
can not be achieved at low reduction ratios for
both the type of dies. While at high reduction

ratios,,fully dense product has been obtained.

The peak load, observed in the case 0of wedge shaped
dies, is possibly the limiting load for sustaining
the extrusion.process. This load peak may be due

to the static friction including boundary friction.

The steady.state extrusion pressure in the case of
wedge shaped dies is less than that required for
square edge dies (same billet length) at the same
temperature and reduction ratio. At the same time
product, obtained by wedge shaped dies, is having
atleast 10-20 % more strength then the product

obtained with thevsquare dies.

The orientation of the dead metal zone boundary
changes with the variation in the reduction ratios.
At low reduction ratios, it remains nearly parallel
to the die axis while at high reduction ratios, it

reduces in size and gets confined to the corner



231

of the die by assuming nearly perpendicular position

with respect to the die axis.

10 There is 2 sudden change in the 510pe of the p vs
log T curve ot 400°¢. It may be due to the change

in the‘mode of deformation at this temperature.

11 Effeet of extrusion parameters on the microstructural
features of the extruded product and billet have-also

been linked with the bulk parameters.

. Lastly, it can be conclude& that the work for homo-
geneous deforﬁation contributes more than the redundant work
for obtaining a coherent extruded bﬁoduct} This is in
partial contradiction with the theories and propositions in

vogue.
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