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S Y N 0 PSI S 

Extrusion of metal powders is a well established 

forming process and its potential especially for shaping 

brittle powders into useful products was realised in the 

very early stages when filaments of electric bulbs were 

successfully manufactured. The application of this technique 

to softer metal powders like iron, copper and aluminium is 

a recent innovation. Although the experimental technique 

for producing extruded products from powder is well develop-

ed, theoretical analysis of the process involved received 

little attention. The earliest attempt in this direction 

was initiated as late as 1970 when some well established 

theories of metal forming were applied to the extrusion of 

aluminium powder and its alloys. Application of the slip 

line field theory and upper bound analysis could predict the 

load required for extrusion which was lower than that required 

for the extrusion of cast billet into final 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 zones along slip 

lines in order that a strong and coherent product was 

obtained. Based on this reasoning the use of square edge 

dies Uiith relatively higher reduction ratios ( B.> 10 0l ) 

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 



m^de . 	So also, a systematic analysis of the micro- 

structural changes that occur:ed during the extrusion process 

was lacking. Under the above mentioned experimental and 

theoretical constraints, the following major conclusions were 

arrived at : 

i) Densification preceeds the actual extrusion 
process. 

ii) Redundant work is mainly responsible for welding, 

fragmentation, rewelding and eventually sinter-

ing of individual powder particle to yield a 

coherent mass. 

iii) Homogeneous work of deformation merely contributes 

to shape change and does not control either the 

coherency of the product or its strength. 

iv) Wedge shaped dies are unsuitable 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 parameters within the mass being 

extruded. 

The present investigation is aimed at providing com-

prehensive information on the above aspects. This has been 

achieved by utilizing analytical approach (velocity-pressure 

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



modified yield criterion for porous products has been employ-

ed since the density of a, porous product continuously changes 

during extrusion. Based on this approach, it has been 

possible to obtain precise information on velocity, pressure 

and effective strain rate distribution inside a, billet while 

being extruded. 

Extrusion studies have been carried out on aluminium 

powders at low (R < l0:l) as well as high reduction ratios 

(R > 10 :l) through square and wedge shaped dies over a, tempera-

ture range from 300 to 5000C. The relationship between 

extrusion pressure end extrusion parameters (reduction ratio 

and temperature) was found to be linear. The experimental 

results have been discussed in relation to theoretical deduc-

tions obtained by FEI. While studying the effect of tempera-

ture on extrusion, it was noticed that around 400°C there is 

a change in the mode of deformation. This has been duly 

supported by microstructural investigations. The important 

findings of the present investigation are z 

i) An estimation of velocity, pressure and effective 
strain rate distribution within a powder preform 

while undergoing extrusion. 

ii) Nature of the pressure and effective strain rate 

contours as a basis of predicting whether or not 

a coherent mass would be produced. 

iii) Homogeneous work of deformation and not the 

redundant work as the sole factor contributing 
to the formation of strong and coherent mass. 



(iv) 

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 low reduction ratios. 

v) Product obtained through wedge shaped dies 
being at least 10-20 % more stronger than 

those obtained through square dies. 

vi) Existence of dead metal zone boundary parallel 

to the die axis at low reduction ratios and 

its gradual shifting to the die corners as 

reduction ratio is increased. 

vii) Establishment of a correlation between bulk 
parameters (namely velocity, pressure and 
effective strain rate contours) and the micro-
structural features as influenced by extrusion 

parameters. 

viii) 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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Ai 	Area of the powder preform ( mm2  

Ao 	Area of the extruded product ( mm2  

CZ 	Constraint free zone 

D 	Diameter of powder preform ( mm ) 

DMZ 	Dead metal zone 

EPC 	Extrusion pressure contour ( analytical ) 

EZ 	Elastic zone 

H 	Height of powder preform ( mm ) 

HZ 	Hydrostatic zone 

J 1,J 2  Invariants of stress tensor 

J2,J3  Invariants of deviatoric stress tenser 

k 	Yield stress in shear ( N/mm2  ) 

LL 	Differenoe: between peak and steady state load (ton) 

NE 	• Number of elements 

PZ 	Plastic zone 

p 	Extrusion pressure 

R 	Reduction ratio (Area of the powder preform/Area 
of extruded product) 

Re 	Rockwell hardness number 

r,.&,z 	Cylindrical co-ordinates 

Component of stress deviator where i refers to 

and j refers to direction 

T 	Extrusion temperature ( oC ) 

Tm 	Melting temperature ( °C ) 

UTS 	Ultimate tensile strength ( N/mm2) 
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u,v 	Component of velocity in x and y directions 

respectively ( mm/sec ) 

ui 	Velocity of the ram ( ram/sec ) 

uo 	Velocity of the extruded product ( mm/sec ) 

u/p 	Velocity pressure formulation 

x,y,z 	Cartesian coordinates 

Y 	Yield stress in tension ( N/mm 

YS 	Yield stress ( N/mm 

Greek Symbols 

a 	Coefficient of friction 

Y12 	Shear strain 

Y12 	Shear strain rate 

El,e2,s3 Principal normal strains 

t1,t2,E3 Strain rates 

e1~ 	Component of strain invariants 

Effective strain 

s 	Effective strain rate 

Constant of proportionality 

µ 	Coefficient of viscosity ( Ns/mm  ) 

Pseudo--viscosity coefficient for Bingham 

plastic fluids ( N s/ mm2 ) 

V 	Poissonts ratio 

P 	Percentage theoretical density 

0'1,x2,03 Principal normal stress 

aM 	Mean pressure or first stress invariant 

a 	Effective stress 



X 

ti 	Shear stress .( N/mm2  ) 

by 	Yield shear stress for Bingham plastic 

fluids ( N/mm2  

Vectors and Matrices 

Denote column and row matrix 

[ ] 	Denote rectangular matrix 

a) , 	Vector of unknown nodal parameters 

F) , F Vector containing body forces per unit 
volume 

[K], 	K Stiffness matrix 

[N], 	N Shape  function matrix 

t Vector containing tractions 

c Vector containing strains 

Vector containing strain rates 

d 3, a Vector containing stress. 
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CHAPTER  - I 

INTRODUCTION 

Among the many processes for converting metal powders 

into useful solid products, the hot extrusioii process is 

relatively new. It offer's simultaneous densification and 

large reduction in a single operation. Alloys having wide 

freezing range are very prone to segregation in castings. 

This leads to problems in hot working and results in poor 

yield. However, this problem can be overcome by adopting 

the powder extrusion p .th. Sig .ifica.nt advantage of metal 

powder extrusion process is that sintering is eliminated 

'which follows cold compaction in conventional powder inetall-

urgy. While in sintering of aluminium base products the 

oxide film surrounding powder particles obstructs the diffu-

sion process and adversely affects the ensificgtion. 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 7al) 

as well as high reduction ratios (R=1,0:1 to 80:1) through 
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square and wedge shaped dies over a temperature range, 

300 to 500°C. The relationship between extrusion pressure 

and extrusion parameters was established. Analytical ex-

trusion pressures were calculated based on plastic/visco-

plastic metal flow conforming to non-Newtonian fluid behaviour. 

An analytical approach namely velocity pressure formulation 

based on the finite element method (Fm) has been used to 

calculate the velocity vectors, pressure and effective 

strain rate distribution inside a billet while being extruded. 

A modified yield criterion for porous compacts has been 

employed since the density of a. porous compact continuously 

changes during extrusion. The experimental results have 

been discussed in relation to analytical deductions obtained 

by FEEL. 

While studying the effect of temperature on extrusion, 

it was noticed that around 400°C there is a change in the 

mode of deformation. This has been duly supported by micro-i 

structural investigations. Macrostructural studies of the 

longitudinal section of the extruded product were also carried 

out to examine the defects in the product and shape of dead 

metal zone (DNZ) boundary with respect to reduction ratios 

and temperatures. 

1.1 LAYOUT OF THE THESIS 

The thesis has been divided into eight chapters o 

The Chapter II deals with literature review. The 

extrusion Drocess has been described with respect to 
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extrusion parameters, nature of.the process and densifica-

tion mechanism. Analytical methods have also been described 

to calculate the extrusion pressure and other parameters. 

The Chapter III deals in detail with the general 

formulation of the problem with regard to the experimental 

approach to be adopted and analytical techniques to be 

pursued. 

The experimental procedures have been described 

in Chapter IV. 

In Chapter V computer program, 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 shape of dead metal zone. Further, the micro-

and macro structural investigations carried out on longitudi-

nal and transverse sections and their correlation with the 

analytical plots have also been high lighted. 

Some aspects such as exist ante of DMZ and the role 

of redundant work needing critical analysis have been put 

forth in Chapter VII. 
	• 

Chapter VIII deals with the main findings of the 

present investigation. 



OHAP T ER -  II 

LITERATURE REVIT1 

2.1 INTRODUCTION 

Powder extrusion. studies have been carried out 

on a number of materials namely aluminium and its alloys, 

tin-bronzes, nickel and its alloys, chromium and chromium-

base composite materials, uranium, thorium, zirconium, 

sponge iron and steel powder. However, in the last decade 

studies on extrusion of powders both with regard to the 

influence of process variables and the application of 

theoretical models for predicting extrusion pressure 

have been mostly confined to aluminium and aluminium 

based systems. 

2.2  EXTRUSION THROUGH CYLINDRICAL SQUARE EDGE DIE 

2.2.1 Aluminium and its  Alloys  

Sheppard and Chase [1] carried out hot extrusion 

of atomised aluminium powder [2] mainly at 300°C at 

reduction ratios from 5:1 to 50:1 at a ram speed 

5-7 mm/sec, and reported that the pressure required for 
w 

extruding a powder billet was less than that for a cast 

billet of the same composition. Sheppard and co-workers 

[3-6] also extruded a number of aluminium base alloy 

powders viz. Al-54Pe,Al-3.6%Mn-0.95' A1203, 
A1-2.4,IFe-1.0lia A120 3  in the temperature range 

Compositions are in weight percent. 
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250 to 450°C,  Al-1.9A120 3 , A1- 3.59%Nin and Al-7%Mg- a%o Zn +~ 

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 5001. They reported that the powder billet 

attained 100/ of the theoretical density before extrusion 

started. Sheppard and LicShane [7] extruded the Al-0.51Q g--

0.5ioSi alloy powder through reduction ratio from 5:1 to 

180:1 in the temperature range from 250°C 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 Other Non-Ferrous Alloy Powder 

Sheppard and Greasley [10] reported the experi-

mental results of extrusion of tin-bronzes, single phase 

— and two phase ally powder for reduction ratios 10:1 to 

180:1 in the temperature range from 450 to 8500C. 

Gregory and Goetzel [11] conducted experiments on extru-

sion of 80/20 nickel-chromium alloy powder either with 

titanium carbide or alumina, and thoria. The cold compacts 

were sintered at 2000°F (1093°C) and 2280°F (12500C) 

and then extruded at the same 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] produced close end tube by 

backward cold extrusion of copper powder. Before extru-

sion the powder billet was either sintered or compacted 

followed by annealing. at low temperature. Chromium and 

Chromium-niobium sintered conipositc mnterizls [15] .,ere . 

extruded at 1200°C employing a reduction ratio of 10:1. The 

rod after extrusion was sintered in hydrogen atmosphere 

and it was observed that the structure 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 to rapid diffusion 

of niobium into Chromium matrix. 

2.2.3 Iron a.nd Steel Powder 

Dunkley and Causton [16,17] carried out hot 

- extrusion of tool steel and high speed steel powders with 1Z 

from 10:1 to 0:1 . t a, raxs sy eed,10-20 x 103  mm/sec in 

the temperature range from 1000-1200°C. They reported 

that for reduction ratio 13:1,no difference in extrusion 

pressure for cast and powder billets ?..ra s 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 ram speed of 10 to 25 mm/sec. 

The density of the product extruded at 1150°C was higher 

than 99.51  of the theoretical 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 e.l [19] produced 
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short tubes on an industrial scale from sintered sponge 

iron powder billets by cold. extrusion. They concluded 

that fully dense tubes could be obtained by extruding the 

billet (80% of theoretical density) at 854  reduction 

(R = 3.0:1). 

2.3 EXTRUSION THROUGH CYLINDRICAL WEDGE SHAPED DIB 

Gregory [20 has suggested that the 'gelling' and 

die 'pickup' during powder extrusion could be eliminated 

by using wedge shaped dies. Chare and Sheppard [1] using 

wedge shaped diosextruded commercially pure aluminium 

powder and reported thn.t acceptable surface finish could 

not be achieved and that the threshold extrusion ratio at 

which c oberent mass was produced for square dies was 

raised considerably. They have suggested that in square 

edge dies the massive shear zones were formed and redundant 

work played an essential aid important role in building 

the coherent mass by welding, breaking and reweldin.g of 

porrder particles. 

Singh and Davies 121] performed 'backward' and 

'forward' cold extrusion of different grades of sintered 

sponge iron powders through cylindrical wedge shaped dies 

with 120 degree entry angle and reduction ratios lower 

than. 5:1 at slow and high speeds. They found that extrusion 

pressure was higher at higher speeds than at lower speeds. 

This difference was more marked during backward extrusion. 

In forward extrusion, there was a limiting reduction ratio 
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.. 2:1, below which coherent mass was not possible. Negm 

and Davies [22] carried out forward and 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 high speeds. They reported that extrusion 

pressure was lowered with decrease in extrusion speed 

and with an increase in the initial density. They found 

that the density of the extruded product increased with 

the speed of extrusion and initial density. The density 

of the product also 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 materials effect of reduction ratio has not been 

reported. 

2.4 EXTRUSION PARAMETERS 

2.4.1 Extrusion Pressure 

For pure aluminium powder [1] 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 at each velocity discontinuities due 

to shear. On the basis of upper bound analysis it was 

shown for copper, nickel [13] end aluminium-base alloys 

powders [3-7] that the, pressure required for extrusion 

of powder billet was lower than that for the cast billet. 

Similar observations were reported experimentally for 

nickel and aluminium-base alloys. For the alloys having 

low stacking fault energy t14], in which dynamic recrys- 

tallisation was the predominant softening process, the 

difference in pressure for extrusion of powder and cast 

billet was smell. This was attributed to varying the 

rheolo icr.properties throughout the quasi-static zone. 

This wP,s concluded on the b^sis of the, observ^tion that 

yield stress was different at different locations in the 

partially extruded billet [101. Ghare et eI (4] calculat- 

ed extrusion pressure for cast aluminium alloys using e. 

minimised upper bound analysis and showed that over a 

wide range of temperature and reduction ratios, the 

pressure required for powder extrusion was less than 

half of that required for cast billet and that the 

pressimo reqa±r d ycrr 'extru•sion of Al-Zn-Mg alloy powder 

was 27 44 less than that for the corresponding cast V- oy-...... 

Sheppard and Greasley [10] used the initial maximum 

pressure, obtained from load-displacement diagrams as 

the pressure for extruding tin-bronze alloy powder because 

they found excessive temperature drop while extruding, 

which led to s. considerable increase in pressure at the 



end of the extrusion stroke. Dunkley and C-auston [16) 

used the- steady state load as extrusion pressure. 

2.4.1.1 Effect of Reduction Ratio, On Extrusion PPessure 

Chare et al [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 material. However, the linear relationship was 

observed between(n;. (R>10:1) and extrusion pressure (p) 

as in case of cast material. This could be expressed in 

the following form : 

p = A + B fn R 

- where p — Extrusion pressure 

R — reduction ratio 

A and B are constants. 	 I  

The values of constants A- andB depended upon 

re.duct-ion ratios and were different for cast and powder 

materials. However, at low reduction ratios (R< 10) this 

relationship did not hold good for the powder extrusion.. 

Dunkley and Causten [15,16] confirmed -the above relation--

ship- to be true for the powder extrusion of tool and 

high speed steel at high reduction ratios. 

.i..2 Effect of Temperature On Extrusion Pressure 

Chare and Sheppard [5-7] observed that the initial 

billet temperature had the same effect on extrusion 

pre'sstxre independent of the state of the material. They 
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found a linear relationship between extrusion pressure 

and log of initial billet temperature for aluminium  

powder [1] and aluminium-base alloy powder of the form: 

p=a-blogT 

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

different for pure aluminium powder and aluminium base 

alloys. As the billet temperature increased the extru-

sion pressure decreased. 

2.4.1.3 Effect of Strain Rate On Extrusion Pressure 

Chandra and Jonas [24,253 conducted extrusion of 

strain rate senstive material through square edge dies 

at reduction ratios from 40:l to 160:1 and showed that 

the extrusion pressure was strong function of strain 

rate senstivity of the flow stress of the material. 

Experiments on extrusion of pure aluminium powder 

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 powder that the extrusion process was less 

strain rate ,ei stive as compared with that of the cast 

alloy. Sheppard [6] further investigated the effect 

of strain rate on extrusion pressure using the Al-Nn-A1203  

powder alloy and showed that powder extrusion process 

was essentially not strain rate senstive as shown in 

Fig. 2.1. He proposed, 'This was due to that the process 

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

It was observed for pure aluminium [2] and nickel 

rich alloy powders [13] that the extrusion pressure 

varied with the particle shape. The extrusion pressure 

was the highest for pure flake type of powder and lowest 

for purely spherical shape powders. 

2.4.2 Reduction Ratio And Coherency of the 
Extruded Product 

Sheppord and Chare [1,6] reported that in case of 

powder extrusion process there was ,a transient rpdiietion 

ratio (R = 10:1) below which full material properties 

could not be developed and coherent mass could not, there-

fore, be achieved. They stated on the basis of the upper-- 
bound analysis that the reduction ratio should be a 

function of deformation zone and for lower reduction 

ratios ,:R < l0 el) the shear zones woul& be smaller with 

fewer velocity discontinuities resulting in incoherent 

.. product. The relationship 

p =A +B 1nR 

valid for high reduction ratios would not hold good at 

low reduction ratios (R <10:1) due to negative slope in 

the p vs.ln R curve. For extrusion of tool steel and 

high speed steel powders, Dunkley and Cus4on [16] reported 

that the coherent product was not expected below a transi-

tion reduction ratio lying between 5:1 and 10:1. As the 

reduction ratio was reduced from  10:1 to 5:1 1 the s1opc 
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diffusion rates rather than on finally deve. oped flow 

stress'. The strain rate was calculated according to 

..~ method proposed by Felthan [26] where the strain rate 

was estimated by calculating the time required to fill 

the quasi-static deformation zone and also the total 

strain occurring in that time. 
S 

In the extrusion of Al-Nag-Si alloy powder [7] 

through reduction ratio 80:1 at 500°C, a peak in the 

load-displacement curve was observed at high strain 

rates (13 mm/sec) while no peak was observed at low 

strain rate (4mm/sec) as evident from Fi 7. 2.2. To 

explain this, it was proposed that at high strain rates 

an excess of dislocations was generated immediately 

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 aluminium powder it was shown [1,2] that 

the pressure required for extruding the small particles 

was much higher. than for larger particles. In case of 

smaller particles, larger surface area would result in 

greater number of welds end more work would be required 

to shear those !-reld necks during the 'powder properties' 

phase of extrusion. Similar observations were rS,ported 
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of p vs. log R line changed and dropped away towards 

the origin. They suggested that a 'knee' should exist 

in the curve between extrusion pressure and reduction 

ratio between R = 5:1 and R = 9:1 as shown in 'j1 2.3 

and the relationship between pressure and reduction 

ratio for low reduction ratio might be 

p=KllogII 

They also suggested that the minimum value of R 

for the production of a sound product was very senstive 

to minor variations in heating, lubrication and speed 

but sound product could not be expected below reduction 

ratio 10:1. Singh and Davies [21] reported that for 

the extrusion of sintered sponge iron powder billet this 

transition reduction ratio was lowered to 2:1. 

2.5 NATURE 0 F EXTRUSION PROCESS 

For aluminium—base alloys [5] the extrusion 

process was thermally activated and the activation 

energies for -  hot deformation of these powder alloys were 

close to the value for self diffusion in aluminium [5]. 

It was suggested that the climb of edge dislocations or 

the motion of jogged screw dislocations must be the 

rate controlling mechanism for deformation of powders 

because a three dimensional net work was found in 

microstructure which showed that growth of those not--

works during recovery must be due to climb of edge dis-

locations and migration of 'jogs' with dislocations such 
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that rate of ]recovery depended on the self diffusion 

coefficient. 

2.6 MECHANICAL PROPERTIES OF THE EXTRUDED PRODUCT 

2.6.1 Effect of Reduction Ratio 

For pure aluminium powder [1] reduction ratio had 

little effect on hardnocs, elongation and proof stress. 

However, aluminium powder extruded below a reduction 

ratio of 10:1 could not achieve its maximum properties 

as the material extruded at a 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 Effect of Particle Size 

For pure aluminium [1,2] and aluminium based alloys 

[3-6] a linear relationship exists between proof stress 

and the square. root of particle diameter which could be 

quantified by Peteh equation. As the particle diameter 

decreased, the proof stress of the extruded product at 

room temperature as well as 400°C. increased while percen-

tage elongation decreased. Further, ' although the alum.--

nium base alloy powders [3-9] also behaved the same ,,.Tay, 
the mechanical properties were found to be much less 

dependent upon particle size in comparison to the pure 

aluminium powder. The mechanical properties of the 

extruded product Wore much more dependent upon the 

micr~stru-cturo and shape of the particles then on particle 
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size. A product extruded from fl 	powder gave better 

overall mechanical properties than a product made from 

spherical powders. This is because the bridges formed 

on compacting the powder were difficult to break. The 

mechanical properties of aluminium base alloy products, 

extruded from powder, were compared with those extruded 

from cast alloys [6] and it was found that both high and 

low temperature tcneilo properties were far superior in 

the case of the powder products. Ductility of the ex-

truded powder product was lower but much higher than what 

is obtained in conventional powder metallurgy parts. 

Mechanical proportics of tin-bronze single phase 

and two phase alloy powder products [18] were found to 

vary throughout the length of the product, being higher 

at roar end than at the front end. The difference in 

properties was perhaps due to a steady decrease in tempera-

te of the billet throughout the press stroke. It was 

reported that diameter of the original preform had no 

significant effect on the grain size of the extruded 

product for single phase alloys because deformation 

occurred by dynamic reerystallization followed by meta- 

dynamic and static recrystolliz^tion while in two phase 

alloys final grain size of product was dependent on 

original particle size because only dynamic .rocrystallisr•- 

t ion w^.s the predominant Mechanism. . 
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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 increases, the room temperature proof stress 

falls considerably,while that at 40000  remains unaffected. 

This was explained by stating that subgrain strengthen-

ing was not effective. It was further reported that the 

elongation obtained was controlled by initial billet 

temperature and increases considerably as the extrusion 

temperature rises. 	Hvnsen [7,8] also observed this 

trend in aluminium-base powder alloys. The elongation 

at room temperature and at 40000  improved as the tempera- 

turn increased. 

2.7 ROLE OF REDUNDANT WORK 

- 	In many metal forming processes like wire dra.s,ring, 

forging and extrusion, the load needed to affect the 

desired change is seriously underestimated, the error 

being due to appreciable internal distortion of the work 

piece, beyond that, strictly needed for shape change 

caused by shearing action which consumes energy. This 

energy does not contribute directly to the formation of 

the final product. The additional work thus expended is 

known as the redundant work [27]. 

The reason for the underestimation of working loads 

during extrusion is that the total work done (WT) is 
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regarded as a sum of three components; work done for 

homogeneous deformation (WH) which represents the least 

possible work required for shape change, work done due 

to die wall friction (WF) and redundant work (WR) which 

does not contribute directly to the shape change. In 

the case of powor extrusion the redundant work is used 

for internal distortion of the powder particles [5]• 

Thus 	ITT = JH + WF + WR 

but these are not entirely separable, because the flow 

constraint will be influenced by the friction at the die 

surface, so WR will depend upon friction. In the rola-

tion 

p=A+BlogR 

the logarithmic  term represents the contribution of work 

for homogeneous deformation while the first term represents 

the contribution towards redundant work [28]. 

Sheppard and Greasley [1 ] reported that the ratio 

B/A generally represents the proportion of useful work to 

redundant work. This ratio for the extrusion of cast 

'\ billet is approximately 2 while in the case of the 

powder extrusion the B/A ratio for single phase alloy 'is 

°D 	1  0.95 (average) and for the two phase alloy 0.32 (average) 

i.e. there is a greater redundant work of the total 

energy required for deformation during extrusion of 

powder. This higher proportion of redundant work is used 

to build a coherent mass, 
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2.8 DENSIFICATION DURING POWDER EXTRUSION PROCESS 

Sheppard and Chart [3] proposed a mechanism be.obd 

on upper bound analysis suggesting how a coherent mass 

may be built up from a powder mass during the extrusion 

process. According to them the deformation during 

extrusion process occurs in a quasi-static zone (Fa.g.2.4) 

which may be further divided into two emerging regions; 

powder properties and the final properties of exit end of 

zone. The donsification.process was investigated for 

Al-7Mg-2%Zn alloy powder by examining the development 

of mierostructuro throughout the quasi-static doforma-

tion zone by taking sections from the partially extruded 

billet at four different positions. 

Microstructure at the rear end of the billet 

corresponding to area ABE (Fig.2.4) showed tightly 

packed particles showing little overall deformation but 

the material had attained the theoretical density and 

had just commenced its transverse of the quasi-static 

deformation zone. Yield strength of the material in this 

zone was very low which showed poor cohesion between 

particles and little resistance to shear. After passing 

through this initial band of velocity discontinuity 

along line AB (Fig. 2.4) caused 'by shear, the micro-

structure near the rid point of the line OA showed 

2 some elongation in the particles and at this stage most 

of redundant work appeared to contribute towards elonga-

tion rather than towards cohesion of particles. This 
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mea4 that the part of the extrusion energy was utilised 

towards the deformation of individual partia .ee but 

interfaces remained incoherent, which contributed little 

towards an increase in the yield strength. 

The microstructure in the dead metal zone corres-

ponding to area OAD (Fig.2.4) and of the product at the 

last discontinuity along line OC showed that welding 

between particles takes place due to continuous inter-

action between particles and velocity discontinuities 

along the line 00 contributing towards elongation of 

particles. 

The building of a coherent mass from powder parti-- 

cle was duo to breaking and welding caused by shearing 

action along the line AB until the shear strength of 

inter particle bond assumed the properties of the final 

material due to velocity discontinuities caused by ma siv.c 
shearing process along line OC (Fi .2.4) . 

Sheppard and Groasely [10,29] also examined the 

densification during powder extrusion of tin--bronze 

alloy powders by obs_orving the micro structural changes 

in the partially extruded billet of 8T (Cu-8.2%Sn"0.2%P) 

single phase alloy and that of a 8T 15P(Cu-7.4%Sn-1.5i~'P) 

two phase alloy, They reported that the flow pattern 

of powder extrusion showed a 450 dead metal zone. The 

compressive stresses wore not sufficient to consolidate 

the powder in dead metal zone for single phase 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 

with container there was a thin surface film in which the 

powder structure was destroyed due to shear which is 

always present at this surface during extrusion. However, 

a subcutaneous layer about 1 mm thick existed in which 

the powder structure was. retained. In 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 d.ensification mechanism 

is also, dependent on stacking fault energy of the material; 

and quite different from that occurring in high stacking 

fault energy alloys involving the major process as one 

of the dynamic recovery as evident from fibrous structure 

and sub--grain formation observed in hot worked aluminium 

and its alloy [10]. 

The microstructure of Al-51oMg-5`%oSi alloy powder 

[7] was examined and it was reported that the product 

exhibited a fibrous cold worked 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 produced 

even when extrusion was performed above the rocrysta-

llization temperature of the alloy. The microstructure 

of the transverse. section only shored oquiaxed gds 

It was also shorn by thermal activation evidence that 

dynamic recovery was the dominant mechanism. 

2.g ANALYTICAL THODS FOR DETERMINATION OF 
EXTRUSION PRESSURE 

Conventional analytical methods for prediction . 

of extrusion pressure are slip line field theory and 

uer bond technique based on the flow of metal through 

a die. These methods are strictly applicable under plane 

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

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

where 
k = shear yield stress 

u = magnitude of velocity discontinuity 

o = length of velocity discontinuity 

w = work. done. 

Applying this to the specific case of plane strain 

extrusion of a homogeneous material as shown in Fig,2:4, 

we got 

p. `'+l . 1=k (AB .23+BC.24+BO 34+ C0- 45+AO13) 2 

.. (2.2) 
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Sheppard [6] applied this equation to non-

homogeneous powder compacts by taking different values 

of yield stress in different sheer zones. Thus,for plane 

strain extrusion of powder compact the equation (2.2) 

becomes 

p.( `''2b ) . 1 = kl(Ab.23 + BC.24) + k2 ..~i0.13+k3.B0.34 

+ k4.00.45 	•• (2.3) 

hero 'k1 presents the rosistrnce to shear of the powder 

compact which is virtually zero and k4 represents the 

resistonco to shear of the final product which would be 

the same or greater than that of conventionally processed 

products. The remaining shear terms depend upon the 

average shear strength of material in the corresponding 

rigid quasi-static triangle. This method is also appli-

cable to the axisymmetric problems of extrusion. 

Alexander [31] proposed a kinematically admissible velo-

city field for axisymmetric extrusion by determining the 

velocity components from the geometry of the stream 

lines. Subsequently others [32,33] also obtained hod.ographs 

for upper bound analysis as obtained by Al xander. A 

graphical method was developed by Adie and L:lexander [341 

to obtain kinolnaticoll3r admissible velocity field using 

single, double or triple triangula arrcngements of 

velocity discontinuities. Thomson [35] showed that in 

the case of axisym:alctric extrusion the material flow was 

similar to that of piano strain for identical configura-

tion and the magnitude of the velocity during axisymmetric 
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extrusion is the square of the velocity during plane 

strain extrusion. Sheppard and McShane [36] have used 

the upper bound technique to calculate the extrusion 

pressure for axisyLactric extrusion of powder compacts 

and they considered the surfaco area of the velocity 

discontinuities and squarod the magnitude of the velo-

cities. Hence, the modified equation for axisymmetric 

extrusion for upper bound solution (Fi .2.4) is given as: 

2 
p.(a+b)2.1 = kAB.AAB (23)2  + kBG.ABC.(25)2+ kB0'ABO(34) 

'2 
+ koC.ADC(45) + k,,0.1 0(13)2 	.. (2.4) 

Based on this equation the extrusion pressure was 

calculated in three different ways and compared with 

experimentally determined values for reduction ratios 

from 10:1 to 80:1. In the first case the piano strain 

solution was minimised by using . Ecpaation (2.3) , where as 

in the second case more velocity discontinuities as 

obtained from the observed physical field, wore incorporat-

ed. In third case a modified equation applicable to an 

axisymmotric case as given by the Equation (2.4) was 

minimised. This comparison revealed that the first 

method is not valid while the second and third methods 

predict the extrusion pressures close to the experimen-

tally determined value only in a very narrow reduction 

ratio range (25:1 to 40:1) as shown in Fx=Y,.2.5. McShane 

of ale [28] further modified their theory by incorporating 
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strains and strain rate by considering an expression of 

the form 6 = XEm  en  where K , m said 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 penalty function approach. The meaxi 

effective strain rate was determined by using the equa-

tion 

• 1/2 
E = C 3 t £g + Er + 2 Cre  )] 	.. (2.5) 

which is a function of r and 9 only. The strains were 

calculated from slip line field. 

This theory is applicable for strains up to 2.3. 

When the strains are in ea-cess of 2.3, the flow stress is 

no longer strain senstivo since the eo pact has become 

100 percent dense. Those authors claim that using the 

above penalty function optimization, excellent correla- 

tion between theory end experimental work was obtained. 

This type of curve fitting, vill,in fact be needed for every 

experimental observation other for cast billet or powdor 

billet. It scorn, that the comparison of the experimental 

and the theoretical results have boon achieved by using 

some sort of curve fitting technique. 

The pressure ras also calculated for the extrusion 

of cast billet by upper bound analysis for wedge shaped 

dies [37]. 
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2.10 OTHER ANALYTICAL THODS FOR DETERMINATION 

OF EXTRUSION PRESSURE USING FINITE ELEJ! NT 

METHOD 

Slip line field theory has been used extensively, 

out of the various approximate methods available to 

predict the loads and deformation in various metal form-

ing processes, Although it has been used for both 

plane strain and axisymznetric conditions but have 

several limitations [38-41]: 

(i) The elastic strains are neglected. It assumes 

the material as rigid perfectly plastic (without 

strain hardening and temperature effect). 

(ii) The internal forces arc neglected and the problem 

is treated as quasi-static. 

(iii) It is applicable to only simple boundaries - 

straight boundaries with friction or without 

friction, 

In recent years the above difficulties have been 

over come by finite clement method (FETT) which has been 

successfully extended to various non-linear fields, 

in particular to the large deformation and plasticity 

problems. More rocontly these metal forming problems 

have boon analysed as non-Newtonian fluid flow problems 

where solid has boon taken as flowing like a viscous 

fluid with variable viscosity. The above enalysis has 

been briefly reviewed in the following section. 
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2.10.1 Elasto-Plastic Analy sis .Using FF14 

Zionkiewiez and. Nayak [42,43] have shorn that the 
elasto--plastic ^naJ_ysis using FEN gives useful and 

comparable results for the various metal forming process-

es, namely extrusion. They considered various types 

of material non-linearities, i.e. ideally plastic, 

strain hardening etc., as well as different situations 

like plane stress/strain and axisymmetric cases. 

• These methods are useful in the context of small 

geometrical changes, but when these changes are quite 

large, to the extent that elastic deformation is negli-

gible, then these methods are either not applicable - or 

are quite expensive as far as the computations arc 

concerned. 

2.10.2 PenaltyFunction A 

Penalty function approach are used to modify varia-

tional principles used in the finite element analysis 

to enforce constraint. The problem of viscous incompre-

ssible flow can be treated as a problem of constrained 

minimisation of functional. Zienkicwicz and Godboler44,45] 

have used this approach for plastic flow of metals and 
metal forming problem, especially for oxtrustion. It 

does not involve a pressure field, the unknowns are less 

than the velocity pressure formulation, resulting in 

decreased computational cost. The solutions can be made 
closer to the solution of Navier-.~Stokes equation by the 



adjustment of a parameter (Poisson's ratio \) --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 Fraction . Approach 

Stream function approach has been used for the 

viscous incompressible flow of 'Newtonian and non-Newtonian 

fluids. Goon et e.7,E47] originally suggested this procedure 

and obtained some solutions using mapping techniques. 

Godbole [48] used this procedure for the viscous incom-

pressible flow of non--Newtonian fluids and extended for 

plastic/viscoplastic flow. He has shown th.at plastic/ 

viscoplastic flows are analogous to the flow of non-

Newtonian fluids. 

2.10.4 Velocity--Pressure i91tOn 

To overcome the draw back of penalty function 

approach a new formulation; velocity pressure--involving 

velocities an.d pressures, was chosen for solving viscous 

incompressible non-Newtonian flow problems. Zionkiewicz 

and Jain [49] have successfully used the velocity pressure 
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formulation for v2►^ious metal forming problems . Virtu l 

work principle has boon used to formulate the problem, 

with velocities and pressures as unknowns. This has 

been extended with certain modifications for the present 

study and the details cxc available in the subsequent 

chapters. 
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C H A P T E R- III 

FORMULATION OF THE PROBLEM 

3.1 INTRODUCTION 

A critical analysis of the literature reveals that 

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) an exami-

nation of the effect Of extrusion parameters on 
the extrusion pressure and quality of the product, 

and (b) the microstructural changes during the 

process. 

ii) Analytical approach based on upper bound solution 
to predict the extrusion pressure assuming that 

intensive shear zones are formed in the billet 
being extruded. 

It has been further suggested that redundant work is 

an important parameter for achieving coherency. In order 

to maximise redundant work square edge dies with high reduc-

tion ratios (R> 10:1) were mainly employed for powder extru-

sion due to existence of massive shear zones. It was argued 

that coherent mass can not be obtained at low reduction 

ratios (R c 10 el) due to the formation of shorter massive 

shear zones (and hence lesser redundant work) which is 

insufficient to yield coherent extruded product. On the 

basis of this reasoning 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 

0 
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regard to Coherency of the product should be properly examined. 

Effect of temperature on the coherency of the product 

has not been considered so far. However, it was anticipated 

thct this, being an important parameter in controlling densi-

fication, would definitely influence coherency. It is also 

expected that structural changes before and after the extru-

sion of aluminium powder by way of metallographic examination 

would provide concise information on the mechanism of densi-

fication/bonding between the individual particles, and their 

subsequent deformation - an area which is still unexplained. 

It is, therefore, proposed to investigate the problem 

from both the angles i.e. experimental as well as analytical 

approach, using square and wedge shaped dies for various 

reduction ratios (low, less than 101, and high reduction 

ratio) and at different temperatures, 300 to 5000C. Analytical 

approach using finite element method with velocity pressure 

formulation has been adopted. 

3.2 	EXPERI1Jt NIAL APPROACH 

In view of the above it was approached to investigate 

the following : 

i) Extrusion through square dies at low (R <10o1) 
and high reduction ratios (R > 1001) in the 
temperature range from 300 to 500 0C. 

ii) Extrusion through wedge shaped dies with semicone 
angle of 45 at low and high reduction ratios 

(=1.6ol.to 8001) 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 relation between extrusion pressure 

and extrusion parameters (reduction ratio and 

temperature). 

v) , To critically analyse the role of redundant work, 
work for homogeneous deformation and frictional 

effect in the extrusion process. 

vi) To investigate density changes 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 and detailed 

macroscopic examination of the cross-sections 

and the surface. 

viii) To investigate 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 analysed using 

slip line approach and subsequently upper bound technique. 

Doth these techniques involved some inherent assumptions as 

~.ndi.cated in section 2.10. Finite element method was then 

used for these non-Newtonian flow problems end various 

approaches viz. elasto-plastic analysis, penalty function 

approach, stream line approach and velocity pressure formula-

tion have been used for cast billet. The velocity pressure 

formulation was employed by Jain [50] to analyse number of 

problems in static -~.c: quasi--static situations involving free 

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

of considering strain 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) Flow of metal in the form of velocity vectors 
at different sections of the billet and die. 

ii) The variation of pressure inside the billet. 

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

It is also proposed to establish a correlation 

between the experimental and analytical studies. 

3.4 VEL(}CITY-PRESSURE FORMUILTION 

J.1though the details of the formulation are now well 

established but for the sake of completeness these are brief-

ly reproduced in the following section indicating the modifi-

cation incorporated for the present investigation wherever 

necessary. 

3.4.1 . Finite Element Method LFEMU 

FEM is a technique in which a continuum with in-

finite degree of freedom is approximated by an asser'.b_lie 

of sub-regions (elements), each of which has a simple 

geometry (triangle, rectangle, prism etc.). The number 

of unknowns are finite and each element interconnects with 

its neighbours through the element 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 analysis of a continuum by finite ele-

ment method has three basic steps : 

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

ii) Evaluation of element characteristics such as 
stiffness, stress, mass matrices etc. 

iii) Assembly and solution of the simultaneous 

equations, calculation of stresses etc. 

Idealization is not usually a difficult problem. 

However, the most important step is the determin^.tion of 

element chrr acteristics. Most of the literature on the finite 

element deals with this aspect. Attempt is always made to 

produce an element which is well behaved, converges faster 

and whose properties can be generated cheaply. 

The third stop, namely 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 are available 

elsewhere [51,52]. 

3.442Non-Newtonian. Fluids 

All those fluids for which the flow curve (shear 

stress 'r Vs shear strain Y) is not linear through the origin 

at a. given temperature rid pressure are said to be non- 

Newtonian i.e. those which have the variable viscosity. The 

behaviour of time--independent Bingham fluids (Fig. 3.1) can 

d 
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be represented by, 

T =by +µ'Y n 	 ..(3.1). 
where the values of ~cy and µ and n are as shown in Fig. 3.1 

for different types of tune-independent non-Newtonian fluids. 

The apparent viscosity can be expressed as : 

_ ~y + µ Yn-1  ..(3.2) 
Y 

It will be shown later that the behaviour of pla.stic/visco-

plastic fluids can be represented in a similar manner as that 

of Bingham fluids. 

3.4.3 Plastic[Viscoplastic Flow 

Because of the great growth of interest over the past 

few years in metal forming and particularly extrusion, attempts 

have been made by various researchers [42-503 to set up a 

theoretical frame work within which a rational appreciation 

of the various features of the process could be given. Since 

a mat~.emp.ticel model can never reproduce the physical process 

which takes place, it is necessary to make various idealiza-

tions to bring it into the frame work of mathematical analysis. 
Clearly, these different analysis can give very good first 

approximation to the loads required to perform operations 

and provide indication of the manner in which the material 

deforms. 

For mechanical forming processes like extrusion, 

identation, forming, rolling, etc. the following assumptions 

are usually made : 



i) The elastic strains are negligible when compared 

to large rate-dependent plastic strains; thus, 

the concept of rigid plastic behaviour is well 

applicable here i.e. the material does not deform 
till the yield stress is reached, but as soon as 
yield stress is reached, the material flows like 

a fluid. 

ii) Material is incompressible (no volumetric changes 
occur). '1  This assumption holds good for square. 
shaped dies when the material attains nearly 
100 `lv density of the theoretical value before the 
extrusion starts. In case of wedge shaped dies 
a proper account of compressibility/compaction 

has been taken. The details are available in 
Chapter 5.3." 

iii) The flow is highly viscous and can be treated as 
quasi-st tic. 

iv) For such creeping flows, convective terms in 
Nervier-Stokes equations lose significance. On 
the other hand, friction and strain-hardening 
play an important part in such plastic flow 
problems. 

It has been established that starting from the 

general form of viscoplastic model, and using some yield 

criterion (usually 'Von-Vises), viscosity can be shown to 

be dependent upon strain rates and the yield properties for 

a pl^.stie/viscopla stic material, and such dependence resemb-

les that of the Bingham type non-Newtonian fluids. Thus, 

the metal-forming problems (rigid plastic materials) can be 

treated a.s non-Newtonian fluid flow cr.ses. 
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3.4.4 Viscous Incompressible Flow Formulation 
sine Virtu .1 Work Principle  

3.4.4.1 Virtual ,Tork Principle 

The virtual work principle is simply an alternative 

statement of the equilibrium conditions. It states," In a 

system for which internal forces (stresses) and external 

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 also applicable if 

we replace displacements by velocities and strains by strain 

rates, and the equilibrium of a. specified mass by an arbi-

trary surface can be considered at an instant of time. 

Thus, we can write 

JIT 	d.1L..- 	S uT  F dit-•.. f u2  t dr = o ..(3,3) 
Ft 

where Su and Se are virtual velocity and strain rates changes 

for any flow domain f- in which tractions t are specified 

on boundary Ft and where Su is zero on boundary (u where 

velocities are given. 

3.4.4.2 Diseretization with Velocity and Pressure Fields 

Describing the velocity and pressure fields by 

trial functions as 
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=EN ai = N au  

in which Nu  and NNp  are appropriate shape functions, defined 

element by element. It will be observed from the nature of 

integrals involved that we require CC  continuity for the 

velocity field, but discontinuous function can be used to 

describe the pressure field. 

For axisyinmetric case as in the present study the 

velocities and pressure have the trial shape functions as 

u = 	z L Nu  as 	 .1(3.5) 

Vr  

For cases of slow steady state viscous flow using 

the above shape functions and virtual work principle Equation 

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

. as " 

Au  K t 	} ?u 	u  

T 	 f 
Kp 	0 	a.p 	I 0 

K + F = 0 

= 0 	.x(3.6) 

 

where K is the stiffness matrix. 

The matrix K is dependent on the stress level, or 

alternatively on the level of strain rates. Thus, 

Y=I.( 2  )_:?:;( e ) =K( a ) 	 ..(3.8) 
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The vexi-ble$ essec7_ated with 1 th node are 

v z 

ag = 	yr 	 ••(3.9) 

PK 

Using a cylindrical coordinate system (Fig. 3.2) in case of 
laminar flow the components of sumatrix air is explicitly 

given by : 

	

a,  a2 	a3 
NE 

a4 a5 a6 dAe  
1 

Ae  a a8 a  
! 7 8 9 

where 
Nu 	cl Nu 	d Nu 	0 Nu 

e1 µ 2 ~}z 1 d z + dr 1 -- 

1 O N" 0 ITT 
a2 	_ 

_ p dTvi~ 
a3 _ Ni 

faliq  
a4 - µ [.a 	. d 

d Nu 	0 Isru 	2NU Nu 	~3Nu 1 	,.~_  
a5 =1' 2 c 	dr + 	

i 3 
 r2 + dz ' 

a = N. 
i c- NI + 	N. I 

6 	J Ldr 	r 

a = Np d S! 7 1 aZ 

• . ( 3.10) 

öz 
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a T7u 	Nu 

a9 = 0. 

3.4.5 Plastic/Viscoplastic Flow as Non-Newtonian Flow 

If elastic deformation is negligible, a very general 

description of behaviour of most of the materials_can be given 

in terms of viso.oplasticity.A particular form of this can be 
written following Perzyna [5 3] who defines the strain rate 

sly as 
dQ 

	

= Y < q'(F)> ja.. 	 ..(3.11) 
13 

where F = F ( aid , T, ei~ ) is the description of yield 

surface and Q = Q ( aid , T, ei~ ) is the definition of a 
plastic potential. 

Here, 	< cp(F)> =0 if F<0 

and 	< p(F)> p p(F) if F> 0 	 ..(3.12) 

( T = extrusion temperature, p = a suitable 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=f3fj2 --Y 	 ..(3.13) 

where 
_ l J 2 	2 Sij Sii 

Y =uniai_ial yield stress. 
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In general, y itself is dependent on the temperature, 

T, and the accumulated effective strain, C. The strain rate 

second invariant is defined as : 

E2  = 2 Zip  Eia 	 ..(3.14) 

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

can be written as : 

e.. = Y < p( Y3J
2 

 — Y`) > -3 	S.. 	••(3.15) 13  2'[J2  
Clearly the strain rates are such that 

eij  = 0 

i.e. the material flowswithout the volume change, and in the 

equivalent elastic model it has to assume incompressible 

behaviour. In such an equivalent model, one can tcompare the 

Equation (3.15) to an elastic shear deformation given by 

..(3.16) Eij  - 2µ Sij  

in which is shear modulus. Indeed, the shear modulus and 

viscosity play an identical part in viscous and elastic 

behaviour. Thus, viscosity is identified by : 

1 	Y Y3 _`-- _ — O  <p ( Y3 	2  —Y )> 	..(3.17) 2µ 	2'(J2 

and this is c, function of the stress level. 

An equivalent ec;uation in terms of the strain rate, 
from Equations (3.13) and (3.16), can be written as : 

J2  = 2µ2 Eij £ij 

 

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

C=Y~(3< 	2 -Y )> 	..(3.19) 

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

For an exponential type law Equation (3.15) takes 

the form : 

ti. = Y ( ( f3 A[J - Y )n> Y-- S.. 	..(3.20) 3 	2 	2YJ2 3 

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

1/n 

µ = 	 - 	 ..(3.21) 
f3 e 

Equations (3.20) and (3.21) are of great generality. 

Ideally plastic material with a fixed yield point, is simply 

obtained by taking Y = oo which gives 

V3 C 
	 ..(3.22) 

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 a special case of non-

Newtonian fluid (Bingham fluid) and, by using Equation (3.22), 

rigid plastic material can be analysed as non-Newtoniai fluid. 

3.4.6 Some Important &l~ects 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 



length of the section between the ram and die. For this 

reason the solutions are less general than those for the 

frictionless case. The effects of boundary friction were 

introduced by inserting a narrow layer of elements between 

the boundary of the container wall and the die with billet, 

and assigning different values to the friction coefficient. 

The effect 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 =aam 	 ..(3.23) 
~(3 

a = friction coefficient 

am .= pressure or first stress invariant 

gives a good approximation to purely frictional behaviour. 

3.4.6.2 Strain Hardening Effect 

The true characteristics of most materials show 

considerable strain hardening, and the assumption of ideal 

plasticity may not be correct for such materials. In a 

transient situation, it is not difficult to include such 

strain hardening in the calculations. As at such stage of 

the deformation the strain rates are known,the total strain, 

and in particular the total (scaler) effective second strain 

invariant, 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-

trie problems of square and wedge shaped dies. 

3.4.6.4 Sequence of Operation 

We start from a prescribed initial value of viscooity 

in the first iteration and solve for Newtonian velocities, 

using Equation (3..6) knowing the velocities, the strain rates 

( eij ) , and hence the effective strain rate [ E _ 2 ei 	~ J 

can be obtained. Then using Equation (3.21), a new value 

of viscosity is obtained which modifies the [K] matrix 

accordingly. 

Iteration of the type 

L an+l 3 = _ [ Irn J-1 t 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 been obtained, and then 
the iterations can be terminated. Since we are mainly 

interested in velocities, the following criterion was set: 



I
Unew - Uoldj"- 	some absolute value 

where 	is the current velocity and 

Uold is the velocity obtained' in previous 
iteration. 

The absolute value is ordinarily set as 1 percent of 

average axial velocity in the domain. Usually 6 to 8 

. iterations were sufficient to get this accuracy. 
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FIG.3.2 CYLINDRICAL CO-ORDINATE SYSTEM. 



CHAPT FR -IV 

EXPERIMENTAL PROCEDURE 

4.1 INTRODUCTION 

In this chapter experimental 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 aluminium powder, 99,5% pure supplied by 

PSI/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 	.+ 74 	~~" 	17.5 

3 	+ 45 	30.7 

4 	' -- 4 5 	 45,5 

et k~ ii1~ Y►1~~ 

5c7 
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4.2.2 Particle Shape 

Shape of the powder particles was examined by 

Stereo Microscope and Scanning Electron 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.B417-64 and 

B213-48 t55]. 

Flow rate of the powder was very poor and no flow 

data 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 analysis of the powder was carried out 

to determine the insolubles. It was found to have 0.32`x° 

insolubles. 

4.3 !LL -  UP 

In the present investigation direct extrusion 

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

sists of extrusion assembly as shown in F-i-;. 4.1. 

4.3.1 Extrusion Assembly 

It consists of two parts (i) the preform container 

and (ii) extrusion die. Both the parts were fabricated 

from hot die steel having the chemical composition 5' Cr, 



0.35%O , 1.0% V and 1.5% Mo. It was hardened and tempered 

to hardness, Rc-55. The internal surface finish of the 

preform container, die surface and barn was of the order 

of one micron. Toolings were manufactured as per our 

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

4.3.2 Powder Preform Pre aration 

Cold preform of aluminium powder, was prepared 

by compacting aluminium powder in a cylindrical die of 

27 mm diameter to 85% theoretical density. The height 

of the compact varied from 40 to 50 mm. The single action 

hydrrulic press, 20T capacity was employed. The die was 

lubricated by zinc stearate. Powder was dry compacted. 

4.4 EXTRUSION 

Colloidal graphite powder solution in acetone was 

applied as lubricant to the v all of the container and die 

surface before it was heated to the extrusion temperature. 

Two thermocouples were used. 

The thermocouple touching the outer surface of 

the die was connected to temperature controller and the 

other thermocouple was introduced inside the container. 

When the extrusion temperature reached,the - temperature 

indicated by the first thermocouple was set on the 

controller and then powder preform and the ram was intro-

duced. Sufficient time was allowed before istarting. the 

extrusion.- to ensure that the powder preform attained '\the 
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extrusion temperature. The extrusion was carried out 

mainly at three different temperatures namely, 300, 400 

and 5000C. Square edge dies having 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. 

?,ledge shaped dies with 45° semicone angle having low 

reduction ratios, 1.6:1, 2.0:1, 3.5:1, 7:1 and high re-

duction ratios, 12.'1, 30:1, 45:1 and 80:1 were used. 

Extrusion tests were carried out on 20 and 40 tons Uni-

versal Testing Machine at a, ram speed 1 mm/sec and the 

load rem displacement diagrams 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 1000 of theoretical 

value at low reduction ratios (R< 10:1) both in square 

and wedge dies. Hence, a yield criterion for porous 

compacts was establisho take into account the variation 

in density at different temperatures. 

Cold compacted cylindrical aluminium powder prefarr.~.s , 

having 85 10 of the theoretical density and H/D < 1 were 

compressed at different temperatures viz. 300, 400, 450 end 

500°C. The technique of incremental straining was used. 

Loading and unloading the preform during compression test 

was gradually performed. For heating the specimen upto 
Y 

required temperature, the specimen was kept in a 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 was smeared 

after each increment of strain. This provided minimum 

and uniform interface frictional condition and barreling 

was negligible leading to axisymmetric deformation. After 

each known incremental loading the specimen was cooled 

in air to room temperature, the height and diameter were 

measured at different places to get average of these. 

These data were used to calculate the density, transverse 

strain, axial strain and axial stress for all the values 

of incremental strains. 

4.6 DETERMINATION OF YIELD STRESS OF. BILLET 

BEING EXTRUDED 

In order to determine the yield stress of the billet 

being extruded the extrusion tests at all reduction ratios 

(through square 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 temperature Pt which 

they were extruded. The test was carried out at a strain 

rate of J..6mm/mm n using a motorised Monsanto Tonsometer, 

Type 'W'. A high temperature furnace was fabricated using 

a band heater of 2000 watts, 15 cm long and 5 cm. diameter, 
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A copper tube of 2 mm internal diameter was brazed on 

the outer surface of mild steel 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 - extension curves 

wore recorded on strip chart recorder. The 0.2% proof 

stress/yield stress determined from the load-extension 

curves arc given in Table 4..2>for different reduction 

ratios in the case of square dies. These values were 

also used for wedge shaped dies. They were used for ana-

lytical study to calculate the pressure and effective 

strain rate. Table 4.2 shows that the yield stress value 

increased with increase of reduction ratio. However, 

tensile specimen could not be prepared from the billet 

being extruded at 300°C due to brittleness. 

4.7 DENSITY i'TEASUREMENTS 

The density measurements [56] as per IS: 4841-1968 

of the extruded product and the unextrudod billet under 

steady state condition were carried out. 

4.7.1 Test Procedure 

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 



56 

semimicro balance having senstivity of 1 x 10 	gm was 

used. Porous specimens were dipped in paraffin Wax to 

prevent the water from entering the pores. Before weighing 

the specimen the excess paraffin wax was removed from the 

outer surface of the specimen. 

YIELD STRESS OF BILLET BEING EXTRUDED 
FOR SQUARE EDGE DIES 

S.No. Reduction 0.- 2 `~ Proof Stress (N/mm2} 
Ratio 500°C .40000 

1.  1.3:1 25.0 36.0 

2.  1..6el 25.3 36..3 

3.  2.1:1 26.0 36.8 

4.  2.601 26.7 3.7.4 

5, 3,201 27.5 38.0 

6.  10,01 28.5 42.2 

7.  20l 31.2 46.3 

8.  30:1 32.4 50.6 

9.  40:1 33.7 52.8 

10.  80:1 36.0 57.0 

4.8 	ASUREM NT OF TENSILE PROPERTIES 

Tensile tests on the product extruded through 

square dies for reduction ratios, 1.3:1 to 10:l,and wedge 

dies for 1.6:1 to 12:l,at temperatures 300 to 500°C, were 



57 

carried out at room temperature. The tests were performed 

on motorised Monsanto Tensometer, Type 'W' at a strain rate 

of 1.6 mm/min. 

4.9 METALLOGRAPHTC 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 ;a) 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 and extrusion defectss 

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 case of square dies. 



r 

58 

1 RAM 

2 OUTER SHELL OF 
FURNACE 

3 ASBESTES POWDER 
4 THERMOCOUPLE 
5 BAND HEATER 

6 PREFORM CONTAINER 

7 DIE 

8 DUMMY BLOCK 

9 HEATER STAND 

10 BOTTOM PLATEN 

FIG•4.j- EXTRUSION ASSEMBLY ( SCHEMATIC SECTION) 
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CH~~ P T ER -V 

LNALYTI CAL WORK 

5.1. INTRODUCTION 

In this chapter computer programming using velocity . 

pressure formulation (u/p), parameteric study and modifica-

tion in analytical formulation are described. The results of 

this study have been used to analyse the actual extrusion 

problem in subsequent chapters. 

5.2 COMPUTER PROGIU' 

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

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] Qs the basic equations.The program 

has been executed on a DEC 2050 syateru The compressibility 

effect has been considered by taking into account the density 

of the billet being extruded and the extruded product by 

modifying the yield criterion as discussed in section 5.4. 

The computer program incorporated 8 noded isoparametric p`ara-

belie 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 uadrature 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 viscosity. 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 reduction ratio (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 rates were. also calculated 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 0l) than high reduction ratios(R > 10 0l) for square dies, 

Hence, for analytical study, a = 0 was used for low reduction 

ratios(l.3; lto 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 

an alytice1 extrusion pressure. The effect of friction co-

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

5.3 Pl.';METRIC STUDIES 

The following parameters have been studied in order 

to improve the accuracy of the results : 

i)  Effect of configuration 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 Confi ration Adopted for Extrusion 

To ascertain 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 another 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 

c ase,,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 js given in Table 5.1. This shows that as the 

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

of frictionless condition. Therefore, this configuration 

has been used for further analysis. 



TABLE - 5.1 

EFFECT OF BILLET CONFIGURATION 

Si. 	Billet length 	p/Y 
No. 

1. 25 mm 	4.055 

2. 12 mm 	4.056 

5.3.2 Effect of Different Shapes 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 shape of the elements and the boundary conditions 

are shown in Fig.5.5(a). The pressure and velocities at all 

nodes were obtained after convergence. These velocities are 

shown in Fig. 5.5(b). The ply  value is compared with the 

p// value obtained for 20 rectangular elements mesh and is 

given in Table 5.2. Results reveal that there is not 

:Much difference in he p/Y values. 

TABLE - 5.2 

EFFECT OF DIFFERENT SHAPES OF ELEMENT 

	

$1. 	p/Y value of rectangular 	p,'y value for 

	

No. 	element mesh 	modified element 
mesh 

	

1. 	4.05 	3.90 



Therefore, either of these can be used. Hence, for 

simplicity rectangular element 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•  

EFFECT  OF ITERATIONS ON p/Y VALUE 

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 



It is evident that the difference in p/y values after 

8th iteration is very small i.e. negligible. Hence, in 

further analyses for other problems the velocity, pressure 

and effective strain rate were obtained in 8th iteration. 

5.3.4 Effect of Mesh Size 

The result of 20 elements mesh problem for R, 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 boundary 

friction was introduced by inserting a narrow layer of 

elements between the boundary and the billet and assigning 

different values to the friction coefficient. 

When dealing with rough boundaries and also at the 

exit from the die (point A and B respectively in Fig. 5.8), 

exact boundary conditions (by retaining only one node at 

these points) can only be effectively dealt with,by making 

the mesh singular at these points. It was noticed that 

singularity at the exit tip improves the general behaviour 

and a better presentation of flow pattern was achieved. 

Therefore, for further analyses 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 pressure per unit yield stress 

was obtained in 8th iteration. The ply value of these mesh 

solutions are shown in Fig. 5.11,indicating that 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 analysed by 

taking rectangular elements (for square die), finer mesh and 

a stage of steady state extrusion. In case of rough bound-

aries singularity effect was considered. Results were 

obtained after 8 iterations. 

5.3.6 Effect of Friction for Various Reduction Ratios 

The effect of different values of friction coefficient 

on p/Y values we.~~ e determined and shown in Fig. 	5.12 for 

square dies at different reduction ratios. Results show that 

the value of p/Y increases sharply 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 value 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. 



5.4  0 MPAxxs0N 0  pjinx  STATE EXPERIMENTAL 
EXTRUSION PRESSURE WITH ANALYTICAL LLUES 
jBY UPPER BOUND  TECTIT I 1UE  I4iD  FEN! 

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 a simple deformation field and 

hodograph (velocity field) for reduction ratio, 3.2:1. From 

this Fig. analytical extrusion pressures, calculated at 

400 and 500°C using yield stress value at the same tempera-

tures and those by FEN, were compared with-the experimental 

values. The results are given in Table 5.4. 

TlBZE -- 5.4 

COMPARISON BETWEEN EXPERII" 'N TLL AND NI. LYTI C.! L VALUES 

R 	Temperature 	Extrusion Pressure(N/mm2 
oC 	Experimental By 	By 

Value 	Upper 	FEN 
Bound 	a = 0 .0 5 
Solution 

3y 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 values determined by FET'I as the difference 

is only about 14 while the difference is about 16% in the 

case of upper bound analysis. Thus, FEN is more precise for 

such metal forming problems than upper bound analysis. Hence, 

in further study for other reduction ratios extrusion pre-

ssures were determined only by FE. 



5.5 YIELD CRITERION 

It is reported for aluminium po*:7dcr e rtrusion f1] 
that in square dies with high reduction ratios (R> 10:1), 

densification was very nearly complete before extrusion 

started. However, experimental observa.tione,described in the 

letter chapters, revealed that in wedge shaped dies for all 

reduction ratios and square dies at low reduction ratios 

(R <10:1) the situation was different,as the extrusion start-

ed before full densification was achieved. In 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 mainly at low reduction 

ratios (R <10:1) in both square and wedge shaped dies. A 

change in analytical approach was, therefore, necessary and 

modifications made in analytical formulation by using yield 

criterion for porous compacts, have been discussed. 

5.5.1 Yield Criterion for Porous Compacts 

As density of the extruded product and 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 

only of the second invariant of the stress deviator, J2  

,1/2 
f = (3  

In porous powder preform, a hydrostatic stress does 

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

as the deviatoric stress. 

f = f (J l 1  J2) 

where 
J 1  = rr + 	+ G3. 

represents the hydrostatic stress and is the first invariant 

of stress tensor. J1  can be related to J2  and J2  , the 

second invariant of•stress. Hence, we can write 

it  

 

1/2 
= { 3(J2  -  

Therefore, yield function will be 

f = f (J2  , J2) 	 ..(5.4) 

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

porous iron powder preforms may be expressed as 
0 

1 	 112  
y = { 3 J2  - (1-2Y) J2 	 •.(5.5) 

where 
= Poisson's ratio 

J 2  = Second invariant of stress deviator, 
6 {(crl  _, a )2+(cr2  — a3 )2+(03  _ al)12  =  

7lhere , 	0l, cr2, and a3  are principal stresses 

J 2  = Second invariant of stress tensor 

= _(al  a2  + a2  63  + a3  0l) . 

The density and the V after each incremental load were 

calculated from the dimensional changes of the test samples. 

Figure 5.14 shows the variation of )! with density and the 

relationship is linear. It may be noted that the ?1 is a 
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function of density of the material only, and not the tempera-

ture. In other words they is same at a given density regard-

less of the test temperatures, and can be determined using 

Fig. 5.14. On extrapolating the curve to 100 1 density they 

comes out to be 0.5,which therefore, justifies using the 

yield criterion for porous compacts given by Equation (5.5), 

in the present study. 

5.5.2 Modification in 	ical Formulation 

If elastic deformation is negligible, a very general 

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 strain rate, 

xJ 

e i . = Y <p(F)  >  
J  x~ 

where F = F ( oil , T, ei~ ) is the description of a, yield 
surface and Q = Q(ai~ , T, s.. ) is the description of a 

plastic potential. 

Hare, 	< cp(F) > = 0 if F < 0 

< p(')> = p (F) if F>_ 0. 	 ..(5.7) 

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

Using Equation (5.5) : 

F = Q = [ 3 J2 - (1-2 }/ )J2 j1/2 - y 	..(5.8) 

J2 = 2 Sid Sid = 2 { S11 + S22 + S33 ) 	..(5.9) 
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J2 	-(S11 S22 + S22 533 + 533 sll) 	..(5.10) 

y = uniaxial yield stress of fully dense material. 

In general, y itself is dependent on extrusion temperature, 

T, and the accumulated effective strain, e. The effective 

strain rate second invariant is defined as 

2 1 . 
C 	2 e

i3 
 C..   13 

The effective strain rate will be 

-2 2 •2 	2  Z  2 C = 3 Ell + E22 + 2 Y12 ]  

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 

1/2 C y2  + (1 - 2))) J2  
-   

f3 	
..(5.13) 

J 2  in terms of strain rate can be written as 

• 1 2 J 2 	-(c11 22 + e22 £33 + e33 ell - 4 Y12 ) 
.•(5.14) 

By substituting the value of J2  in Equation (5.13) we get 
the final equation 

1 Y2_(1_2)))(  ll  6 22+e22 E33+E33e11 4 Y12) ]1j2  
µ 

C 	 ..(5.15) 
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For the porous compact, the value of poisson's ratio depend 

upon the density of the porous compact. And for fully 

dense material. )) = 0.5 and this gives 

Y µ =— r---•- 	 ..(5.16) 
~j3 E 

This is the same equation *hich we get for the fully dense 

material. 

This modified equation given by (5.15) has been used for 

square and wedge shaped dies for low reduction ratios 

(R <10:1) where the complete densification was not observed 

before extrusion. The ) eras determined for various densi-

ties observed in the experiment using Fig. 5.14. 
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(b) Velocity vectors (20 elements. 
mesh) 
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FIG. 5.3 EXTRUSION JUST STARTED. 



V^0 

E 
E 	20 Elements 

—Mesh- 

-I 

 

112 mm 
V=o 

78 

R=3.2:1 
U=0 

Free Surface 

E 
E 

10 mm  

(a) Mesh and Boundary conditions. 

(b) Velocity vectors (20 elements mesh) 

FIG.5.4 STEADY STATE EXTRUSION WITH 20 
ELEMENTS MESH. 
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FIG.5.6 STEADY STATE EXTRUSION WITH 
44 ELEMENTS MESH. 
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CHAPT ER -  VI 

RESULTS AND DISCUSSION 

6.1 INTRODUCTION 

In the present chapter experimental and analytical 

studies ,carried out by extruding the aluminium powder through 

square and wedge shaped dies under axisymn etric condition 

having reduction ratios, 1.31 to 80:l,are discussed. The 

effect of extrusion parameters (reduction ratio and extru-

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 FEN) 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 density 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 respect to 

coherency/deformation of the extruded product and the shape 

of dead metal zone (DNZ). On the basis of analytical 



extrusion pressure contour (EPC line-), a model has been 

proposed for the coherency criteria of the products. 

Microstructural studies have been carried out in 

detail during billets journey from the container and dies 

opening both through square and wedge shaped dies for various 

reduction ratios in the temperature range 300 to 500°C. These 

microstructures also provide a good opportunity to link the 

extrusion parameters, analytical results and the final tensile 

properties of the extruded product. 

Nacrostructural studies of the longitudinal section 

of billet being extruded were carried out both in square and 
wedge shaped dies to identify the extrusion defects, if any 

and to propose the reasons for these defects. These studies 

wore also made for square dies to see the effect of reduction 

ratios on DMZ boundary. 

6.2  EXTRUSION  THROUGH  CYLINDRICAL SQUARE EDGE DIES 

6. 2.1 Lo r Reduction. Ratios (R < 10 

The experimental results obtained from the extrusion 

through square edge dies with low reduction ratios, 1.3:1, 

1.6:1, 2.1:1, 2.6:1 and 3.2:1 at different temperatures, 

300, 400 and 500°C are discussed with respect to coherency 

of the extruded product with the help of extrusion paramotcrs 

and analytical results. 

rz EPC line refers to that contour in the billet being 
extruded whose value is equal to the analytical extrusion 
pressure . 
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6.2,1.1 Load-Ram Displacement Diagrams 

A typical load-ram displacement diagrams at 5000C 

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 extrusion pressure required to ex-

trude the cast billet is more than that required for powder 

compact, this confirms the earlier findings[1]. The curves 

can be divided into two regions. The initial portion of the 

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 steep. It is, therefore, evident that cast billet 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, the extrusion pressure was 

released as soon as the maximum pressure reached. It was 

observed that the material at this pressure has just started 

extruding and the density of the billet approached the 

theoretical value (99.98 6). 

Load-ram displacement diagrams corresponding to 

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

0 

6.2.1.2 Extrusion 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 

expressed as 

p= A+ B log R 	N/mm2  

where A and B are constants whose velues were datermined from 

Fig. 6.2 and are given in Table 6.1. These results do not 

confirm the suggestion put forward by Dunkley and Caustonr16l 

and Sheppard[6] that at low reduction ratios the-curve should 

pass through origin. 

TABLE -- 6.1 

VALUES OF * CONSTANTS A AND B AT DIFFERENT 
EXTRUSION TEMPERATURES 

S.No. Temperature Value of Value of 
00. 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 proesure (p) was plotted against 

logarithmic of extrusion temperature (T) for different reduc- . 

tion ratios (1.301 to 3.2:1) linear behaviour ^.s shown in 

Fig. 6.3 was observed a. d , c .n be expressed as o 

p= a-blogT N/mrs2  

Table 6.2 gives the valuos of const^.nt a and b at different 

reduction ratios. 



TABLE - 6.2 

V LUES OF CONSTANTS  a AND b AT DIFFERENT 

REDUCTION RATIOS  

b S.No. R a 

1 1.3:1 575.0 200.7 

2 1.6:1 939.8 329.4 

3 2.1:1 1248.4 436.0 

4 2.6:1 1290.7 442.4 

5 3.2:1 1881.3 664.3 

A change in the slope of the curve was observed at 

400 0C corresponding to reduction ratios 2.1:1, 2.6:1 and 

3.2:1. To ascertain the existence of this change in slope at 

400°C more temperatures, 350, 425, 475 and 530°C were investi-

gated for R, 3.2:1, as shown in Fig. 6.3 and the value of 

constants a and b are given in Table 6.3. 

TABLE 

VALUES OF CONSTANTS  a AND b AT DIFFERENT 
REDUCTION RLTIOS  LIFTER SLOPE CHANGE 

S.No. R EE, 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 Tables 6.2 an.d 6.3 that .t ., hi ,1,her 

extrusion temperature namely above 400°C,there is a lowering 

of slope,suggesting a change in the flow behaviour of the 

material. 

6.2.1.3 Density Measurements 

The densities of the extruded product and the unex-

truded billet in steady state condition are given in Table 

6.4. For a given reduction ra.tio,the density of the extruded 

product increase:,, with temperature.. At the lowest reduction 

ratio, 1.3:1 the density is 98.69' at 300°c, which increased 
to 98.82'A of theoretical density at 5000C, where as at reduc-

tion ratio, 3.2:1, the density of the extruded product varied 

from 99.68% to 100 % of theoretical density. The difference 

between the densities of the extruded product and the billet 

being extruded are extremely small indicating hardly any den-

sification during extrusion. 

TABLE  _ 6.4 
DENSITY 0 F THE EXTRUDED PRODUCT ABTA 
THE BILLET BEING EXTRUDED 

7o Theoretical Density of 	/- Theoretical 
Extruded Product 	_ density of 

R 	1.3:1  1.6:1 2.1:1 2.6:1 3.2:1 Billet being T 	 extruded 
°C......_. 	___ R._ :.... 3.2 :  l 

1 	300 98.69 98.78 99.89 98.93 99.66 99.58 
2 	400 98.97 99.13 99.34 99.87.99.97 99.73 
3 	450 99.63 99.81 99.44 99.85 99.97 99.85 
4 	500 99.82 99.92 99.96 99.98 100.00 99.94 
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6.2.1.4 Tensile Properties of Extruded Product 

Results are given in Table 6.5. At a given extrusion 

temperature the tensile properties improved with increase 

in reduction ratio. It mey be noted that extruded product 

was found to be incoherent in the case of two reduction ratios 

1.3:1 and 1.6:1 at 300 and 4000C but coherent mass was 

obtained at reduction ratios 2.1:1 at 3000C. However. 

- coherent product was obtained above 4000C for all reduction 

ratios. At higher extrusion temperature, 500°C there is 

substantial drop in room temperature tensile strength and 

consequently large increase in ductility. 

6.2.1.5 Comparison Between Analytical and Experimental 
Extrusion Pressures 

Analytical extrusion pressures were obtained at 400 

and 500°C for low reduction ratios by taking the actual length 

of the billet being extruded (H = 12 mm) which remained in the 

container after achieving the steady state condition of 

extrusion and taking the density. equal to theoretical density. 

A fine mesh as shown in Figs. 6.5(a) , 	6.7,(x,) 	and 	6.9(a,) for 
reduction ratios ,l.3:1, 2.1:1 and 3.2:1 respectively, was used 

with friction coefficient,0.05 for reduction rr.tios,1.3:l to 

3.2.:1. These analytical values arc compared with experimental 

values in Table 6.6. There is e. close agreement between 

these values for all reduction ratios except in case of reduct-

ion ra.tios,1.3:l -, nd 1.6:1. The extrusion pressures were also 

obtained with frictionless conditions for all reduction ratios 

using fine mesh (44 elements) and are given in Table 6.6. 
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TABLE - 6.6 

COMPARISON O E1~PERI ME TAL WITH ANALYTICAL 
EXTRUSION PRESSURES IgUA E EDGE DIES) 

Reduction Extrusion Pressure I N /mm2,,) -r---  Ratio T =.500 °C T 
= 	C 400 

o 

Experi- By FEM Experi- By FEM 
mental -.__~ -_ - mental 
Values a =0.0 aJ .05 Values a=O.0 a=0.05 

1.301 38.5 38.57 5..2 55.4 55.5 71.3 

1.6.1 54.6 5188 63.5 81.8 74.3 88.6 	+` 

2.101 , 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  

105.6 100.9 108.9 149.6 139.0 150.5 

It is clear from the Table 6.6 that for reduction ratio 

1.3:1, the analytical extrusion pressure with frictionless 

condition is nearer to the experimental value;TrThich suggests 

that the friction is very small in this case. For reduction 

ratio 1.6:1 and above a suitable value of coefficient of 

friction ranging between zero and 0.05 should be used. 

Employing modified yield criterion for porous compacts the 

analytical extrusion pressures were also determined for 
reduction r^.tios,1.3e1 and 1.6:1 at 500°C by taking the 

vryrir.tion in the density of the extruded product and the 

billet being extruded, observed experimentally and friction 

coefficient 0.05. Results 're given in Tpble 6,7. 
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TABLE — 6.7 
EFFECT OF DENSITY ON ANALYTICAL 

EXTRUSION PRESSURE 

Reduc- Extru- 1p Theore- %0 Theore- L.nalytical Extrusion 
tion Sion tical den- tical den- Pressure 
Ratio Tempera- sity of sity of ~_- (N/mm2 ) 	____, 

titre unextruded extruded P - 100 °~ oC (() product product 
_.._ 

a density 

1.3:1 500 0• o~ 99.42 99.82 51.2 50.5 

1.6:1 	500 0.os 99.65. 	99.92 	63.5 	62.7 

It may be noted that analytical pressures considering 

variable density ere marginally smaller then those taking 

100%o theoretical density. This difference is only of the 

order of 2%. Therefore, analytical extrusion pressures have 

been calculated by con.siderinZ the material fully dense in 

square edge dies. 

6.2.1.6 Velocity Vectors 

Figures 6.4(b), 6.6(b) end 6.8(b) show the velocity 

vectors (arrows indicate the direction and their magnitudes) 

as obtained by FEM for reduction ratios, 1.3:1, 2.1:1 and 

3.2:1 respectively, assuming friction coefficient equal to 

0.05. The velocity vectors depict the flow of metal a,t 

different 'sections of the die. The ratio of velocity at out-
let and the velocity at inlet gives the continuity require-
ment, 

i.e. u. A. =u A 
11 0 0 



u 	A. 
or 	uo  = Al  = Reduction Ratio 

i 	o 

Figures 6.9(o,) and 6.10(e) show the resultant velocity 

along the die axis (line 1.1), the line passing through the 

point of discontinuity of the die (line 2-2) and near the 

die wail (line 3-3) for reduction ratios, 1.3:1 and 3.2:1 
respectively, It may be noted that velocity along the die 
axis is maximum (which becomes equal to the velocity of 

extruded product near the die exit). The velocity along 

the container wall*renains lowest and approaches to zero 

value even before reaching square edge of the die. The 

velocity along the plane passing through the point of 
discontinuity increases slowly upto point of discontinuity 

and after the die exit the velocity increases sharply and 

attains the velocity of the extruded product. 

The velocity distribution perpendicular to the 

direction of metal flow along the planes 1 f -1,  to 4 t-41  is 
also plotted and is shown.. in Figs. 6.9(b) and 6.10(b). The 

velocity along the exit plane is constant upto the point of 

discontinuity from the die axis and then becomes zero at 

the nodes of the square edge of the die. The velocity e.long 

the other planes deoreeaee as )iov r,g TOT fro:_;. die a;Yis 

and then becomes zero at the cont,i.ine:° surfp.ce. 

In Figures 6.4(b), 6.6(b) and 6.8(2.) the region in 

which the velocities are small may be termed as DMZ. It is 

expected that the materiel is static in the DMZ and the same 

is observed by plotting the velocity vectors, except that in 
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this zone, with frictional conditions, there is a movement 

of material in the direction opposite to the direction of, 

extrusion as the velocity vectors are opposite to the 
4• 

direction of metal flow. The magnitude of these velocitie' 

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 1.6:1 

at 4000C continuity condition was not satisfied while at 

other reduction ratios the continuity requirement was satis-

fied at 400 and 500°C. This may be due to the fact that 

at 400°C for reduction ratios, 1.3:1 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(a) show the average 

pressure contours at 400°C for reduction ratios, 1.3:1 to 

2.6:1 and Figs. 6.4(e), 6..5(c) and 6.8(c) at 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 pressure contours meet in the narrow region of the 

point of discontinuity, in other words there is a very sharp 

variation of pressure in this region. 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. This 

is more so in case of lowest reduction ratio, 1.3:1 where 

the continuity condition is not satisfied at 400°C. 



Experimentally also this reduction r^.tio h^s yielded inco-

herent product at 40000 P.nd below 400°C. However, on 

account of good flow conditions the pressure drops and maxi-

mum drop of pressure is along the die axis. There is also 

an indication from these pressure contours that the pressure 

persists even beyond the die exit. It may be noticed that 

in Figs. 6.4(d), 6.4(e), 6.5(a), 6,5(c), 6.6(c), 6.7(^.) and 

6.8(c) the shaded region (PZ) between the pressure contour 

corresponding to the extrusion pressure (EPC 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 

sh ded region (HZ) above the EPC line shows region of hydro- 

static forces where material movement is very little. The 

shaded region (EZ) below the pressure contour line which 

indicate yield stress of the material is the region of 

elastic zone which represents material flow under low 

pressure (below yield strength of the material). The shaded 

region (CZ),below the pressure contour line of 0.0 value is 

the region where strains are getting relieved and material 

flows under constraint free condition. 

It was also observed from these pressure contours that 

pressure much greater than the actual extrusion pressure are 

developed in the DMZ. The position of the DMZ appears to 

shift in the direction opposite to the direction of metal 

flow and the DNZ no more remains at an nnglo of 450  from 

the point of discontinuity •  as considered in earlier theories 

of plastic flow such as slip line and upper bound[30]. 



According to average pressure contours, 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 coherency in 

a particular case. For instance, it was observed that the 

position of the pressure contour corresponding to the value 

of analytical extrusion pressure (EPC) has 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 

d.ropa below horizontal line the product is always incoherent. 

This observation is true for all reduction ratios and 

temperatures investigated. In case of reduction ratios, 

1.3;1 and 1.6:1 at 4000C,the EPC line falls below the hori-

zontal line (Figs.6.4(a) and 6, 5(a)) and experimentally also at 

these reduction ratios incoherent mass was obtained. In case 
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of reduction ratio, 2.1:1 at 400°C (Fig. 6.6(c)) and 1.3:1, 

1.6:1 at 500°C (Figs. 6.4(e) and 6.5(c)) the EPC line 

remains almost horizontal and at these reduction ratios and 

temperatures coherent mass was obtained experimentally. 

6.2.1.8 Effective Strain Rate Contours 

Figures 6.4(d), 6.5(b), 6.6(d) and 6.7(b) show the 

average effective strain rate contours at 40000 for reduct-

ion ratios, 1,3:1 to 2.6:1 and Figs. 6.5(f), 6.6(d) and 

6.9(d) at 500°C for reduction ratios, 1.3:1, 1.6:1 and 3.2:1 

respectively. These effective strain rate contours have been 

plotted assuming zero elastic strains and steady state 

extrusion. As•in the case of pressure contours, the highest 

effective strain rotes are concentrated around the point of 

discontinuity (maximum of unit 2.0 for reduction ratio 3.2:1 

and unit 1.0 for reduction ratio 1.3:1). By considering 

a strain rate contour of unit 0.2 in above figures, the 

contour is in a very narrow region of point of discontinuity 

for reduction ratios, 1.3:1 and 1.6:1 and the extensive 

plastic deformation occur only in this. narrow region of point 

of discontinuity.',` This is likely to develop zones of diff-

erentie,l plastic deformation (predominontly by shear mecha..-

nism) of the material in the container resulting in develop-

ment of defects such as cracks in these reduction ratios, 

and incoherent product must be obtained at 400°C and lower 

temperatures. Experimentally also incoherent product was 

obtained upto 400°C for these 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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at 500°C the effective strain rate contour of unit 0.2 

(Figs. 6.6(d), 6.7(b) and 6.8(d)) extends upto the centre of 

the die. This shows that there is an extensive, plastic defor-

mation even upto the centre of the die,i.e. die axis,resulting 

in coherent mass. This is also confirmed by the experiment 

that the extruded product no more remains incoherent for these 

reduction ratios. It may be noticed that as the reduction 

ratio increases the magnitude of contour along the die axis 

also increased. This shows that as the reduction ratio increa.s-

es there is more extensive plastic deformation upto die axis 

and we get more coherent mass. The maximum effective strain 

rate contour 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 regard to material flow and deformation 

during extrusion. 

6.2.2 1JRedtCQOiD11  

In the present section experiment,Fl studies carried 

out for high reduction ratios, 10:1, 20:1, 3001, 40:1 and 

80:1 at different temperatures, 300, 400 and 500°C are did-

cussed with regard to the effect of extrusion parameters on 

extrusion pressure. Results are discussed with respect to the 

shape of DZ and coherency of the products. 

6.2.2.1 Load-Rama Displacement Diagrams 

Load-ram displacement diagrams at 5000C for different 

reduction ratios (10:1 to 80:1) are shorn 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. In 

case of high reduction ratios the extrusion starts well 

before attaining the maximum load. For example, in case 

of reduction ratio, 10:1 and 40000 some experiments were 

stopped at 16 ton load (maximum load being 17.8 tons) and 

it was found that about 3 cm length had already extruded. 

At this point the density was also measured and it was 

found that the density of the unextruded product and the 

extruded product was not 100 % as reported by Sheppard [i]. 

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 

temperatures 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 product and the billet 

being extruded during steady state condition were measured 

for all the reduction ratios at all the temperatures. 

Density was found to be 1QQ % of the theoretical value. The 

density of the extruded product and billet being extruded 

were also 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 	/o theoretical density 	to theoretical dens 
0 	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 can be expressed by the relation : 

p=A+Blog•R N/mm2  

where A and B are constants whose values are given in 

Table 6.9. 

TABLE -- 6.9 

VALUES OF CONSTANTS A AND B 

AT DS FFERENT TEMPERATURES 

Temperature 	A 	B 

oC 

300 	 29.6 	394.8 

400 	 15.5 	306.4 

500 	 6.6 	190.8 

The relationship between p and log R for higher 

reduction ratios is same 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 same 
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temperature. The slope of the curve et 30000 is more steep 

than that at 500°C. When p was plotted against log T, a 

linear relationship was obtained as shown in Fig. 6.3 and 

can be expressed as 

p=a - b log T 

where a and b are constant. The relationship is same as 

that reported by Sheppard [1) for aluminium powder. The 

difference is only in the values of a and b. 

There is a change in slope at 40000 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 5000C were - eacured only 

at room 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 beca,.e constant. 

6.2.2.5 Comparison Between Analytical and 
1xperirnental Extrusion Pressure 

l~nalytical extrusion pressure were obtained at 400 

and 50000 for all the reduction ratios, 10:1 to 80:1, by 

taking the actual length (H = 12 mm) and density (100 * of 

theoretical) of the billet being extruded which remain in 

the container after achieving the steady state condition. 

A fine mesh (52 elements) was used with friction coefficient, 
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0.10. These analytical pressures were coped z-•ith the 

experimental steady state extrusion pressures and 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 

COIF SON BETWEEN EXPERT ENTAL AND ANALYTIC. L 
EXTRUSION PRESSURES 

S. Reduction   	Extrusion Pressure NJ mm2I 
No. Ratios 	 00 °C 	 400 °~~~~ 5  

Experimental By FEM Experimental By FEM 
_r ___ 	Value   	a=0.10 Value 	aJ .10 

1.  10:1 195.6 191.0 305.0 282.8 

2.  20:1 244.5 253.3 387.7 375.9 

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 Velocity 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 DNIZ. It may be noted that DMZ is not at an _rn_"1" of 450 to 

the die axis and its position and angle varies with the 



106 

reduction ratio. It is expected that the material is static 

in DMZ and the scale is observed by plotting the velocity 

vectors except that in this zone there is a movement of 

materiaal in the direction opposite to the direction of metal 

flow as the velocity vectors are opposite to the direction 

of metal flo-q. 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 at 

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 1-direction from the ram for reduction ratios, 

10:1 and 40:1 at 500°C are shown in Figs. 6.16(a) and 6.17(a). 

The figures show the velocity profiles along the line 1-1 cor.res-

pozding to the die axis line 2-2 corresponds to the plane 

passing through the point of discontinuity snd line 3-3 along 

the container wall. The velocities along die axis are maximum 

which becomes equal to the velocity of the extruded product 

near the die exit. The velocity near the container wall 

remains lowest and approaches to zero value even before reach• 

ing the square edge of the die. The velocity along the plane 

passing through the point of discontinuity increases slowly 

upto the point of discontinuity and after the die exit the 

velocity increases 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(a) and 6.14(x,) for reduction ratios, 10:1 and 

40:1 at 500°C are 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 square 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(e), 6.14(c) and 6.15(c)  show the 

average pressure contours in the. billet being extruded at 

500°C for reduction ratios, 10:1, 40:1 and 80:1. It may be 

seen that most of the pressure contours start from the die 

axis and terminates along the square edge of the die,. This 

obviously means that there is a sharp variation of pressure 

inside the container and that the flow of material is very 

extensive all along the billet being extruded. In these 

plots it may also be noticed that 'CPC line which divides 

hydrostatic (HZ) and pl,.stic zone (PZ) gets confined to the 

top left hand corner of the container. Thus, the hydrostatic 

zone is limited to a very small area of the container. It mzy 

also be noticed from these pressure contours that the DI' 

shrinks toward the die corner as the reduction ratio increases. 

The shaded region between the EPC line and the pressure 

contour corresponding to yield stress of the material being 

extruded represents the plastic zone where extensive flow 

of material occurs. The other shaded regions are elastic 

zone (EZ) and constraint free zone (CZ) respectively as 



shown in Figs, 6.13(c), 6.14(c) and 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 Average Effective 8troin Rate Contours 

Figures 6.13(d) to 6.15(d) show the average effective 

strain rate contours at 50000 for reduction ratios, 10:1, 

40:1 and 80:1 respectively. These effective strain rate 

contours have been plotted assuming zero elastic strains and 

steady state extrusion. The highest effective strain rates 

are concentrated around the point of discontinuity (maximum 

being of unit 7.9 fot reduction ratio$,10:1 and 90 for 30:1). 

The strain rates are very low in the corner of the die indi-

cating 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 a very narrow region around the point 

of discontinuity i.e. from the square edge of the die to the 

die axis. Due to this wide range the extensive plastic 

deformation occur uPto the die axis resulting in coherent 

mass.. As the reduction ratio decreases the strain rate 

contour of same unit gets confined in the narrow region. 
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FIG.6.4 (c) AVERAGE PRESSURE CONTOURS. 
(43 elements mesh ) 
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FIG. 6.4 (d) AVERAGE EFFECTIVE STRAIN RATE 
CONTOURS.( 43 elements mesh ) 
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FIG. 6.4 (e) AVERAGE PRESSURE CONTOURS. 
(43 elements mesh) 

FIG.6.4 (f) AVERAGE EFFECTIVE STRAIN RATE 
CONTOURS.( 43 elements mesh) 
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FIG. 6.5 (a) AVERAGE PRESSURE CONTOURS. 
(43 elements mesh) 

FIG 6.5 (b) AVERAGE EFFECTIVE STRAIN RATE 
CONTOURS.(43 elements mesh) 
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FIG.6.5 (c) AVERAGE PRESSURE CONTOURS. 
( 48 elements mesh) 

FIG. 6.5 (d) AVERAGE EFFECTIVE STRAIN RATE 
CONTOURS.( 48 elements mesh) 
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FIG. 6.6 (Q) MESH WITH BOUNDARY CONDITIONS. 

FIG.6.6 ( b) VELOCITY VECTORS..( 48 elements 
mesh) 



FIG.6.6 (d) AVERAGE EFFECTIVE STRAIN RATE 
CONTOURS. (48 elements mesh) 

FIG.6.6 (c) AVERAGE PRESSURE CONTOURS. 
(48 elements mesh) 
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FIG.6.7 (a) AVERAGE PRESSURE CONTOURS. 
(48 elements mesh ) 

FIG.6.7(b) AVERAGE EFFECTIVE STRAIN RATE 
CONTOURS.( 48 elements mesh ) 
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mesh) 
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FIG. 6.8(c) PRESSURE CONTOURS. (48 ele- 
ments mesh ) 

FIG.6.8 (d) AVERAGE EFFECTIVE STRAIN RATE 
CONTOURS.( 48 elements mesh) 
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FIG.6.11 POSSIBLE POSITIONS OF ACTUAL 
EXTRUSION PRESSURE CONTOUR 
IN THE CONTAINER. 
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FIG. 6.13 (b) VELOCITY VECTORS. (48 elements mesh) 

FIG. 6.13 (d) AVERAGE EFFECTIVE STRAIN RATE 
CONTOURS. (48 elements mesh) 



U=O,V=0 
1 
	 Friction 

	 128 

' 	elements 
3 

E 
E 

2 

R=40:1 
U_0 	0L =0.10 
V =0 	T = 500°C 

52 elemen 
mesh 

1' 	2' 	J'4'  
12.0 m m 	_I o 	10.0 m m 

V-0 

FIG.6.14 (a) MESH AND BOUNDARY CONDITIONS. 

FIG.6.14 (b) VELOCITY VECTORS.( 52 elements mesh) 



w 

FIG.6.14 (d) AVERAGE EFFECTIVE STRAIN 

129 
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FIG.6.15 (c) AVERAGE PRESSURE CONTOURS. 
( 52 elements mesh) 

FIG.6.15 (d) AVERAGE EFFECTIVE STRAIN RATE 
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6.3 EXTRUSION THROUGH CYLINDRICAL WEDGE S, BARED 

DIE UND 	ASTRIOOONDITION 

Very little work has been reported on powder extru-

sion through wedge shaped dies. Sheppard et al [3 ] attempted 

extrusion of aluminium powder through wedge dies and reported 

that the surface finish of the extruded product was not 

acceptable and the threshold extrusion ratio at which coherent 

mass was produced 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 cast billet 

is lover 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 450  semicone angle for wedge 

die in the present investigation is to eliminate DNZ because 

several workers have reported that in square die the Ds?Z 

is oriented at 450  with respect to die axis. The present 

work revealed that in square dies densification was very 

nearly complete before extrusion started. The situation is 

different in wedge die, where the extrusion started well 

before full densification was achieved. The yield criterion 

modified for porous compact 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 extrusion pressure 
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under 	xisymmetric 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 at lowest reduction 

ratio 1.6:1 at 400 and 5000C and this. has been Justified 

by analytical observations. 

6.3.1 Load-Ron  v .s lacement Diagrams 

Load rises initially and reaches maximum value and the . 

fs1Ls to a constant value. The extrusion starts well before 

maxima is reached. This pattern is common for all the 

extrusion temperatures and reduction ratios investigated. 

Load-ram displacement curves at 5000C for different reduction 

ratios are given in Figs. 6.18(a and b). However, it may 

be noted that the initial portion of the curve, for high 

reduction ratios, the ram displacement observed was more 

and then the curve practically becomes parallel to load 

axis suggesting very little compaction with increasing load. 

The portion of the curve, before peak load is reached, may 

be called as compaction zone. After this, a mftxima in load 

is attained and ram displacement commences again showing 

that the extrusion has started. Immediately after maxima, 

steady state condition is obtained when load becomes practi-

cally constant and ram displacement continues. This portion 

of the curve is the extrusion zone. The extrusion Trips 

observed to have started even before the peak load is 

reached, revealing that the load required to initiate 

extrusion is lower than the maxima observed in the curve, 
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for example, in the case of reduction ratio 45:1 at 500°C 

the peak load observed was 23 tons but in the interrupted 

test, at 20 tons load, it was observed that the extrusion 

had started 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 at 

maximum load was found to be 100 io . For comparison of 

analytical extrusion pressures with experimental pressures 

the load under steady state condition was considered. 

It wa.s also noticed that at 5000C the difference 

between peak load and the steady state load is less than 

that At 400°C. It may be due to the fact that beyond 400°C 

the state of the material has changed. 

The difference in peak load and steady state load, 

at any given reduction ratio, increases with decreasing 

temperature. Similarly, at constant temperature, this 

difference inoreases with increasing reduction ratio. Such 

^. behaviour may be due to strain hardening tendency of 

porous products at different temperatures and reduction 

ratios. A linear relationship was obtained when a. graph 

between the difference of peak load and steady state load 

(AL) was plotted against log R, as shown in Fig. 6.19. This 

is further discussed in Chapter VII. 

6.3.2 Extrusion Pressure 

The relationship between extrusion pressure, p, and 

log R shown in Fig. 6.20 was found to be linear for low 
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reduction ratios (P,<10:1) and can be expressed as 

p= A+ B log R 	N/mm2  

where A and B are constants and whose values were derived 

from Fig. 6.20 and are given in Table 6.11. 

TABLE - 6.11 

VALUES OF CONSTANTS A AND B AT 

DIFFERENT TEERATt3RE (R < 10:1) 

S.No. Temperature 	A 	B 
00  

1 	300 43.4 270.6 

2 	400 40.9 179.9 

3 	500 25.8 130.1 

At higher reduction ratios (R>10:1) the relation-

ship between p and log R was also linear but values of A and 

B were different as shown in Table 6.12. The extrusion 

pressure increases with increase in reduction ratios, at a 

constant temperature (Fig. 6.20). The increase in extrusion 

pressure at 3000C is more steep than that at 500°C. It may 

be mentioned that extrusion experiments could not be conduct-

ed for high reduction ratios at 300°C due to limitation of 

capacity of the press. 

The relationship are same as that  in the case of 

square dies (section 6.2), but the values of constants x, and 

B are different. As the temperature increases the value of 

A and B decreases. 



4. 

T ~.~BLE - 6.12 

V!`_LUES OF CONSTLNT f. :'AND B L.T 
DIFFBIl"LL~NT TEI~TPERI.:TURES R > 	 i)  

S.No. 	Temperature 
"  o C 	 ~~ 	 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 linear behaviour as 

shown in Fig. 6.21 was observed and can be expressed as.- 

	

p=a-b logT 	N/mm2 

ii. change in slope of the curve was observed at 

4000C for all the reduction ratios except 1.601 and 2.0:1 

as observed in case of square dies. 

6.3.3 Dens jt „ Heasurewents 

The density of the different sections (Fig. 6.22) 

of extruded products, after getting the steady state load, 

	

ere shown in Table 6.13. 	1so the densities of the material 

inside the container and that of conical portion are included 

in the Table 6.13. 

For a given reduction ratio the density increases 

with increase in temperature of extrusion. ilt the lowest 

reduction ratio (R=i.6:1), the density of the extruded 

product varies _from 98.24 to 98.50/a as the temperature 

increases from 400 to 500°C while the density of the 
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unextruded product in the container varies from 97.80 to 

98.20 -4 . The density of the product which comes out first 

designated by 'k' (Fig. 6.22)during the experiment is 94.5% 

at 40000 and 94.7`'at 50000. These results show that in 

wedge shaped dies extrusion starts before complete densifica-

tion which is continued in the extrusion process. 

The density of the extruded product at 500°G for 

R, 12:1, is 100 /o except the starting portion desirynnted. as 

'A'. The density at higher reduction ratios 30:1, 45:1 and 

80:1 is practically 100 /o at all temperatures except the 

starting portion, 'A'. 

6.3.4 Tensile Properties 

The tensile properties of the extruded product upto 

reduction ratio 15:1 at 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 at higher extrusion temperatures, 

400 r,nd 500°C. At a given extrusion temperature the 

strength improves with increasing reduction ratio. As the 

extrusion temperature increases from 300 to 50000 for a. 

constant reduction ratio, a. substantial 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, 1.6.1 and 2.0:1 is 
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20-30 % less but at 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. 

6.3.5 Comparison Between Ana.lgtica.l. ,and 

Experimental Extrusion Pressures 

Analytical extrusion pressures were obtained at 

400 and 5000C for all the reduction ratios by taking the 

actual length of the billet being extruded.( H = 21 mm ) 

which remain in the container after achieving the steady 

state condition of extrusion. A fine mesh (53 elements) 

was used with friction coefficient, 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 square dies. In calculat-

ing extrusion pressures the effect of density variation in 

the product and the billet being extruded under steady state 

condition of extrusion was considered by using yield criterion 

modified for porous material (section 5.3)for reduction.ratio, 

1.6:1 and 	reduction ratio,3.5:1 at extrusion tempera- 

ture 500°C. The analytical extrusion pressures were also 

calculated by taking the density as theoretical density in 
all the sections (Fig. 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 

EFFECT OF DENSITY FOR ANALYTICAL 

EXTRUSION PRESSURE 

S.No. 	R 	T 	Z:-perimental J.nr.lytica1 Extrusion 

	

oC 	Pressure 	Pressure N/mm2  

P ; = 100% Varying 
density 

1 	1.6:1 	500 	5'.65 	59,.6 	56.3 

2 	3.5:1 	500 	94.30 	93.9 	91.8 

The results given in Table 6.15 show that the density 

has an effect on the value of Gnalytical extrusion pressure, 

The use of yield criterion modified for porous material in 

the present investigation is justified because it takes 

into account the observed experimental condition i.e. varia-

tion of density in the material during steady state extru-

sion. 

Therefore, the analytical extrusion pressures, so 

obtained using yield criteria modified for porous material, 

were compared with the experimental extrusion pressures at 

400 and 5000C for all reduction ratios investigated and 

are given in Table 6.16. 

J 	The above table shows that for low reduction ratios 

the difference between analytical and experimental values 

is about 6 to 10 % . It may be due to the fact that at 

these reduction ratios the value of a may be less than 0.05 

which has been te. en for our analytical studies. In case 

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

shows a very good agreement between analytical and experimental 
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TABLE - 6.16 

COMP' ISON OF EX. ERIVIENTI L WITH N!JJYTIC.kL 
EXTRUSION PRESSURE (WB'DGE DIE) 

No. R Extru-  Fric-- 	Extrusion Pressure 
Sion tion  Exp. 	Analytical Co-~ Tempera- 
ture effi-- 

cient 	N/mm 	. 	N/mm2 oc 

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 	66.•4 	62.1 

300 - 1.92.1 - 
3  3.5:1  400 0.05 134.5 .129.7 

500 0.05 94.3 91.8 

300 - 270.7 - 

.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  348.6 

400  0.10  637.5  630.3 
8  80:1  500  0.10  410.5  421.95 
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extrusion pressures. The analytical extrusion pressure was 

found to be lower in wedge shaped dies as compared to that of 

square edge dies for the same 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, 

3.5:1,7.001, 30:1 and 80:1 respectively at 500°C assuming 

friction coefficient as 0.05 for low reduction ratios(R < 1001) 

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. Experimentally also, coherent 

mass was achieved at these temperatures for all reduction 

ratios. The mcj,naitud.es of the velocity vectors near 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 resultant velocities plotted against 

the distance in y-direction from die axis along the different 

planes marked in Figs. 6.23(a.) to 6.27(a) for reduction ratios 

1.601, 3.5:1, 7.0:1, 30:1 and 80:1 at 500°C are shown in 

Figs. 6.28 to 6.32. The velocity distribution shows that 

the region of homogeneous deformation 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 maximum 

along the die axis 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 as the conical surface of die is 

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. 

-;des—°-rte, while in case of square dies the velocities 

remain constant for a small 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 pattern of the material, better coherent 

mass in case of wedge die extrusion is possible. 

a 	 In the case of R, 1.6:1, for wedge die the increase 

in velocity as described above is not observed and there is 

continuous decrease of velocity from die axis to conical 

surface of die (Fig. 6.28) where it attains zero value. This 

indicates that corresponding to low reduction ratios, there 

might exist,so called DIM 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 "u. 
Thus, the DMZ is not formed at 45 0  as suggested earlier but 

it depends upon reduction ratio and extrusion temperature. 

6.3.7 Avera e 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 50000 respectively. The nature of pressure contours 

for wedge die are, in general, 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 

axis showing extensive movement of the material i.e. exten-

sive plastic flow inside the die and results in coherent and 

sound product.Whereas 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 to 

be better for the coherency and soundness of the product. 

In lowest R, 1.6:1 at 500°C the pressure is built 

up, at the conical surface to the extent that it is even 

more than the extrusion pressure which was obtained ar.alyti-

cally. This indicates the existence of a zone of relr.tively 

slower motion of material.. This is similar to the one called 

hydrostatic zone, observed in square die. However, this 

zone is absent in high R's. This observation suggests that 

the DMZ does not exist at an angle of 450  from the die as 

but the angle depends upon the 1 under question. On the 

basis of this observation it may be concluded that for 

lowest R the DNZ extends towards the opposite direction of 

the metal flow and along the conical surface of the die. 

The same 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 ext-ends in the opposite direction of metal 

flow and in lowest R (1.3:1) becomes almost parallel to 
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the die axis. As the R increases the DMZ shrinks towards 

the square edge of the die i.e. DPZZ is formed at an angle 

more than 450  from the die axis. This observation is vQri- 

fied by wedge dies where, for higher R'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 theregion of plastic flow (PZ) where there 

us 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 same 

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 material 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 die 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 remain transverse in the large region of the die 

for extensive and homogeneous movement of material end 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 5000C. The effective. strain rate contours have 

parallelism with pressure contours as 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-

mentally, that in case of lowest R, 1.6:1, coherent mass was 

obtained at 400 and 500°C, while in case of square dies 

coherent mass was not obtained at 4000C for the same reduc-

tion ratio. This has been explained in section 6.2 on the 

basis of the shape 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 contou.1s extend upto 

the die axis from the container surface as shown in Figs. 

6.26(d) and 6.27(d) for reduction ratios 30:1 and 80:1 at 

500°C. 

In comparison to square dies for the same R, the 

rate of deformation is high in wedge die and the rate of 
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increase of deformation is also very high as the R increases. 

The maximum effective strain rate contours is of unit 1.5 for 

R, 1.6:1 at 500°C and it increases to the unit 260 corres-

ponding to R, 80:1. In case of square 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 wedge shaped dies which was confirmed experimentally 

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 than in square dies suggesting the presence of inter-

nal compressive stresses in the product. 

6.4  OTALLOGRAPHIC INVESTIGATIONS 

6.4,1 Microstruetur a1 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 strain rate contours and flow of material during 

the extrusion process as influenced by temperature and reduc-

tion ratios. 

bNicrostructural investigations have been carried out 

at four different locations 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 	e 

indicated. 

On the basis of these features certain rationaliza-

tions could be made regarding the fundamental parameter(s) 

whose effect on the microstructure needs consideration. These 

are as follows 

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

(ii) Location 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 a quantitative appreciation and under-

standing of the extrusion process. 

64.1.1 Effect of Reduction Ratios 

(a) Location - 1 

At a low reduction ratio (1.3:1) and extrusion 

temperature, 500°C, microstructure reveals the presence 

of coarse sub-structure within a, particulate mass (Fig.6.34(a)) 

The existence of particle identity in fractured surface of 

tensile specimen made from the extruded product (Fig.6.34(f)) 

indicate that 'coherent mass' may have just about formed. 

Thus, for all practical purposes the majority of the over--

all deformation imparted has been localized to a particle 

proper. Existence of a high temperature has, therefore, led 
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to the formation of a coarse sub-structure. A similar sub-

structure was formed all along the billet edge adjacement to 

container well.) This observation is consistent with the 

pressure contours indicating the bydrost2tic zone to be 

parallel to the die axis and the effective strain rates are 

low 

 

(Figs. 6.4(c 0 end f)). 

With an increase in R to a, value 3.2:1, a. well 

defined grain structure has appeared (Fig. 6.35(a)) whose 

average size is smaller than the particulate size observed 

at 1.3:1 (Fig. 6.34(a)) . An increase in R has resulted 

in particle deformation end in bringing about cohesion. A 

fair proportion of the sub-structure is aligned_,in the 

direction of deforr,;.ation (Fig. 6.35(a)). Thus, at this re--

duction ratio, the deformation imparted in combination with 

the temperature has primarily contributed to the formation 

of a coherent product which was not the case at R value 1.3:1. 

As the R value is further raised to 10:1 the overall 

effect is that equia1 ed grain structure is well defined, grain 

growth 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 value of 40:1, partial directionality is 

observed within the sub-structure (Fig. 6.37(a,)). However, 

at a reduction ratio of 80:1, the sub-structure is coarse 

and directionality if any is at a minimum. Existence of 

grain is clearly manifested (Figs. 6.38(a,) and (b) ). 

Taking an overall vier, at low reduction ratio the 

net effect is that with initial transmission of pressure the 
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particulate mass undergoes thermally activated softening. 

This state of the material is conducive to the formation of 

fully coherent mass showing directionality at higher reduc- 

tion ratios i.e. at 3.2:1 and 10:1. At reduction ratios 

higher than this, no directionality is observed but only sub-

structure formation 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-structure 

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 state of micrQstructure described earlier and is in con-

formity with the pressure variation as shown by the pressure 

contours corresponding to these reduction rat ~s (Figs.6.4(e), 

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

(b) Location - 2 

Considering the structural changes at location-2 

i.e.. just_ outside the DMZ boundary, there is very little 

difference between the microstructure at the earlier location-

1 and just outside 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 value 3.2:1 directionality is observed 

(Fig. 6.35(b)). On raising the R value to 10:1, heavy uneven 

fibering is observed (Fig. 6.36(c)) 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 maximum, as in the case at the location-l. 

This is so because it is being transmitted from the ram 

into the interior and as such its magnitude would gradually 

reduce as the extrusion location is approached. Transmitt-

ance. of pressure would cause the material to flow. In the 

region just outside DMZ,both these factors namely pressure 

transmission leading to its gradual reduction and the conse-

quent material flow are contributing to the structural 

changes. 

(c) Location - 3 

At a region just where the extrusion proper is going 

to occur i.e. near the exit plane, the value of the pressure 

drops to the level of yield stress as a consequence to a 

gradual tapering; off in pressure transmission. This would 

result in the creation_ of material flow leading to a condi-

tion of high effective strain rates as shown by the Figs. 

6.9(f), 6.9(d), 6.13(d), 6.14(d), 6.15(d)). fat low R value 

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 predominates 

resulting in the formation of coarse grains and sub-structure. 

For all practical purposes, the existence of the sub-structure 

was just about perceptible. Directionality is observed. 

Same is the case at the next higher R value (l01), although 
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directionality is now more pronounced (Fig. 6.36(d)). Thus, 

the effect of increasing the effective strain 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(d)) are in con-

formity with this reasoning. 

It is worth mentioning here th-.t the microstructures 

immediately after the point at which extrusion has occurred 

and the one at which it has just begun, are similar. This is 

an interesting observation. 

(d) Location - 4 

Finally, microstructural investigations were also 

carried out within the extruded product,close to the die 

axis and near the periphery of the specimen. This was done to 

ascertain the changes between the microstructure just at the 

point of extrusion and that within the extruded product. At 

an R value of 1.3l the microstructure along the die axis 

diblas equiexed in nature (Figs. 6.34(d) and (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 (Table 6.5({))were consis-

tent with fracture appearance 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 at the microscopic level. The tensile 

properties are thus consistent with the microstructure. As 

the R value is increased, the important change in the micro-

structure is that the extent of directionality is getting 

more pronounced and the fibering is becoming heavier (Figs. 

6.36(e) 	and 6.37(d)). This led to an improvement in the 

tensile properties as indicated by fracture surface appearan-

ce as shown in Figs. 6.35(h) and 6.36(1). Thus the overall 

improvement in properties upto the R value of 30:1 is 

explained. However, with an increase in reduction ratio, 

the steady state pressure value is continuously increasing 

in comparison to the value at R, 1.3:,1, as the reference 

base. Thus, for each R, although a steady btate pressure is 

being attained, the in case in its v^lue ±*ith reduction 

ratio vis-a-vis the conditions at R value 1.3:1, as the 

reference base, should be regarded as an indics.tive of 

a, continuous increase in the extent of 'work hardening". 

Therefore, ith an increase in R value there should be an 

enhancement of tensile properties upto a. limiting R value 

and thereafter become almost constant. The tensile proper-

ties data. (Table 6.5) axe in accordance with above reasoning. 

Microstructura1 observations were also made on 

transverse sections. Typical micrographs thus obtained for 

reduction ratios 3.2:1 to 80:1 at 50oC are shown inFigs.6.35(f 

and g)6.36( f, ,ind._h),, 6.37(e) and 6.38(e). £.t an OR value of 

3.2:1 a very smell amount of porosity is seen and the overall 

structure is by and large. equiaxed (Figs. 6.35(f  

lit R value 10:1, there is a 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 Effect of Temperature 

The effect of temperature on microstructure and 

hence, the tensile properties were examined to a limited 

extent at 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 certain regions (Figs. 6.39(a to h)). A 

nearly similar structure exists in the transverse section 

microstructure (Fig. 6,39(i)). Corresponding to 4000C, there 

is an increase in the sub-structure formation (Figs,6.40(a to 

d)). The extruded section shows presence of nonhomogeneous 

microstructure('igs..,6.40(e and f)). The transverse micro-

structure at 400°C, shows that the structure is somewhat 

coarse along the 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 which grain size near 

the die axis(Fig.6.36(g)) is very large Goinpared to the j 

grain size near the periphery(F`ig•  6.36(h)). Such a struc-

tural change is due to initiation of grain growth within the 

material mass which is effectively counteracted at the die 

walls leading to a relatively fine grain size at the peri-

phery. Basing the recrystallization on the usual concept of 
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0.5 Tm and considering that the starting material is green 

and has attained N 85 of the theoretical density, an extru-

sion temperature N 30000 at best signifies a stage where re--

crysta.l_.1isstion has just begun (Fig.6.39(i)). Thus, the dense 

sub-structure is not annealed, thereby requiring a larger 

extrusion pressure. On raising the temperature to 4000C, the 

thermally activated softening processes are oceuring'very 

rapidly leading to grain coarsening and sub-structure coarsen-

ing. This softer state of the material would require relative-

ly low pressure for affecting extrusion pressure as compared 

,I to that required at 3000C. This reversal mode of deformation 

has also been noticed while plotting extrusion pressure Vs. 

log T (Fig. 6.3) and thus this phenomenon is evidently clear 

by microstructure investigation. On raising the temperature 

to 500°C, although the grain size and the sub-structure has 

become very coarse, the changes are not significant enough in 
altering the state of the material in comparison to the state 

of affairs .Q,t 400 C-. 

6.4.2 Microstructure Studies: Wedge Shaped Dies 

The discussion, so far, has been confined to the mode 

of deformation occurring in a squrre die. Besides it, extru-

sion studies have also been carried out in wedge dies primarily 

because it offers the possibility of elimination of DT'IZ as 

envisaged by the different theories propounded till now. 

Further, in view of the shape of the die (semi-cone angle of 

45
0 ) a more. homogeneous deformation pattern would emerge during 

the extrusion process as has already been shown with the help 
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of the analytical studies. The following discussion shall be 

devoted to establish e. 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 shaped dies. 	:gin attempt shall also be made to aseer- 

tain,whether the basic differences between the behaviour of 

material,while being extruded through a square and a wedge 

shaped dies, as revealed by analytical studies could be 

correlated with the microstructural observations. Micro-

structural studies have been carried out at reduction ratios, 

1.6:1, 7:1, 15:1 and 80:1 at 500°C. To examine the effects 

of extrusion temperatures on microstructursl,studics were also 

carried out at different temperatures, 300,'400 and 5000C 

for reduction ratio, 7.0:1. Those were carried out at four 

locations mentioned in the Fig. 6.33. 

The main difference between the extrusion process 

through a. wedge, and square shaped die, is thst in the former 

material movement is more marked along the conical surface 

in comparison to the die axis. 	s a consequence of this, 

, uniform material movement occurs from the adjoining areas 

into the regions corresponding to the conical surface. Ls 

a result Of this difference, the nature of the microstructure 

at different locations while extruding through s, wedge shaped 

die, would be different from het has been observed during 

extrusion through s. square edge die. 
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6.4.2.1 Effect of Reduction Ratios 

(a) Location - 1 

The microstructure at location--l,resembled the 

corresponding microstruct-ure in the square dies except that 

the extent of deformation appears to be more and consequently 

the sub-structure formation is more pronounced (Figs. 6.41 to 

6.46) . With an increase in the reduction ratio from 1.6:1 to 

80 :l, this features is retained as such (Figs. 6.41(a) to 

6.44(a)). £.dditionzlly, it is observed that the overall grain 

size' is smaller, the product more coherent and the sub-

structure much finer than what is obsserved in the case of 

square dies (Figs. 6.34(a,) to 6.38(x.)) . These features are 

observed all along the rear end of the billet. This observa-

tion is consistent with the pressure and effective strain 

rate contours which are uniformly distributed in the billet, 

originating from the container surface and terminating at' the 

die axis. Reasoning in support of this contention has already 

been given in the foregoing para. 

(b) Location - 2 

Representative microstructures at this location are 

Shoran in Figs. 6.41(x. and b), 5 , 42 (a, cnd b),6..43(a) and 6.44(v-). 

This location is characterized by the start of the conical 

portion. .1t reduction ratio of 1.6:1, the microstructure 

revealed a. non-homogeneous wavy pattern ,indicative of the 

existence of high pressure zones. This is consistent with 

the observs.tion,thc,t hydrostatic zone is present near the 
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location 2 (Fig. 6.23(c)). 	s reduction ratio is increased 

to 7:1, although the non-homogeneity in the deformation 

pattern is absent, directionality has been introduced (Figs. 

6.42(c smd d)). 	This is consistent with the observation 

that at this reduction raa.cio, there is no hydrostatic high 

pressure zone (Ag. 6.25(c)). A further increase in the 

reduction ratio to 15:1 and 80:1 respectively, did not appre-

cisbly alter the microstructure,except that the presence of 

coarse sub-structure could be seen. The sub-structure was 

aligned in the direction of deformp.tion (Figs. 6.43(b) and 

6.44(b)). This is in cont!p 'm ty with the observation that no 

hydrostatic zone is present at reduction ratios higher than 

3.5:1. The magnitude of effective strain rate is low 
(0.1 - 0.2 unit) thereby clearly signifying that the tempera-

ture effect is predominant leading to the formation of coarse 

sub-structure. 

On traversing from location 2 to location 3, occurr-

ence of directionality can be easily detected (Figs.6.41 to 6.46 ) 

There :s an increase in the density of su;O-structure and a 

reduction in grain size on raising t'-.e reduction ratio from 

1.6 to 15:1 (Pigs.  6.41(b), 6.42(e), 6.43(c)). On raising 

the reduction ratio to 80:1, the grain size and sub-structure 

size were coarser than that observed at 15:1 (Fig. 6.44(c)). 

These observations are consistent with the effective strain 

rate value and can be explained as before. 

(c) Location - 3 

lit location 3, i. e., towards the end of the conical 

surface where the material is just on the verge of being 
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extruded, the reduction ratio had a pronounced 'effect on the 

microstructure (Pigs. 6.41(c), 6.42(f), 6.43(d) and 6.44(d 

and e) ). It may be noted that effective strain rate is 

maximum at this location and increases markedly with reduc-

tion ratio. At R value of 1.6:1, there is no change in the 

structure with respect to location 2. However, from 

R, 7:1 and fnova , 	pronounced directionality is observ- 

ed giving way to heavy fibring at reduction ratio of 15:1 and 

80:1. At the Yeduction ratd.o,80:1, fra.graentr+.tion is r.lso 

observed (Figs. 6.44(d and e)) indicative of very large 

deformation that is being imparted. This is possible due to 

mRrging of sub-grain boundary along the direction of flgw 

leading' to their poor identification. This is expected in 

view of the fact that the magnitude of the effective strain 

rate increases from 10 units at reduction ratio, 7:1, 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 N 90 units. 

(d) Location - 4 

At location 4, i.e. in the extruded product, the 

general trend of the microstructures observed is similar to 

that observed a.t (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, bec^.use of a better overall homogeneous 

deformation the extrusion pressure values are consistently 

lower than the corresponding values observed in square dies 
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extrusion. For similar reasons and also because of appre-

ciably larger strain rates, the strength of the extruded 

product in the present instance is at least 10 - 2Q /o higher 

than what is observed in the case of square dies. Except 
at l4z,r 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 again,due to the fact that deforma-
tion in wedge die is more homogeneous than through square 

dia•~ 

Microstructural observations on the transverse 

section (Figs. 6.41(f), I.42(i), 6.43(g and h)) can be 

explained as before for square dies. 

64.2,.2 Effect of Extrusion Temperature 

The microstructure for reduction ratio 7.0:1 at 

3Q0, 400 and 500°C are shown in Figs. 6.42, 6.45 and 6.46, 

Comparing the temperature effect on extrusion through wedge 

die keeping cons ;t.. reduction rr.tip,7:1, it Was noticed 
that the size of sub-structure increased with increasing 

temperature. It 1,ras also noticed that the structure of 

extruded product along the periphery and die axis showed 

I reversal while increasing the temperature from 400 to 500O0, 

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

However, corresponding to lorest reduction ratio, 11601, 

this reversal is not noticed (Figs. 6.41(f' and g)) and 

correspc~ndingi.,y 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 extrt.ded billet was also 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 band 6.49(a and b). It was noticed that at these reduc-

tion ratios and temperature the Dr1Z boundary is clearly identi-

fiable due to incoherent flow of metal along the boundary. 

The grains are highly deformed along both sides of boundary 

as shown in Fig. 6.50 for reduction ratio, 10:1 at 300°C. 

However, at higher reduction ratios (R> 20:1), the boundary 

no more remains incoherent. Whether or not this boundary is 

identifiable by way of incoherency, the grains are observed 

to be heavily deformed, elongated and thereby giving 

rise to fibrous orientation along the boundary. Grains appear 

to ch.:1.nge their direction of flow as they approach the bound-

ary, thus in all the cases, the boundary should be identifi--

able through microstructure. investigations. The boundary, 

as predicted by average pressure contours, appears to be 

well in conformity with the macrostructurel observ, tions. 

Shape of DMZ changes with reduction ratio. As the reduction 

ratio increases, the DNZ boundary shifts towards the corner 

of the die (Figs. 6.47 to 6.49) while at low reduction ratios, 

the DMZ boundary becomes parallel to the die axis. However, 

this observation differs very widely in comparison to 450 
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orientation of the boundary, as predicted by slip line field 

theory. 

6.5 DEFECTS IN EXTRUDED PRODUCTS 

It was observed during powder extrusion at lower 

reduction ratios and temperature, mainly 300°C, 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 lack of coherency in extruded product whenever 

obtained has been discussed on the basis of average pressure 

and average effective strain rate contours Cbt-ained. 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 Sguar e Edge Die 

Figures 6.5(a and b)and 6.52(e, and b) show the 

surface and longitudinal section of the product extruded 

through reduction ratios 1.301,and 1.6:1 at 300 and 4000C 

respectively. In these products',coherency was lacking. At 

300°C corresponding to R, 1.3:1 the product fractured longi-

tudinally as well as laterally (Fig. 6.51(a)) 'where as at 

4000C 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 



the extruded product. For reduction ratio 1.6:1 at 300oC 

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

of these extend upto the periphery of the product. However, 

at 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 and at 500°C for the lowest reduc-

tion ratio 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 reduction ratio 1.6:1 which may be designated-

as lowest limit of coherency. 

The cracks in the extruded product can be explained 

by velocity vectors, average pressure contours and average 

effective strain rate contours drawn by F. In most of 

the cases, lateral cracks were observed and the width of the 

cracks is maximum at the centre of the product. This was 

due to fact that at the centre the material has maximum flow 

while at the surface of the die the material flow is negli--

gible. Average pressure and average effective strain rate con-

tours:forreduction.ratios, 1.6:1 and 2.0:1, show that the 

homogeneous metal flow and deformation was confined to a 

very small region near the point of discontinuity and also 

the EPC line ( corresponding 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, homogeneous deformation takes place 

only in limited 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 

predict that coherent mass should not be obtained which was 

confirmed experimentally,. In the oases where coherent pro-

duct was obtained experimentally e.g. at 50000 for R, 1.3041 

and at 3000C for R, 2.1:1 and above (Pigs. 6.53(a and b) ) 

the continuity requirement was satisfied and EPC line remains 

almost horizontal, suggesting a limiting reduction ratio 

where the product was fully coherent. The pressure contours 

and strain rate contours 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 incoherent 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 4000C coherent mass 

was obtained at these reduction ratios as shown in Fig.6.54(b ) 

but the cracks were visible at the starting portion 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 cracks in the extruded 

product. Although velocity, pressure and effective strain 

rate contours could not be plotted at 300°C due to lack of 

yield stress data, but it is expected that the trend would 



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 50000 show that the EPC 

line is horizontal and extends upte the centre of the die, 

i.e. homogeneous deformation occures in a very wide region 

from die surface to the centre of the dies as explained 

earlier (Section 6.3). The same thing was Been by effective 

strain rate contours at 5000C corresponding to 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 FEE 

fully explains and predicts the coherency of the extruded 

product, for all reduction ratios and temperatures investiga-

ted, and is fully borneout by experimental observations. 
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RAM DISPLACEMENT (mm) 

FIG.6.18 (a)- LOAD RAM DISPLACEMENT DIAGRAMS 
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U_0,V_0 	1, 	R =1.6:1 
oc - 0.05 	Free 

fl . 	

31 T = 500 °C Sur face 

46-Et ments 	 E 
cy;~ 	mesh 	 C0 

6 

1~ 2~ 3~ 
' r---- 	21.0mm 	-~ - 	21.0mm 
 V=0 

FIG. 6.23 (a) MESH AND BOUNDARY CONDITIONS. 

P = 1.6:1 

FIG.6.23 ( b) VELOCITY VECTORS. (46 elements mesh) 
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oC = 

 

0.05 

FIG.6.23 (c) AVERAGE PRESSURE CONTOURS (46 elements 
mesh) 

d. = 0.05 
R = 1.6 :1 

1.5 	T =500°C 

0.002 

/c/ d 'gI 

 p 0 

oil cI 

FIG.6.23 (d) EFFECTIVE STRAIN RATE CONTOURS.( 46 
elements mesh) 



U=0,V=0 	,,,—FRICTION ELEMENTS 
U=0 R=35:1 
V=0 d=005 

E 2 	3/ T = 500°C Free 
4! Surface 

• 53 Elements 
mesh cvE 

~E 

_... 1' 2' 	3'  
tom-- 21.0 m m 24.0 m m 

v=0 

FIG.6.214 (a) MESH AND BOUNDARY CONDITIONS. 
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FIG.6.24 ( b) VELOCITY VECTORS. ( 53 elements mesh) 
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FIG.6.24 (c) AVERAGE PRESSURE CONTOURS.(53 elements 
mesh) 

R=3.5:1 
0t 0.0 5 

o T = 500°C 
0 	 4.0 

o r 	c~ 	0 	0.001 	0.000, 
o 0 

0  0 0 

FIG.6.24 (d) AVERAGE EFFECTIVE STRAIN RATE CONTOURS. 
( 53 elements mesh) 
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FIG.6.25(c) AVERAGE PRESSURE CONTOURS (53 elements 
mesh) 

Q 
° 	 of =0.05 

o   
~  5.0 

2.0 	
10.0 

FIG.6.25 (d) AVERAGE EFFECTIVE STRAIN RATE CONTOURS. 
( 53 elements mesh ) 
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FIG.6.25(a) MESH AND BOUNDARY CONDITIONS. 

FIG. 6.25(b) VELOCITY VECTORS (53 elements mesh 
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FIG.6.26 (a) MESH AND BOUNDARY CONDITIONS. 
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U=0,V=0 	~FRICTION 
,d ELEMENT 

FIG.6.26 (b) VELOCITY VECTORS.( 53 elements mesh) 
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FIG.6.26 (c) AVERAGE PRESSURE CONTOURS.( 53 elements 
mesh) 

FIG.6.26 (d) AVERAGE EFFECTIVE STRAIN RATE CONTOURS. 
( 53 elements mesh) 
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FIG.6.27 (c) AVERAGE PRESSURE CONTOURS.( 53 elements mesh) 

FIG.6.27 (d) AVERAGE EFFECTIVE STRAIN RATE CONTOURS. 
( 53 elements mesh ) 
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FIG.6.33-BLOCK DIAGRAM SHOWING LOCATION OF MICROSTRUCTURES 



Longitudinal section of partially extruded billet 
(Square die), R = 1.30l and T = 5000C 
(Circular spots indicate the electropolished 

regions and arrows - approximate locations 
of the microstructures) 

(a) Coarse sub-structure 
Polarised 
light, 	10 00 ,X 

(b) Very coarse sub-
structure in 
deformed grains 
Bright 
field, 	20___,0 _X 

(c) Coarse sub-structure, 
oriented in the 
direction of metal 
flow 

Polarised 
light, 	500  X 

(e) Sub-structure in the 
form of pits 

Polarised 
light, 	05, 0 X 

(d) Undeformed grains 

Bright 
field, 	200 X 





Fig.. 6.134 (f ) 

Fracture appearance of extruded 
product, R=1-3:1 and T=500 00 

Individual particles identity 
observed 

2650 X 
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FIG•6.34 (f) 
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Fig. 6.35 

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) Pits delineate sub-
structure. 

Polarised 
light, 	1000 X 

(b) Sub-structure in 
the form of pits 
inside heavily 
deformed grains. 
Polarised 
light, 	1000 X 

(c) Pits are delineating 
sub-structure orient-
ed along the grains. 
Polarised 
light, 	1000 X  

(d) Directionality 
visible. Sub-
structure is in the 
form of few pits 
only. 

Bright 
field, 	200 X 

(e) As in (c). 
Polarised 
light, 	1000 X 
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Fig. 6.35(f) 

Transverse section of the extruded 

product, R = 3.2:1 and T = 500°C0 
Fine grained structure. 

Bright field, , 	200 X 

Fig. 6̀  35(g ) 

Same as 6135(f) 

Pits delineate 	sub—structure. 

Polarises? light, 	1000 _X 

Fig. 6.35(h) 

Fracture appearance of extruded 
roduot R 	o p 	, 	= 3, 2:1 a,n.d T ~ 50o C. 

Grains heavily deformed, 

2650 x 
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FIG.6.35 (f) 

F1G_6.35 (g) 

FIG.6.35 (h) 



193 

Fig. 6.36 	'1 

7 Longitudinal section ofpaPA  partially extruded billet 

(Square die),( = 1.3a1 an'd T = 5000C ,. 
(Circular spots indicate the electropolished 

regions and arrows — approximate locations of the 
microstructures ), 

(a) Equiaxed grains, 
showing evidence 
of recrystallisation. 

Bright 
field, 	200 X 

(b) Sub—structure in 
the form of pits, 
Polarised 
light, 	1000 X 

(c) Heavy uneven 	(d) ,Pits visible in 
fibering. 	 deformed grains. 

Bright 	 Polarised 
field, 	200X 	light, 	500 X 

(e) Directionality 
	 0 

observed. 

• Polarised 
light * 05 0 X 
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- Fig. 6.36(f) 

Transverse section of extruded product, 
R = 10:1 and T = 500oC. 

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

Bright field, 	2000 X 

Fig. 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 and T = 500°C. 

M'''acrostructure near the periphery 
shows coarse grain structure with 
only few pits. 

Polarised light, 1000 

Fig. 6.36(i) 

Fracture appearence, showing extensive 
deformation. 

3400 j 
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Fig. 6.37 

Longitudinal section of partially extruded billet 
(Square die), R = 4001 and T = 50000 
(Circular spots indicate the electropolished 
regions and arrows — approximate locations of the 

microstxuetures). 

(a) Heavy sub—structure. 

Polarised 
light, 	1000 X 

(b) Heavy sub—structure 
in deformed grains. 

Polarised 
light, 05 0 

(c) Heavy pitting within 
the grains. 

Polarised 
light, 	1000 X 

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

Polarised 
light, 	1000 X  

(d) Anodised structure 
of extruded product, 
fibrous structure. 

Bright 
field 0 	20 
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Fig. 6.38 

Longitudinal section of partially extruded billet 

(Square dia) , R = 80d 1 and T = 5000C. 
(Circular spots indicate the electropolished 

regions and arrows - approximate locations of the 
m,prostructures). 

(a) Undeformed grains 
showing their 
identity,, 

*Bright 
field, 	200 X 

(b) Coarse subd+structure. 

Polarised 
light,1000 X 

(c) Heavy uneven flow (d) Deformed grains 
and deformation of 	showing little 
grains. 	directionality. 

Bright 	Bright 
field.: 	200 X 	field, 

(e) Transverse section 
Fragmented grains, 
sub-structure in 
the form of pits. 

Polarised 
light, 	1000 X 

200 X 
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Longitudinal section of partially extruded billet 
(Square die), R = 10:1 and T = 300 C. 
(Circular spots indicate the electropolished regions 
and arrows •.. approxiate locations of the micro
struCture). 

(a) Coarse and dense sub-
structure in all the 
grains. 

Polarised 
light, 	Oa0_  

(b) Coarse sub-structure 
which is deformed 
along the. grains. 

Polarised 
light, 	1000 

(c) Groins are less 
deformed in compp.rison 
to (b). 

Polarised 
light, 	1000.  X  

(d) Very few pits inside 
heavily deformed 
grains. 
2ol arise d 
light, 	1000 X 

(e) Deformed sub—structure (f) 
aligned along; grains. 

Polarised 
light, 	1000  

Pronounced directionality 

Polarised 
light, 	1000 X 
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' ing 	39(gg) :t. 6. 

Extruded ;firoduct o  R=10 :1 and T=500 C . 

Fibrous structure. 

Bright field, 	 200 X 

Fig. 6.39(h) 

Deformed grt-in shorting directiosia.lity. 

Pol^_xised light, 	 1000 X 

Fig. 6.39(i) 

Transverse section of extruded product, 
R=10 :1 r.d T=3004  C 0 

Fine deformed grq.ins with pits. 

Polarised light, 	 1000 



FIG.6.39 (g') 

FIG.6.39 (h) 
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Fi~ 6.40 

Longitudinal section of partially extruded billet 

(Square die) , R=10 01 and T=400°C 
(Circular spots indicate the electropolished regions 
and arrows - appro.: th ~ c locations of the micro-
structure. 

(a) Particles i.dent-tty 
	

(b) Coarse sub-structure. 
and porosity is 
visible. 	Polarised 

Bright 
	light, 	1000 X 

field, 	200 1 

0 

(b) Fine sub-structure. 

Polarised 
light, 	1000_X  

(d) Pits inside deformed 
grains. 

Polarised 
light, 	1000 X 

(e) Few pit inside 
deformed gr,.ns. 

Polarised 
light, 	1000 X  

(f) A fine network of 
sub-structure. 

Polarised 
light, 	1000 X 



(t) 	 (e) 



Fig. 6.40(g) 

Transverse section of the extruded product P.=1001 
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=4000C (near the perirbery). 
Heavy sub-structure. 

Polarised light, 	 10000 X 

200 



FIG.6.40 (g) 

FIG. &.40 ( h 
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Longitudinal section of partially extruded billet 

(Wedge die), R=l.6:1 snd T=5000C 

(Circular spots indicate the electropol.ished regions 

and arrows -- approximate loci Lions of the micr•- 
structures). 

 

(a) Sub-structure.  (b) Sub-structure 
I  oriented along grains. 

?olarised 
light, 	5t~0 a X 	Polarised 

light s 	0.0 p h 

 

(c) Heavy. flow no  (d) Deformed grains 

 

sub-structure,  having sub-grains. 

Pol^xised  Bright 
light,  10001  field 200 

(e) Deformed sub-structure. 
Polarised 
light,  00 :~ 
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Fig. 6.41(f) 

Transverse section of extruded product 9 R=1.6:1 
and T=500°C. 

Sub-structure. 

Bright field, 	 200 

Fig. 6.41(g) 

Transverse section of extruded product,R-1.601 
and T=400°C. 
Same as 6.41(f) . 

Bright field, 	 200 X 



FIG.6.41 (f) 

FIG.6.41(g) 



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 
microstructures. 
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• (a) Heavy sub-.structure. 

Bright 
field, 	200 X  

(b) Heavy and coarse 
sub-structure;. 
Grain grouth seen. 

Polarised 
light, 	100X 

(c) Deformed grains 
containing oriented 
sub-structure. 

Bright 
field,. 	200 X  

(d) Pronounced direction-
ality of sub-structure. 

Polarised 
light, 	100.Q 

(e) Sub-structure in the (f) Deformed grains 
form of pits. 	showing directionality. 

Polarised 
	

Bright 
light, 	1000 X 

	
field, 	200X 
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Fig. 6.42(g) 
1  

Extruded product (near periphery),R=7.0:l, 
T=500°C. 
Fibrous structure, sub-structure in the form 

of pits. 

Bright field, 	 200 X 

Fig. 6.42(h) 

Extruded product (near die axis),R=7.0:1, 

T= 500°C. 

Heavily deformed grains. 

Bright field, 	 200X 

Fig. 6.42(i) 

Transverse section of extruded product 
R=7.0:1, T=500°C (near periphery). 
Only pits visible. 

Polarised light, 05 0 X 

Fig. 6.42(j) 

Transverse section of extruded product 
R=7.001, T=500°C (Near die axis). 
Coarse grain structure and sub-structure. 

Polarised light, 	500 X 



FIG.6.42 (h) 

FIG.6.42(i) 

FIG.6.42(j) 



Fi . 6.43 

Longitudinal section of partially extruded billet, 
(Wedge die), R=15:T; =500°C 
(Circular spots indicate the electropolished regions 
and arrows - approximate locations of the micro-
structures). 

(a) Heavy sub-structure, 
in undeformed grains. 

Polarised 
light, 	00 X 

(b) Deformed sub-structure. 

Polarised 
light, 	1000 wX 

(o) Deformed grains with 
less sub-structure, 
than (a) . 

Polarised 
light,  

(d) Fibrous structure. 

Bright 
field, 	20X 

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

Bright 	 Polarised 
field, 	200 X 

	
light, 	1000 X 
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Fig. 6.43(g) 

Transverse section of extruded. product, 
R=15:1, T=50000. 
Fine grained structure. 

Bright field, t 	 20____0 X 

Fig.. 6,43(h) 

Same as (g). 
Sub-structure. 

Polarised light, 	1000 X 
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FIG.6.43 (g) 

FtG.6.43(h) 
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Fig. 6.44 

Longitudinal section, of partially extruded billet 
(Wedge die),R=80:1, T=500°r 
(Circular spots indicate the electropolished 

regions and arrows - approximate locations of 

the microstructures). 

(a) Sub-structure.. 

Polarised 
light, 	1000 X 

(b) Deformed sub- 
structure in the 
form of pits„ 

Polarised 
light, 	1000~, X 

(c) Pits are oriented 
along the 
deformation. 

(d) Fragmented grains 
(no flow and no 
directionality) . 

Polarised 	 Bright 
light, 	1000 X 	field, 	200 X 

('e) Fine sub-structure (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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Fi_. 6.45 

Longitudinal section of partially extruded billet 
(Wedge die), R=7.0 1, T = 3000C 
(Circular spots indicate the electropolished 
regions and arrows - approximate locations of 
the microsetruoture). 

(a) Heavy sub-.structure 
in all the grains. 

Bright 
field, 	200X 

(b) Heavy sub-streuture. 

Polarised 
light,1000 X 

(c) Deformed sub-
structure in the 
form of pits. 

Polarised 
light, 05 0 X 

(e) Pits are aligned 
in the direction of 
flow. 

Polarised 
light, 	1000 X 

(d) Directionality and 
sub-structure in 
the form of pits. 

Bright 
field, 	200 X 

1 
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Fig: 6.45(f) 

Transverse section of extruded product 
(Wedge die), R=7.0:1, T=300oC. 
Fine grain structure. 
Bright field, 	 20,00X 

Fig. 6445(g) 

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

Polarised light 	 QO„C) ?C 

M 



FIG.6.45 (f) 

FIG.6.45 (g) 



LL€. 6.46 

Log-Atudinal section of partially extruded 

billet (Wedge die), R=7.0e1, T=4000C. 

(Circular spots indicate the electropolished 

regions and arrows - approximate positions of 

the structures). 
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(s,) Grain growth 
observed. 

Bright 
field, 	200 X  

(b) Coarse sub-
structure. 

Polarised 
light, 	1000 ~X 

(c) Extensive 
flattening of 
grains( deformed 
sub-structure). 

Polarised 
light, 	05 0 X 

(d) Heavily deformed 
grains, sub-
structure in the 
form of pits. 

Polarised 
light, 	50,0 X 

0 
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Fig. 6.46(e) 

Extruded product ('ledge die),R=7.0:1, 

T=4000 C .' 
Directionality observed. 

Bright field, 	200  

Fig. 6,46(f) 

Same as (e) 
Directionality and fine sub-structure. 

Polarised light, 	 10 00 X 

Fig. 6.46(g) 

Transverse section of extruded product 

(Wedge die), R=7.0:1, T= 400°C. 

Heavy concentration of pits. 

Polarised light, 	A 

211 

~1 



FIG. 6.46 (e ) 

FtG.646 (f) 

FI G.6.46 (g e) 



Fig. 6.47 

Mac ograph showing incoherent DMZ boundary, 
R=2.1:1, T=300 °C. 

Fi g • 6.48 a ) 

Macrograph showing incoherent DMZ boundary. 

Macrograph of partially extruded billet showing 
incoherent DMZ boundary. 

. 6.48 Lj 

Scanning Electron Macrograph showing only DMZ 

boundary, R=10 e 1 and T=300 °C 

20 X 
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Macrograph showing incoherent D. boundary„ 
R=2. le l ~ T=3000C~

ii 

Macrograph showing incoherent DM G boundary. 
Macrograph of partially extruded billet showing 
incoherent DMJ boundary. 

l 	i 	d + 	j9 	• G 1 	F 

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

FIG.6.48 (b) 



Macrograph of partially extruded billet showing 
incoherent DP:Z boundary, R =2001 and T=3000C. 

Scanning Electron micrograph showing only DMZ 
boundary, R=20:1 end c 500 0C .) 

20 X 

Figs  6 0 

Flow of material on both sides of incoherent 

DMZ boundary, R = 10:1 and T = 300°C. 

Polarised light, 	200 X 
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Macrograph of partially extruded billet showing 

incoherent DMA boundary, R=20:1 and T=300°C. 

Scanning Electron micrograph showing only DMA. 

boundar3? ,! R=20: l b 

Flow of material on both sides of incoherent' 
DI Z boundary, R =10; l and T= 3000C. 
Fn19ricr~(i l;nl,i 	 ----- 



Fig. 6.51 

Defect in products extruded through square die 
F'- reduction ratio, I.3 1. 

(a) Incoherent extruded produLt at 300°C 
showing longitudinal as well as latsr 1 
cracks. 

(b) _Incoherent extruded product at 400°C 
showing lateral cracks on the longitudinal 
section. 
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FIG.6.51(a) 

FIG.6.51 (b) 



Defect in products extruded through square 
die at reduction ratio, 1.601. 

( a) 	Incoherent product at 300°C showing 
cracks on the surface and longitudinal 
section. 

(b) 	Incoherent product at 4000C showing 
cracks on the longitudinal section 
only. 
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FIG.6.52 (a) 

} 

ci :k ' ' 

\\ 3 • 

r  _ FIG.6.52 (b) 



Coherent products extruded through square. 
die at low reduction ratios, 

(a) Coherent product R=2.11 and 
T=300 ° G . 

(b) Coherent product R=1.3;1 and 
T=500°C. 
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FIG.6.53 (a) 

FI.G.6.53 (b) 
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Products extruded through wedge shaped 
dies at low reduction ratios. 

(a:) Incoherent extruded product at 300 00 
for R=1.6:1 and R=2.0 e 1 showing 
lateral cracks called snakeskin. 

(b) Coherent extruded product at 400°C 
for R = 1.6:1. 



Products extruded through wedge shaped 
dies at low reduction ratios. 

Incoherent extruded product at 30000 
for R-1.6*. 1 and R=2.0:1 showing 
lateral cracks called snakeskin. 

Coherent extruded product at 400°0 
for R=1..6.1. 

(a) 

(b) 



Fig,.  6"55 

Defects in the starting portion of the 
products extruded though cTedge shaped 
dies at lo?-- reduction ratios. 

(a) Cracks at the starting portion 
of the product extruded at 400°C 
for R=1.6,01 and 2.0:1. 

(b) Starting portions of the product 
show no crack extruded at 500°C 
for R=1.6:1 and 2.001. 
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Defects in the, starting portion of the 
,products extruded through wedge shaped'. 

~ dies at low reduction ratios. 

(a) Cracks, at the starting potion 
of the product extruded at 400°C 
for R=l. 6;1 and 2.0:1. 

(b) 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 

7.1 INTRODUCTION 

In the preceeding chapter an attempt has been made 

to systematically analyse the experimental observations and 

highlight the important experimental features. However, it 

was felt that the process of extrusion involves number of 

parameters 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., are: 

i) Concept of DNZ. 

ii) Concept of flow and deformation during - 

extrusion.  

iii) Densification 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 450  to die axis for all reduction ratios is not 

true. In fact,the orientation of DMZ boundary varies with 

reduction ratios, as'shown in Figs.6.47 to 6.49. For low 

reduction ratios it is somewhat parallel to the die axis and 

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

is likely to be near vicinity of 450 orientation. As the 

material movement is evident in DMZ it may be more appropriate 

to call it hydrostatic zone (HZ). It was also seen 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 a.s 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 performance of the process. In 

fact when EPC line is parallel to the die axis, the forces 

are so oriented that it is practically shear which is pre-

dominent before extrusion (Fig. 7.1~(a)). Such a situation 

prevailing in low reduction ratio would lead to incoherent 

product. However, at high reduction ratios its orientation 

being nearly perpendicular to the die axis, the forces now 

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

a result of this the coherent product was obtained. 

On the basis of the concept outlined above it could 

be concluded that coherency of the product is unlikely to be 

related with the parameters like so.called 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 relative deformation between the 

particles (representing mass in quantised fashion'E ) is gradual 

-2 So far the material is treated as continuum in all analyti- 
cal theoreis. However, this is far from the fact that 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 important in the process. 
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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,th.ere are only compressive forces -gal-: axV 

developing. Hence, it is expected and has been rightly 

obtained a better extruded mass through wedge shaped dies. 

7,3  CONCEPT OF FLOW AND DEFORNkTION DURING EXTRUSION 

It has been reported that in the relation 

p = A + B log R  

Corresponding to extrusion process, the constant '.' repre-

sents redundant work and 'B' represents homogeneous work 
- .1'  

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 

argued that the quantity of redundant work is primarily 

dependent upon the reduction ratio. It is not 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 ratios 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 	,.(7.2) 

r 	f 

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 attempt has 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 dependent upon this 

change of slope, so in order to interpret this value it is 

necessary to reasonout why at all the slope has changed. 

The change of slope can be very precisely understood 

from the mode of deformation and flow conditions inside the 

mass being extruded. Both these factors are very eterogene-

cue in nature. Flow conditions are depicted in pressure 

contours where as deformation condition can be depicted in 

strain rate contours. In 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 djo nstraint a)'ê pperche 

the flow conditions get reduced and deformation conditions 

,,,-t 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 is fibrous structure. Such 

a situation prevails when flow and pressure conditions are 

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 attempt has 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 fact, the value of 'A' is precisely dependent upon this 

change of slope, so in order to interpret this value it is 

necessary to reasonout why at all the slope has changed. 

The change of slope can 10 very precisely 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 

contours where as deformation condition can be depicted in 

strain rate contours. In the context of low reduction 

ratios it is evident that high flow condition exists to a 

Xairly large section of extruded products  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 die-  e'0pnstraint- a 	.pprc^ched 

the flow conditions get reduced and deformation conditions 

get 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 is 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 described 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 effect of 

die constraint) happens to reach the die axis. As a result 

resistance is experienced throughout the extrusion cross-

section when such a reduction ratio is 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 

•onstraint 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 	similar. trend was 
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obtained in the case of wedge shaped dies also. However, the 

change of slope in case of wedge shaped dies is of greater 

extent because the constraint is spread over the large area 

of inclined surface of the die in comparison to the point in 

case of square edge dies. 

The author has come to the conclusion 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 characteristics and subsequent defor-

mation of the powder being extruded. The difference in 

the slopes obtained in the present investigation and that 

corresponding to Sheppard [1] experiments for aluminium powder 

extruded at 300°C, shown in Fig. 6.2, can be accounted on the 

basis of difference in powder charaeteristl.es 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 present investi-

gation is well supported by the analytical and microstructural 

investigations. 

7.4 DENSIFICATI.ON IN WEDGE SHAPED DIES 

It is established that densification 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 product 

has come out. It was also noticed that load-ram displacement 

diagrams in wedge shaped dies (Figs.6.18(a and b) )is different 
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from that of square edge die in the sense 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-

particle friction in presence of different pressure zones 

inside the mass being extruded influences greatly the extru-

sion pressure Vs, log R relationship. This peak load may 

also 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 crossed, 

extrusion can not sustain. This way the peak load is a 

dividing zone between non-steady state and steady state 

extrusion in the case of wedge shaped dies. This peak load 

is more pronounced in the case of wedge shaped dies than that 

of square edge dies, As discussed in section 6.3, the 

difference in peak load and steady state load shows a linear 

relationship to 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 friction, the load required to 

sustain the process also reduces . 	Therefore, in the 

ease of wedge shaped dies the material situated near the die 

entrance does not suffer from the frictional constraint as 

stated above including the boundary friction. This part of 

the material, therefore, starts moving with decreased fric-

tional conditions resulting in incomplete densification. The 
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material immediately following this portion, however, has 

to undergo higher frictional constraints leading to forma-

tion of peak load and hence complete densification before 

coming out of the die. Explanation of existence of peak 

load due to temperature quenching [60] at 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 sf peak load being high concentration of disloca-

tion and their consequent dynamic reeovery lacks in concept. 

It was observed that complete densification was not 

achieved during the entire extrusion process for low reduc-

tion ratios. This can be explained from the fact that in 

these cases good flow conditions with lowest possible inter-

particle friction exists in the large portion of the extruded 

section. It was observed in these cases by microstructural 

studies that particles situated near the die axis (when 

viewed longitudinal sections) do not at all deform. 

Inter-relationship between peak lead and inter-

particle friction is further confirmed by the fact that the 

difference between peak and steady state loads decreases 

with increase in extrusion temperature. Higher temperature 

may reduce- interparticle friction and hence, difference in 

these loads. It may be concluded, therefore, that densifi-

cation phenomenon during extrusion process is purely related 

with static and dynamic interparticle frictions. Not only 

this, the dynamic interparticle friction contributes towards 
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'work hardening' of the extruded product, because with 

increasing reduction 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 may be concluded that this homogeneous work is responsi-

ble for overall strength and coherency of the product. 

t 
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(a) PREDOMINENT SHEAR FORCES IN LOW REDUCTION RATIO 
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EXTRUSION 
FORCE 

(b) PREDOMINENT COMPRESSIVE FORCES IN HIGH REDUCTION RATIO 

FIG.7.1 — ORIENTATION OF FORCES DURING EXTRUSION THROUGH SQUARE 
EDGE DIES. 



CHAPTER-VIII. 

CONCLUSIONS 

The main conclusions which emerge from the present 

analytical and experimental studies, are given below :- 

1 	Finite element method, using velocity-pressure 

formulation, is a better technique to calculate 

extrusion pressure than the slip-line field theory 

and upper bound technique. Pressures thus obtained 

are in close agreement with the experimental 

extrusion pressures for both the type of dies. 

2 	Using Finite Element Method velocity vectors, 

average pressure and average effective strain rate 

contours are computed. These bulk parameters help 

to understand the exact state of material, flow and 

deformation during extrusion process. 

3 	On the basis of position of the extrusion pressure 

contour (EPC) line on average pressure contour dia-

gram, a model is proposed which explains the extent 

of coherency in the extruded product. 

4 	Expeximental 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 explained on the basis of metal flow 

and deformation during extrusion. 
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5 	It is possible to obtain coherent product during 

extrusion by both the type of dies for reduction 

ratios as low as 2.1:1 at all temperatures. However, 

coherent product has also been obtained for both 

the dies even at lower reduction ratio, 1.3:1 at 

500°C. 

6 	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. 

7 	The peak load, observed in the case of 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. 

8 	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 the square dies. 

The orientation of the dead metal zone boundary 

changes with the variation in the reduction ratio, 

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 
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of the die by assuming nearly perpendicular position 

with respect to the die axis. 

10 	There is a sudden change in the slope of the p vs 

log T curve at 4000C. It may be due to the change 

in the mode of deformation at this temperature. 

11 	Effect 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 concluded that the work for home-- 

geneous deformation contributes more than the redundant work 

for obtaining a coherent extruded product. This is in 

partial contradiction with the theories and propositions in 

vogue. 



232 

REF E R E N C E S 

	

1 	T. SHEPPARD and P.J.M.  CHARE ; 

Powder Metallurgy, 15 , No. 29, 17-41 (1972). 

	

2 	A.S. EL-SABBAGH; 

Powder Metallurgy International, 1 , No. 2,97-100 (19?';) . 

	

3 	P.J . T4. CHARE and T. SHEPPARD; 

Powder Metallurgy, 16, No. 32, 437-458 (1973). 

	

4 	P . J . M, CHLRE and P. SHEPPARD; 

Int. J. of Powder Met. and Powder Tech., 10, No.3, 

20 3-20 5 (1974) . 

	

5 	T. SHEPPARD end P.J.M. CHLRE; 

Powder Metallurgy, 18, No. 35, 1-14 (1975). 

	

6 	T. SHEPPARD; 

Proc. of the 15th Int. MTDR Conference, Macmillan 

Press Ltd., London, 559-667 (1975). 

	

7 	T. SHEPPARD and H. McSHANE; 

Powder Metallurgy, l3, No.3, -126-133 (1976) , 

	

8 	N. HL_N3EN; 

Trans. Met. Soc. AIPIE, 242, 954-955 (1968) . 

	

9 	N. x~►~Ts-r?; 
Powder Metallurgy, 12 , No.23, 23 (1969) . 

	

10 	T. SHEPPARD and A. GREASLEY; 

Powder Metallurgy, 20, No.. 11, 26,35 (1977). 

	

11 	E. GREGORY and C.G. GOETZEL; 

Trans. AIMS, 212, 868-874 (1958) 



233 

12 	C.R. SHL.IcESPELRE and D.L. OLIVER; 

Powder.Net allurgy, 3, No. 7, 203 (1964). 

13 	T. SHEPPARD; 

Powder Technology, 10, 257-271 (1974). 

14 	J. BIU TTACHARYl,; 

Metall. Net. Form., 2, No. 42, 36-38 (1975).. 

15 	R,V, WATKINS, R.G. REED and W.L. SCHOLLOID; 

New Methods for the Consolidation of Metal Powders'. 

1, Edited by H.H. Hausner, Plenum Press, New York, 

181-193 (1967) . 

16 	J.J. DUNIEY and R.J. CAUSTON; 

Powder Metallurgy International, 8, No.3, 97-100(1976). 

17 	J.J. DUai:. -fETr and R.J. C1 USTON; 

Int. J. of Powder Met. and Powder Tech., 13, No. 1, 

13-20 (1977). 

18 	T. T. V©IEp' and N . G. JONES; 

Powder Metallurgy, 2, No.22, 78-83 (1977). 

19 	W. THODT. SON, J.K. RUSSELL and R.H. BROWN; 

Annals of CIRP, 25, 107-112 (1977). 

20 	ERIC GREGORY; 

Metal Progress, _75, 113 (1959). 

21 	L. SINGH and R. DAVIES; 

Proc. of 13th Int. MTDR Conf., Macmillan Press 

Ltd., London, 449-453 (1972). 

22 	M. NEGM and R. DAVIES; 

Proc. of 15th Tnt. MTDR Conf., Macmillan Press 

Ltd., London (1975). 



234 

	

23 	P. LOFiTENSTEEN 
Powder Metallurgy', Edited by Werner Leszynspi, 

Inter Science Publishers, New Y"ork(1967). 

	

24 	T. 	and J.J.  J0NA S; 

Met. Trans., 1, 2079 (1970). 

	

25 	T. CHANDRf.  . and J.J.  JON~S ; 

Met. Trans., 2, ,877 (1971). 

	

26 	P. FELTHi.N, 

Metal Treatment and Metal Forging, j, 440-444 (1956). 

	

27 	G.W. ROWE; 

' Introduction to the Prineiple of Metai.Working ', 

Edward Jrnold (Publishers) Ltd., London (1977). 

	

28 	H. McSHJNE, M.G. TUTCHER and T. SHEPPhRD; 

Powder Metallurgy, 21, No. 2, 47-51 (1978). 

	

29 	T. SHEPPARD and .. GREL SLEY; 

Powder Metallurgy, 21, No. 3, 155-162 (1978). 

	

30 	W. JOHNSON and H. KUDO; 

I The Mechanics of Metal Extrusion ' , Manchester 

University Press (1962). 

31 	J.N.  1.LEXL.NDER; 	- 

Proc. Int. Mech. Engg., 3, 5, 173 (1959). 
32 	S. KOBBYliSHI and E.G. THOMSEN- 

Int. J. Mech. Science, .1, 127-143 (1965) . 

33 	T. SHEPPLLRD and D. RJ YBOULD; 

J. Int. Metals, 33, 101 (1973). 

34 	J . F. !.DIE and J .l'7.. 1iLEXL NDER; 
Int. J. Noah. Science, .g, 349-357 (1967). 



235 

	

35 	E.G.THOMSON and T. JORDAN; 

J. Mech. and Physics of Solids, 4, 184 (1956). 

	

36 	T. SHEPPJ RD and H. McSHANE; 

Powder Metallurgy., 	, No.3, 121-125 (1976). 

	

37 	B. AVITZUR; 

' Metal Forming Processes and Analysis ' , 

McGraw -- Hill Book Company (1968) . 

	

38 	W. JOHNSON and P.B. 1' 1' ELLOR; 

' Plasticity For Mechanical Engineers '., 

Oxford University Press, London (1971). 

	

39 	E.G. THOMSON, C.T. YANG and S. KOBAYASHI; 

'Plastic Deformation . in Metal Processing ' , 

The Macmillan Press, New York (1965) 

	

40 	R. HILL; 

' The Mathematical Theory of Plasticity ', 

The Clarendon Press, Oxford (1971) . 

	

41 	C.R. Cla.LL.DINE; 

' Engineering Plasticity ', Pergaman Press (1960). 

	

42 	0.0. ZIENr. IEWICZ and G.C. NAYAK; 

Proc. 3rd Conf., Matrix Method in Structural 

Mechanics, Wright Patterson hir Force, Ohio (1971). 

	

43 	G.C. NILYf~K and 0.0.  ZIENKIEWICZ; 

Int. J. Numerical Method Eng. 5, 113-135 (172). 

	

44 	0.0.  ZIENKIEIjTICZ and P.N. GODBOLE; 

J. of Strain Lna1ysis, 10, No.3, 180-183 (1975) . 

45 	0.0. ZIENKIEWICZ and P.N. GODBOLE; 

Int. J. Num. Neth. Engg., 8, 3-16 (1974). 



236 

46 	J.W.H.  PRICE and J.M.  LiLEX&NDER; 

Second Int. Symposium, S. Margherita, Italy (197 

47 	G.Y. GOON, P.I. POLUCHIN, W.P. POLUCHIN and 

B.!, PRUDCOWSKY; 

Metallurgica (Russ ian),( 1968). 

48 	P.N. GODBOLE; 

Ph.D. Thesis, University of Wales, Swansea (1974) . 

49 	0.0. ZIENKIEWICZ, P.C. JAIN and E. ON11TE; 

Int, J. Solids Structure, 14, 15-38 (1978). 

50 	P.C. JAIN; 

Ph.D. Thesis, University of Wales, Swansea (1976). 

51 	0, C; ZIENIKIEWICZ; 

' The Finite Element Method in Engineering Science', 

McGraw-Hill Book Company, New York (1971). 

52 	KONNETH H. HUEBNER; 

The Finite Element Method for Engineers ', 

John Wiley and Sons, New York (1975). 

53 	P. PERZYNA; 

' Fundamental Problem in Viscoplasticity ' , 

Recent Advances in Applied Mechanics, licadamic 

Press, New York, 243-377 (1966). 

54 	0.0. ZIEIIE14ICZ and 1.0.  CORNE11U; 

Int . J. Num. Meth, Engg . , 8, 821-845 (1974) . 

55 	' LSTM Standards On Metal Powders and Products ', 

American Soc. for testing and Materials (1968). 



237 

56 	K.H. MOYER ;  

The Int. J. of Powder Metallurgy and Powder 

Technology J, No. 1, 33-42 (1979). 

57 	P. HOOD; 

Ph.D. Thesis, University of Wales, Swansea (1974). 

58 	P. HOOD; 

Computer Report - CR 65, The NJ.SS SYSTEM REPORT, 

University of Wales, Swansea. (1974) . 

59 	H.A. KHUN and C.L. DOWNEY; 

Int. j. of Powder Metallurgy, ,Z, No. 1, 15-25 (1971 

60 	W.R.D. WILSON; 

Int. J. Mech. Science, 13, 17 (1971). 


	177175.pdf
	Title
	Synopsis
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Chapter 7
	Chapter 8
	References


