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AbSTRACT  

The extrusion of seven different aluminium alloys through 

single, multihole and simple shape dies has been studied over a wide 

range of temperatures and strain rates. Hot torsion and tensile tests 
were also carried out on two of the alloys. 

The flow stress in extrusion was calculated from minimized 
plane strain solutions and the mean deforMation temperature from a 

modified integral profile model. Hot working theory could be successfully 

applied to the. hot torsion and tensile data, but a correction factor, 
dependent on the die profile only, had to be applied to the temperature 
compensated strain rate before the theory could be used to correlate 

the results fran'extrusion. A significant discrepancy between the results 

from the two methods of testing was found. It is suggested that this is 

due to the assumptions made in the extrusion theory. 

The dependence of the peak load and the peak height on the 

extrusionratioarram speed and temperature has been investigated. Also 

the development of the macrostructure and the microstructure at the start 

of extrusion were studied and a suggestion for the cause of the peak 

is made. 

Flow patterns for single hole extrusion at different billet 

lengths showed reasonable agreement with those predicted by a minimised 
plane strain upper bound solution. The flow patterns developed during 

multi hole extrusion were also investigated. 

The structures of the as extruded rod have been examined 

using both optical end transmission electron microscopes. The mechanical 

properties were measured by tensile tests. The structure could be 

classified into three overlapping types, the occurrence of which depended 

on the flow stress and the alloy content. The recrystallized structure 

had superior properties to those found in the fibrous structure. This 

may be due to the retention of the solute in solid solution in the 
former and preferential preeipitation,during quenehing, onto the sub 

grain boundaries in the latter. 

evidence of dynaetic recrystallization was found and it is 

concluded that the static restoration process must have occurred in 

the time between leaving the die and entering the quench. 

Hot shortness was found above a critical temperature and the _ 

defect was studied in the scanning electron microscope. A comparison 

between a good surface finish and,an unacceptable finish has also been 

made. 

Limit diagrams for two of the alloys are presented. 
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CHAPTER ONE  

LITERATURE SURVEY 

1.1 Introduction 

As an industrial process for metal fabrication, extrusion 

is a .:lomparative newcomer, but it is now recognised as being the most 

efficient method of producing complex shapes from a cast billet. 

Mary of the sections extruded today would be impossible to produce by 

any other method. 

The first record of extrusionl is in a patent granted to 

Joseph Bramah in 1797 for 'A press designed to extrude lead pipe'. 

There is no evidence of the success of his method but by the end of 

the nineteenth century the lead extrusion industry was well established. 

Many of the practises in use to-day, such as bridge-dies, fixed and 

floating mandrels, heated containers, and accumulator drive, were 

developed on these early presses. At first the process was restricted 

to lead, because of the difficulty in comitructing presses and tooling 

rigid enough for the harder metals. These problems were overcome by 

Alexander Dick who, in 1894, designed a horizontal press that could.be 

used to extrude the (cc+13) brasses. From this press, and later ones 

designed by Dick, developed the large industrial presses in use today. 

The only improvements have been in their size and efficiency and it 

is now possible to extrude almost all metals,from the soft aluminium 

alloys to the high temperature nickel alloys. Although production 

was originally limited to lead and some copper alloys, the bulk of 

extrusion-is now carried out in the aluminium and copper industries. 

The ease with which they can be worked enables almost any shape to be 

produced, from a simple rod to complex hollow sections. 

The extrusion process has been the subject of much research 

and this can be divided into several distinct categories. 

The early workI was concerned with empirical relationships 

between the extrusion parameters of pressure, speed, temperature and 

material. This has provided a useful background to an understanding 

of the process but most of the work was limited by the experimental 

facilities available and the results obtained only apply to a very'  

limited range of conditions. Some of the structural changes that 

occur during extrusion were also studied and often these are still 

the only results available. 

f-4 
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The next important development in the research was the 

application of the plasticity theory2,3'. Using this approach 

slip-line field and upper-hound solutions have been obtained for a 

variety of conditions. These methods enable reasonably accurate 

values'for the extrusion pressure to be obtained but they are limited 

by the assumptions that have to be made. Tile slip-line field can only 

be applied to plane-stn conditions and a rigid perfectly plastic 

material, the upper-bound solution has been applied to axisymmetric 

solutions but the limitation on the material still applies. More 

recent work has developed a solution for strain hardening materials,4'5' 

but the application is wiry limited. 

Following on from this work the importance of the temperature 

changes occurring during extrusion was recognized. This has been studied 

by a variety of methods both theoretical and experimental6-13. The 

results have shown the importance of the temperature rise, especially 

when working near the melting-point of the alloy being used, or close 

to a phase change boundary. 

The most recent development has been in the application of 

hot-working theory to extrusion14-17.  The results have shown the 

similarity between extrusion and other hot working processes and tests, 

such as rolling, compression, and torsion. This work has also pointed 

out the limitations of the basic extrusion theory in predicting a value 

of the strain-rate, flow-stress, and temperature to be used in any 

calculations. 

Although this research has been quite detailed it must be 

afiritted that extrusion theory lags a long way behind extrusion practise, 

and it is often argued by many industrialists that the research is of 

little or no importance. However, there are still many practical 

problems that have to be solved and here research can assist the 

industrialist. Examples are;- 

1. To attain the optimum operating conditions a knowledge is 

required of the behaviour of an alloy under different combinations 

of ram-speed, temperature, reduction ratio. 

2. The properties of the extrude can be related to the extrusion 

conditions and correlation is needed between the results obtained 

by other testing methods and those by extrusion. 

3. There is still no accurate means of predicting the load developed 

during extrusion. It can be said that, with to-day's presses, 



the load is not important when compared with other factors. 

This ignores the fact that gteater reductions can be achieved 

if the load required is lowered, longer billets can be extruded 

on a given press, leading to increased production with less scrap, 

and smaller presses can be installed. 

4. The surface finish is of major industrial importance but there is 

very little quantitative work available on the relationship between 

the surface finish and the extrusion parameters. 

5. Most industrial extrusion is concerned with the production of 

shapes of differing complexity. There is no way of predicting 

how the final properties will vary throughout the section or even 

of how the die should be designed for maximum efficiency. 

It can be seen that there are still many fields that can be 

profitably studied. 

1.2. General Features of Aluminium Extrusion 

The ease of fabrication of this metal, and its alloys, has 

led to the development of a very large extrusion industry, producing a 

variety of shapes in alloys of widely differing properties. A review 

of the extrusion of these alloys was published by Smith in 1949 

and most of this is still relevent. 

The nature of the flow in extrusion results in the outer 

surface of the product being subjected to very heavy shear stresses. 

This results in a heavily worked outer region and subsequent heat-

treatment can cause abnormally large peripheral grains to be formed,',18.  

This appears analogous to the critical strain for recrystallization 

in cold-worked metals but, as pointed out by Pearson1, this is not 
the case in extrusion where the process is characterized by heavy 

deformation and high temperatures. A suggestion made is that the 

degree of strain hardening may be the important factor and a critical 

value may be reached in the outer region. In alloys that are to be 

heat-treated the possibility of a coarse grained peripheral region is 

a major problem, because of its reduced mechanical properties and 
susceptibility to stress-corrosion18,22. The addition of zirconium 

and manganese can retard its occurrence 22. Where complex shapes are 

being produced the problem can be intensified
18.23. 

Apart from the heavily worked outer region, the structure 

can be fully recrystallized, fibrous, or a combination of both. The 
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type of structure found depends on the alloy used, the pre-extrusion 

heat treatment, the extrusion parameters, and the post-extrusion 

treatment29'30. The fibrous structure has the best mechanical 

properties and Uncel, as reported by Pearson1, attributed this to 

the preferred orientation found in this structure. Hardy19 agreed 

with this view and recent work by Althoff21 has shown how the 

anisotropic properties can be reduced by the presence of a coarse 

precipitate of mg2  Si. They also noticed long particles of 

Al(h Pe)Si preferentially orientated in the extrusion direction. 

Their size was approximately 0.2 m diameter by 1.5 m long. The fibrous 

structure can be retained at high temperatures, and this is known as the 

extrusion effect. The presence of manganese helps in its retention18 '22,29 

Comparing mechanical properties obtained for similar alloys, except for the 

presence of manganese, there can be a difference of up to 25% after 

heat treatment and this is associated rith the teneficial effect of 

manganese in retainin6afibrous structure18,19,20,22. 
	

Chromium 

has a similar but less pronounced effect. 

In the case of multi-hole extrusion, which is used to increase 

production rates, the prescnde of a large grain peripheral region 

can cause further problems. The complex nature of the flow leads to 

the region being distributed between the rods and this gives a crescent 

like effect to the macrostructmre. Segregation has been found near 

the periphery in the zone of radial flow, leading to poor mechanical 

properties 1,18,31  

The surface finish of the product is important to both the 

customer and the producer and the defects that occur can be visible 

blemishes, e.. cracks, blisters, and die lines, or invisible ones that 

show up on anodizing24,25.  The control of these defects is a deciding 

factor in many production problems. It is docbtftl if lubrication 

is of any use in aluminium extrusion, a good surface finish being 
 obtained by shear at the die face28  . Blisters on the surface occurr 

if any lubricant, or other foreign matter, on the side of the billet 

is dragged between the flowing metal and the dead metal zone18'28  

to beco-e trapped just under the surface. Often a trace of lubricant 

is applied b.etween the front of the billet and the die but, in view of 

the problems of lubrication in cold-extrusion26'27, it is unlikely 

that this has any other effect other than easing the mind of the 

operator. 
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Many of the stiffer alloys, such as the Al-Zn-Ng range, 

have a very limited extrusion range18,22.  Limited on the one hand 

by the press capacity and on the other by the onset of hot-shortness, 

where the melting point of one of the phases is reached. It is in the 

extrusion of these alloys that limit diagrams32 -34, section 1.4.12. 
can be of use. 

Although this is only a brief review it can be seen that 

there are many conflicting factors to be considered, e.g. the type 

of structure required, the temperature and speed to be used, the 

quality of the surface finish,and the effect of the die shape on 

the properties. Many of these parameters can only be adequately 

allowed for if more research on the connecting variables is 

undertaken. 

1.3. Hot Working 

It has been the practise for centuries to work metals 

at high temperatures. The reason for this is shown in fig.1.1 

At low temperatures the stress to deform a metal increases as the 

strainincreases. This is known as work-hardening and is caused by 

the complex interaction and formation of dislocations within the 

material. At higher temperatures the flog stress for a given strain 

is much lower , suggesting that there must be some mechanism removing 

the effectd of work-hardening. It is these restoration processes that 

have been studied in investigations into hot working35. An examination 

of stresm strain curves at different temperatures and strain-rates35-41 

shows that the rate of deformation is also very important, the higher 

the strain rate, at a given temperature, the higher the flow-stress. 

This observation is of importance in the metal-working industries where 

high strain-rates are used to deform materials to large strains at 

high temperatures. 	In aluminium extrusion the reduction ratio can 

be up to 200:1. 	The practical importance of the subject has led to 

hot-working becoming one of the most important subjects of modern 

metallurgical research. The approaches used can be classified into 

three methods; 

1.  Empirical; it is useful to have equations relating the flow stress, 

strain-rate, and temperature. Also it is relatively easy to adapt 

a standard testing technique to hot-working tests. 

• 
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2. Structural: empirical equations are useful but their use can be 

extended if a knowledge of the accompanying structural changes, 

which control the final properties, is available. It is an 

experimental fact that hot-worked metals can Show a non- 

recrystallized, partly recrystallized, or fully recrystallized 18,35. 
structure 

There are also many similarities between the hot-worked 

structure and those obtained in creep, a process associated 

`with much lower strain-rates. 35  

3. Theoretical: the similarities between creep and hot-working 

structures has led to the examination of creep theories to see 

if they can be applied to the higher strain-rates14,35,42,43 

Any theoretical study should lead to a better understanding of 

the many varables controlling the deformation process. 

1.3,.1. 	Methods of Testing  

Before discussing the approaches to hot-working outlined 

in the previous section it is useful to have a knowledge of the 

advantages and disadvantages of the various methods of testing used 

and their applicability to industrial processes. These methods have 

been discussed by several authors 44-47  
Tensile Tests. 

These are limited by the maximum strain that can be applied, 

usually less than 0.5. The strain-rates available are low but by using 

special techniques it is possible to achieve values of 100sec-1 48 

The advantage of the method is the relative ease of testing. 

Compression Tests.______ 

These can be p.rformed to true strains of more than 0.7. 

The range of strain-rates possible is from 5 x 10-3  to 2 x 10 3sec-1, 
using a modified Hopkinson pressure bar technique49. 	Constant strain 

rate tests can be carried out using a cam-plastometer40'41'50  

With this equipment it should be possible to use programmed strain-rates, 

which would be of use in comparisons with rolling and extrusion. No 

work of this nature appears to have been done. The problem to be 

overcome in compression is the inhomogenous deformation, shown by the 

specimen barrelling. This can be overcome by careful lubrication, 

usually assisted by machining concentric grooves on the spedimen surfaces, 

but it is never certain how successful this method is. 
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Torsion Testing._ 

This is one of the most popular means of testing36,39,50-55 

Its advantage is the ease with which large uniform strains can be 

achieved at constant strain-rates, using thin walled hollow specimens. 

For ease of experimentation it is more usual to use solid specimens 

but in this case the s train-rate varies from zero at the centre tora 

maximum at the edge. Testing is usually carried out with axial 

constraint on the specimen, to maintain specimen geometry at the expense 

of axial load56. By modifying the equipment it is possible to do 

programmed experiments, similulating rolling or forging schedules52. 

This method is also open to variable strain-rate experiments as well as 

investigation into the effect of sudden changes in temperature. 

The above methods are all laboratory techniques that can 

provide valuable data on the behaviour of metals under different 

combinations of strain-rates and temperatures. However, they have the 

big disadvantage of not being industrial processes. Compression 

testing comes close to rolling and forging but there is a big difference 

between a controlled compression test on a small well-lubricated specimen 

and the large forging of a billet. Often the aim of the experiments 

appears to be to achieve a higher strain-rate than previous workers, 
without any regard to the structural changes that take place. This is 

especially true in the Hopkinson split pressure-bar technique method of 

compression or torsional testing"'
c7  
. 

There has been some attention to the examination of industrial 

processes 14,15,16, but the complex deformation involved entails many 

assumptions in the analysis. Nevertheless experiments of this kind 

are the only ones that can be used if the limits of a particular process 

are to be found or structural changes during fabrication are to be 

examined. This is especially true in extrusion wheretrue strains 

greater than 5 can be produced in one operation at mean strain-rates 

of up to 100 sec
-1. By the very nature of the process it involves 

the shearing of metal over a tool under the influence of a high 

hydrostatic pressure. It is this interaction between the material 

and the tool that laboratory tests cannot reproduce. 

1.3.2. Empirical Approach to Hot-Working. 

Examination of data from several workers has shown that two 

relationshipscan be applied to hot-working data
35,38. 39940,41,50 • 



For low stresses at a constant temperature 

E= Alani 	1.1 

where n1  is a temperature dependent constant that approaches a value 

of about 5 at high temperatures3°,38,39,41. 

For high stresses at a constant temperature 

L=A2exp 	o-) 

where , 13 is a temperature dependent constant 36'
411.2 

These relationships are very similar to those found in creep 

experiments, supporting the idea that creep amd hot-working are two 

extremes of the same phenomena. Garofalo 58 has shown how theseiwo 

equations for the dreep case, can be combined to give 

t = A3(sinh(oc0-  )31 	- 1.3 

where A3  is a temperature dependent constant. 

It can be shown that 

1.4' 

The validity of this equation can be shown by considering the value 

of 000-  

If 0Cor> 1.2 

= 	exp 	(nr;C 0') 	1.5 

which is'of the same form asequation 1.2. 

If 0( or 4: 0.8 

E = A 2n  on 
 1.6 

which is similar to equation 1.1. 
Garofalo showed the applicability of equation 1.3 to results 

obtained on copper, an austenitic stainless steel and an aluminium 

alloy (A1-3.100- 
The similarity between steady-state creep and steady-state 

hot-working led Sellars and Tegart59 to propose the relationship 
-41 

E= A sinh (x0)nexp Rj 	1.7 

where A 0( 	and n are temperature independent constants and Q 

can be referred to as the activation energy of the hot-working process. 

The expression is more applicable if it is written in the 

z = E exp 	r. A (sinh(cco))n 	1.8 

Z is the temperature compensated parameter originally proposed by 

Zener and Hollonan for low tekerature tests but it has been shown to 

apply to hot-working data59. 

form 
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The presence of the Arrhenius term exp 
RT in equation 1.8 

implies that hot working is athermally activated process and (a 
is the activation energy of the rate controlling mechanism. 

Q is the size of the emergy barrier preventing the atomic 

rearrangements involved in the mechanism, and the ease of overcoming 

this barrier depends on the temperature and thestrain-rate. 	It must 

be remembered that other processes will also be occurring but the size 

of their energy barriers is much lower. The activation energy for 

hot-working has been measured for many metals and alloys16,36,39,59,61-65 

and the values obtained fall into two classes 35,4559  

1. 	QHW QCR • 

2.• 	QHW t QCR 

In the former case the value obtained is close to that 

measured for bulk self-diffusion 45, and this has been used as an 
indication of recovery occurring concurrent with hot-working. 

This dynamic recovery will be discussed in more detail in the next 

Section. The two classes of metal defined abOve can be related to 

differences in their stacking fault energies. Metals with high stacking 

fault energies, such as aluipinium and its alloys fall into the first 
ciass16 35 39 49 . The stacking fault energy is a measure of the ease 

with which a dislocation can divide into two partial dislocations. 

The higher the energy the stronger is the binding energy and the closer 

together are the partials. For dislocation rearrangement the partials 

must come together, under the action of the applied energy, before 

climb can occur4 and so dislocation climb is easier in, high stacking 

fault energy metals 66• 	Whre QHW and QCR are approximately 

equal, it is possible to correlate data over many orders of magnitude 
61 of the temperature compensated strain-rate 59'61. 	Most work in 

this field ignores the temperature rise that occurs during the test and, 

in the ease of extrusion, where temperature rises of over 200°C can 

occur, this leadsba difference of 20;' in the calculated value of the 

activation energy62,67 A constant value of Q is only attained 
69 68, 

at temperatures above 0.5 Tm 	below this range it is very 

temperature dependent and decreases with a fall in temperature. 

The values of A ) cC ) and n ) in equation 1.7 are temperature 

independent constants, but they are functions of the structure and alloy 
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content, although the literature is not clear on how they vary with 

complexity of structure. The methods of calculating these constants 

involves complex iteration techniques and these are never fully explained. 

As a result it is not always certain of the accuracy of the quoted 

values. More work is needed in this field brit it is essential to try 

and standardise the method of testing and analysis of the results 

before measured values can be compared. What is certain is that 

many more experiments than are usually made are needsito obtain 

reliable results. 

1.3.3. Structural Aspects of Hot-Working. 

As the schematic stress-strain curve in fig.lishows, 

the flow stress in hot-working rises to a maximum and levels out to 

a steady value, there is often a peak before the steady state is , 

reached. The ptesenoe of a steady state region shows that the 

flow stress is independent of the strain, as implied by the empirical 

equations, and that some restoration process must be active to counter 

the effect of work-hardening. Dislocations must still be active to 

effect the plastic flow. By analysing the results of many workers 

Jonas et 23 have showed that there is a qualitative agreement between 
the structural changes observed in hot-working. 

There appears to be two classes of metals agreeing with the 

values of Q 	mentioned previously. 	Aluminium and its alloys 
H 

fall into the first class, where the hot-worked structure consists of 

small equlaxed subgrains of low misorientation. These subgrains can 

either be within the original deformed grains, at low deformations, or 

they can form a continous structure when the original bounderies have 

been destroyed by large deformations43,65,70-73.  A similar structure 

has been observed in iron and ferritic alloys35,74,75. There is a 

marked similarity between these structures and those developed during the 

creep of these metals.35. 	Also a similarity with the structure 
ffneWs 

developed during the heat-treatment of cold-worked,lhas been mentioned  

This again adds to the evidence that creep and hot-working are similar 

processes. 

A substructure is also seen in hot-worked copper and nickel, 

and their alloys, when they are deformed to low strains. 	At higher 

strains they develop equiaxed recrystallized grains.
65,72,76,77. 

.47 
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This is in contrast to the substructure developed in creep and suggests 

thst a different mechanism is operating, as indicated by the different 

activation energies for the two processes. 

To examine the hot worked structure it is necessary to prevent 

any changes occurring during cooling. The exception to this is in the 

technique of-hot-stage microscopy. The only way that these changes can 

be prevented is by rapid quenching immediately after deformation, the 

more rapid the quench the greeter the likelihood of the hot-worked 

structure being retained.. A delay will always-  occur betmaem testing 

and quenching and it is in this region that rapid structural changes 

will,occur. For this reason there is always the possibility that 
4 

the structure being - examined is not the hot-worked structure but a 

transition one. It is important therefore, to know what static 

restoration processes can occur. One point that is often overlooked 

is that rapid quenching might alter the structure by thermal shock. 

1.3.4. Static Restoration Processes.  

Metals that have been deforaed can regain their original 

state by two processes, recovery and recrystallization78, the driving 

force for these two processes being the, stored energy. 	Recovery 

constitutes all those annealing phenomena.that occur before the 

appearance of new strain,free recrystallized grains. 	Recrystallization 

is the nucleation and growth of strain free grains and leads to the 

gradual consumption of the cold-worked matrix by the movement of large 

angle grain boundaries. 

Recovery is brought about by changes in the number and 

distribution of point defects and dislocations and Byrne781ists the _ 

processes involved according to the relative temperature ranges with 

which they are associated. 

At low temperatures, like point defects pair off, defect 

clustering occurs and they migrate to disloations, subgrain boundaries 

and other surfaces. (The cold-worked metal usually consists of a 

cell network of dislocation free regions surrounded by ragged 

dislocation tangles. The dislocation free regions are known as 

subgrains to distinguish between themi 	the matrix grains
66 

 4.) 

At intermediate temperatures, dislocation rearrangement 

within piled up groups occurs, dislocations of opposite signs 

annihilate each other and subgrain growth can occur. 
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At high temperatures, dislocation climb occurs leading to 

polyganization, the rearrangement of dislocations into low energy 

configurations by the formation of cells. This is a different process 

to subgrain formation, which occurs by dislocation interaction during 
working. 

Recrystallization involves the replacement of the cold-worked 

structure by a new dislocation free one. This is achieved by high angle 

boundaries sweeping through the'structure. 	It is known that 

recrystallization is a nucleation and growth mechanism78  but there are 

still arguments over the process of nucleation79,80.  Most of these 

differences of opinion are caused by comparisons between specimens 

prepared from bulk samples and those prepared for in-situ 

experiments in the electron microscope. The possible mechanisms have 

recently been reviewed by Doherty and Cohn81 and can be summarized as; 

1. The growth of a polyganized subgrain to a greLter size and increased 

misorientation, with respect to its durroundings, by subgrain 

coelescence80. 

2. The strain induced migration of a subgrain boundary that has a 

higher misorientation than average. 

As stated earlier the driving force for these restoration 

processes is the stored energy in the worked metal. If the metal can 

lower its energy by recovery there is less available for 

recrystallization, which has a nucleation time, and below a critical 

value of the stored energy recrystallization cannot occur. Therefore 

in metals where dislocation climb and polyganization is relatively easy, 

the possibility of recrystallization is reduced. 

Of importance in hot-working studies are the changes that can 

occur at high temperatures after deformation. 	It has been shwin that 

the time for static recrstallization to occur decreases' with an 

increase in the holding and working temperature
52'7175,82,83. 

Rossard and Blain75  have also demonstrated that the time for 

recyrstallization to occur depends on the strain-rate, which is related 

to the flow stress or the stored energy. The amount of strain can also 

have an effect71 expecially at low temperatures where the flow stress 

depends on the strain. The time for recrystallization to be initiated 

decreased with strain in aluminium deformed in torsion at a strain rate 

of 2 sec-1 and a temperature of 400°C. It is important to consider 

the effect of heating during the deformation but this is often ignored. 
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Static recrystallization occurs in both groups of metals but results 

obtained show that in metals such as copper, the time for structural 

changes is much more rapid than that for aluminium35 

It is usually considered that static stuctural changes can 

be ignored in rapidly quenched aluminium, but the work of Evans83 

has shown that static recrystallization can occur and they use this 

observation to explain the presence of the recrystallized structure in 

aluminium extruded above 450°C, followed by rapid quenching. 

1.3.5.Development of the Hot Worked Structure 

There has been a limited amount of research into the 

structural changes during the initial part of the stress-strain curve 

but this region is of prime importance. It is here that the initial 

structure changes to that of the steady-state and any dependence of the 

final structure on the initial one will be related to the changes 

occurring in the transition region. 

At the start of deformation the flow stress rises to a maximum, 

the dislocations causing the plastic deformation accumulate into tangles 

and, by a strain of about 0.2, form into rough cells outlined by the 

intersecting dislocations37'72'84'85. 
 The increase in flow stress is 

caused by the increase in the dislocation density. 	At the same time 

thermal activation assists the dislocations tocross-slip and climb and 

either annihilate each other, or to find equilibrium positions. The 

net result is conflicting hardening and softening processes. The 

presence of a steady-state flow stress indicates that a position is 

reached where the rate of dislocdtion production is equal to the rate 

of softening. This region is reached at strains of about 0.3, the 

actual value depending on the strain rate
35,86.  The steady state 

region is characterized by a steady-state cell size35. In creep a 

steady-state dislocation cell size is reached at strains of less than 

0.187. Further straining does not change the sub-grain size but the 

equilibrium size increases with an increase in the temperature and 
14,38,70,74,84 decreases with an increase in the strain-rate 

At temperatures less than 0.5% the subgrains outlined by the 

dislocation cells are slightly elongated but above this temperature 

. they are equiaxed. This happens even at the strains encountered in 

extrusion14. Therefore the subgrains must be continously reforming 

at the equilibrium size and this has been termed repolyganization, 

by analogy with the production of new grains in reerystallization
88
. 
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The variation in subgrain size with strain-rate end temperature can be 

related to the value of Z, indicating the possibility of controlling 

the structure by keeping Z constant, and  varying the strainxate and 

temperature to obtain the most efficient operating conditions, combined 

with the maximum structural properties14,16,88,51 

In aluminium and its alloys the nature of the sub-grains 

consists of very sharp boundaries with equilibrium dislocation networks 

within the subgrains. The misorientation between the subgrains is 

very small but the quoted wales vary considerably, from less than 

1°  to 7 O. 	This can be attributed to the insensitive techniques 

used to measure the misorientation70,43,73,89,65,84.  Smaller cell 

structures have been observed within these grains 4384 	Raybould 

and Sheppard associated them with both the remnants of subgrains that 

have annealed out by rotation,a,nd the formation of the subgrains during 

deformation. The former mechanism occurring at the end of the 

deformation the latter at the start. There is also the possibility 

that they occurred by sub-grain coalescence, in the time between 

deformation and quenching. These micro-cells arevery similar to those 

observed by HuS5; which he associated with sub-grain coalescence. 
In copper the cell structure is less well defined at low strains84'77'72  

At higher strains the quenched structure shows recrystallized grains, 

often with an internal substructure. It is still not clear whether 

static recrystallization occum, prior to quenching72,77,84  

The structural changes outlined above are known as dynamic 

recovery because of the similarities with the changes occurring during 

static recovery. This softening mechanism is widely accepted but, 

as mentioned above, a partial of fully recrystallized structure is often 

seen after hot-working, even with very high rates of quenching. 

Structures' of this nature are associated with metals of group two but 

can also occur in group one metals deformed at high homologous 

temperature 72'77' 84'88'83  

• 	

The presence of this recrystallized 

structure has led to the idea of dynamic recrystallization being an 

important softening mechanism. Opponents of dynamic recrystallization 

point out that the structures observed are not usually deformed and that 

there is no satisfactory explanation of how the nucleation of new grains 

can occur during high strain deformation. The tendency would be 

for subgrain formation by dynamic recovery35,90-93 • The most recent 

review of dynamic recrystallization has been by Honeycombe and Pethen94. 
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During creep testing under constant loads the steady state condition is 

often interrupted by sudden accelerations in the creep rate where 

softening by dynamic recrystallization occurs95-97. S4milar 

oscillations are observed in torsion tests on copper, nickel, and 

and some steels36'98. These oscillations could be caused by 

recrystallization, resulting in the original non-worked structure, 

followed by a rise in the flow stress as a substructure forms. 

At a critical value of the strain recrystallization reoccurs. When 

the strain taking place during recrystallization is more than the critical-

strain the oscillations will disappear and this is what happens at 

high strain rates98. Dynamic recrystallization can explain the observed 

structure and the oscillations in the stress-strain curves but the 

nucleation of the recrystallized grains still has to be explained. 

There is metallographic evidence that nucleatign occurs at grain 

boundaries that have become serrated during deformation  

Honeycombe and Fethen94 suggest that nucleation occurs when, after a 

critical strain, bulging of a serrated grain boundary becomes 

energetically more favourable than the localized sharpening of 

sub-grain boundaries. Once formed the bulge will expand to form 

nucleii. In metals where subgrain,formation is relltively easy the 

nucleation process would be energetically unfavourable. Impurities and 

alloying elements can have two effects. Their presence lowers the 

stacking fault energy, hindering subgrain formation, and also 

segregation at the boundaries can ocdar, preventing the development 

of the sub-structure. On the other hand small particles can lock a 

grain boundary, and stop or slow down the nucleation process. 

1.3.6. Theoretical Approach to the Mechanisms Operating 

During Hot-Working. 

It is only recently that a model for dynamic recrystallization 

has been proposed 99. This is based on the nucleation of a 

recrystallized grain followed by deformation within the grain, and 

enables the oscillations in the stress-strain curve to be predicted, 

but the validity of the theory has not been experimentally verified. 

A number of models have been proposed to explain dynamic recovery, most 

of these are based on creep theory. 

Gibbs100  derived a general equation for the strain rate 
Q _ = 0 11Ab/ exp 	1.9
RT 
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where 0 is a factor to replace the shear strain rate bye 
the density of ac-6Vatable sites 

the ares swept out per activated event 

the burgers vector 

0 

	

	= the attempt frequency 

the activation energy 

Jonas rewxotethis as 

Zz Of  exp( 
RT 
Arff 	

R 
) exp( 1E ) 	1.10 

T 
where 	of  is a structure factor 

Al-i=the activation enthalpy 

V-  the activation volume 

The activation volume is a measure of the effect of the stress 

in aiding the dislocation to surmount the energy barriers. It may be 

thought of as the volume swept out by the dislocation in a single 

activated event. 

The different models proposed are similar to the basic rate 

equations given above. All contain the activation enthalpy equal to 

that for self-diffusion. The differences lie in the values obtained 

for the structure factor and the activation volume. 

1.3.6.1. The Jog Screw Dislocation Model  

When a screw dislocation intersects another screw dislocation 

a jog is formed. 	This jog can only move by the emission of vacancies. 

The rate of diffusion of these vacancies will control the movement of 

the dislocation and the rate of vaccicy emission will depend on the 

local vacancy concentration. 

Using this approach, and treating the retarding force due to 

the vacancy concentration as a chemical force, Hirsch and Warrington101 

derived the equation 

= Ntjb2zVexp- exp 
I Tr  

AS Here the structure factor 	0 r. NIJ4rVexP k - 

1'1) and the activation volume _ 	2  

Barrett and ra
102 found that the density of mobile screw dislocations 

was related to the flow stress by 

p = 2.1 x 161 63cml 	 1.12 
Using this experimental observation they obtained 

= 12.5 x 1 018011-)3cr3s n h ( 2k1--23-4) T 

N =- 

A = 

b = 

1.13 
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This predicts that 

at low stresses 

and 	c3,c exp cr 	at high stresses 

These equations imply that specimens of increasing 

dislocation density should have higher initial strain-rates. 

Jonas103 recognised this problem and, using an approach developed. 

by Seegez3,4rewrote the general rate equation in the form 

s exp(A-q)exp( i(°-"mB)   ) 	1.14 k T 	k T 
The back-stress crB 	depends on the structure and can 

be correlated with the steady-state stress 0 required to maintain 

this structure. 	Possible sources of the back-stress are the 

dislocation networks within the sub-:grains, the sub-boundaries 

themselves or the long range back stresses from concentrations 

of dislocations near the boundaries. 

1.3.6.2 	Dislocation Climb Models  

.The early models of creep were based on the climb of edge 

dislocations to a low energy configuration. Under high stress 

conditions this approach gives 

E oc ND aor-2  expt kT 	 1.15 

At the lower end of the stress range this becomes a power law and an 

exporential one at the higher range. The structure factor is given by 

pocNd3a2  

which is stress dependent 

and the activation volume by Ei2 b 30.2 

This model again predicts an increase in the strain-rate 

with an increase in the dislocation density. 	Both the jog screw 

dislocation model and the climb model do not include a simple 

provision for the effect of alloying on the activation volume and 

it has been shown that this has to decrease with an increase in the 

solute content, to explain the experimental observations
107. 

• 

1.3.6.3. Three Dimensional Network Model  

This was proposed by Mclean
lo8, who assumed the sub-grains 

to be occupied by a three dimensional dislocation network, This 
network will act as a barrier to any dislocation movement . 

During steady-state working the strain rate is given by
89 
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h 
	 1.16 

where r is Iazy rate of recovery and h 	the rate of hardening 

which is another way of stating that the rate of recovery and the 

rate of hardening are constant. From experimental work Mclean was 

able to jsetify 

.7. A cr 4.5  D 	 1.17 

Although this model has the required stress dependence and 

can be shown to have a qualitative agreement with the observed effects 

of alloying additions35, an exact analysis has yet to be made. 

The network model includes the climb of edge dislocations 

and the migration of jogs along the dislocations. 	By combining 

the other possible recovery mechanism the non—conservative motion of 

jogs on screw dislocations, a more useful theory should be obtained. 

A theory along these lines has been suggested by Raybould and Sheppard45 

and they arrived at the equation 

A o 2exp 	 1.18 

Comparing this with equation 1.7 it was shown that 
Acoccexp TA H 	 1.19 

I113) 
and plotting this relationship gave a reasonable straight line. 

These dislocation theories give possible qualitative 

explanations of the experimental observations. However, their use 

as quantitative expressions is very limited. 

The equations require values for the dislocation parameters 

and these have not been made to any degree of accuracy, one reason 

being the loss of dislocations that occurs during specimen preparation 

for the transmission electron microscope. Of the dislocations that 

are seen it is difficult to deduce which ones are mobile and which 

are sessile. However, the agreement that is dbtained between theory 

and experiment enables the terms in equation 1.7 to be given a 

theoretical interpretation. By comparison with the general rate 

equation 1.9 it can be seen that A can be related to the structure 

factor 	S . 	The value of oc is related to the activation 

volume. The exact relation will depend- on whether high or low stress 

consideratioware being studied
65,86. 
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Structure factors, which include a frequency term, and 

activation volumes obtained from experimental data will depend on the 

methods used to determine the flow-stress, strain-rate and temperature. 

This is especially true in extrusion where mean values have to be used. 

The experimenta)/activation energy Q is obtained from 

	

-k (IA)cr  tH 	 1.20 

Taking the natural logarithm of 	 and and differentiating gives 

(  tn e  ) 	=Ali_ 	(  6 t n91) 	__Q[v 410.24 	1.21 
6 	a" 	k 	 k 	T 4+ a 

The experimental activation energy is close to that of the mechanism 

operating only when the micro-structure is independent of temperature 

at constant stress, i.e. When the terms of the right-hand side of I-ke 

equation are negligible. If the structure is temperature dependent 

these terms cannot be ignored, and the measured value of the activation 

energy will be higher than the activation energy of self -diffusion65-'109 

This can explain the values obtained for the hot-working of metals 

in group two. 

1.3.7. The Dependence of the Mechanical Properties on the Structure 

The constant value of the flow stress and the sub-grain size 

during steady-state hot-working suggests a relationship between them, 

as does the variation in sub-grain size and flow-stress with a change 

in strain-rate and temperature. Experimentally it has been found that 

ar 71 ore 16d-  rn 	1.22 

where 0'0 	is asuallOgsg-i-opcirs and 	has values in the range 

1 to 2. The value of k' increases with alloying content35. The 
different valtes for le and m obtained for the same alloy, can be 

attributed to the different methods used to measure the sub-grain size. 

The three methods available are; transmission electron microscopy, 

X-ray microbeam techniques, and optical microscopy. The-  first two 

give consistent values but the first is limited by the very small 

specimen area that can be examined, and the second by the inability to 

measure any variation in the grain-size. 	The accuracy of the optical 

techniques depends upon the method used to detect the substructure. 

In the case of aluminium and its alloys sub-grains are only visible 

in polarised light after anodizing. - The accuracy of this method is 

very limited because the observed sub-grains often consist of several 
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sub-grains of low misoriention. 	Jonas35  has suggested other 

relationships between a-  and d 

em a+ b tog (sinhkol) 	 1.23 

ar0 

 

p(sinh(cra))q 
and q are constants. 

1.24 
where a,b,p, 

 

These equations signify a relationship between the subgrain and Z. 

The fibrous structure obsermed in many hot-worked metals 

has higher longitudinal mechanical properties than a recrystallized 

structure in the same material. 	This 'cold-worked' structure 

is characterized by the presence of a well developed substructure. 

It has been shown that the room temperature probf stress can be related 

to d by 	16,52,14. 

o- +k elh PS ° 1 	 1.25 

This equation is very similar to the standard Hall-Petch 

relationship but the implication is that the strength depends on the 

subgrains and not on the grains themselves. 	Abson and Jonas111  
found that 

o-  ao+ k2d4 
	 1.26 

gave a better fit to-the data. The difference between this and the 
ratkeff 

previous equation may reflect expdrimental errors than a different 

relationship. 

The dependence of the subgrain size on 2 and of the 

proof-stress on the sub-grain size has the important consequence that 

the mechanical properties can be controlled by varying tie value of 

Z being used, a constant Z giving the same mechanical properties 

regardless of the strain-rate or temperature used. 

1.3.8. 	A Summary of Hot-Working.  

Hot-working is a very complex phenomenorinvolving thermally 

activated dislocation interaction and rearrangements. 	The theories 

that have been proposed give a qualitative agreement with the 

experimentalobservations but they are difficult to apply to a 

quantitative analysis. 	For practical purposes the empirical 

equations should be used but the methods of calculating the results 

usually involve extensive literation.-  This, combined with the low 

number of experimental results usually considered, and the approximations 
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that often have to be made in calculating values of the strain-rate, 

flow-stress and working temperature, will lead to errors in the 

calculated constants. 	Thid must always be remembered when comparing 

different sets of data. 	There is a need for a comprehensive analysis 

of -results obtained by the different testing methods available. This 

will involve a  very large nuaber of tests on the same material; slight 

variations in composition will effect the results. If creep tests are 

also carried out the applicability of the empirical equations to 

a wide range of strain rates may be verified. Correlation between 

creep tests and data from extrusion must be treated with some sceptism 

because of the assumptions made in the strain-rates and flow-stresses 

in extrusion section 

1.4. The Analysis of Extrusion. 

The pressure developed during extrusion has received 

considerable attention and many attempts have been made to predict it. 

Both empirical and theoretical approaches are used and have been 

reviewed1'3 112'113 It is doubtful whether an exact prediction 

of the extrusion pressure is required for press design, unless the 

cold extrusion of the stiffer metals is being contemplated, However, 

the analysis of extrusion experiments usually involves a knowledge of 

the mean flow-stress and an accurate value is needed if a meaningful 

and useful analysis of the results is to be made. 

1.4.1. The Theoretical Approach to Extrusion Pressures. 

Assuming homogenous deformation it can easily be shown that 

P Ytn(V) 	i.27 

However, the deformation in extrusion is far from 

homogenous, as can be seen from experimental flow patterns. Pearson
1 

has -compared this equation with experimental values and shown that the 

error iyiereasess the extrusion ratio increases and can be as much as 

At at reductions of 10:1. 	These ohserVations can be expressed as 

F':f3Ylog AO 	1.28 

where B is an efficiency'factor. 

In this form this equation has some practical use when 

predicting the load to extrude different metals under identical 

conditions115, although care must be taken when comparing metals of 

`-* 	sic time f-tetd 4e.y1  awes a clecTease 
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completely different charactistics. 

Using the slab method of analysis it can be si:4n that the 

total pressure, including a friction term may be expressed as 

YtogR+ ,Y4" 	 1.29 

which is similar in form to the equation 1.27. 

In view of the complex nature of the flow developed during 

extrusion it is preferable to have a theory that incorporates this flow. 

There are two approaches available; 

1. the slip line field solution dueto Hill2 

2. the upper bound technique due to Johnson amok 614-1s 

1.4.1.2. Slip-Line yield Techniques. 

This is a powerful method of solving complex plastic flow 

problems by establishing the mF7imum shear-line field, but it can only 

be applied to conditions of plaike-strain4a rigid perfectly plastic 

material2'3. 	Slip line field solutions have been developed for a 

variety of frictions conditions ranging from perfectly lubricated to 

perfectly tough and for a variety of die shapes. These include square, 

wedge-shaped, and concave dies116,118,122. The calculated pressures 

are usually given as graphs of pressure against reduction and Johnson119 

has shown that these theoretical curves can be approximated over a limited 

range of reduction ratios by 

2k :. A% Eft n R 	 1.30 

the constants A and B' being determined by the frictional boundary 

conditons. 

A problem in the application of these equations is the value 

of k , the shear yield stress, to be used. 	A rigid perfectly plastic 

material assumed in the original theory. has h constant value of k 

This is far from the truth in real materials except at high temperatures. 

Dodeja and Johnson120 suggested that a mean value, k , should be used 

when calculating extrusion pressures for work-hardening materials. The 

value of k is the mean value of k found from plane-strain compression 

testsAo a strain of A+ B( nR (by comparison with equation 1.27 the 

effective strain can be considered to be wilual to A+ B In R 113) 

lore recently the slip-line field solution has been extended to enable 

work hardening materials to be analysed, although the reduction of 50% 
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consideredhas a very limited application4' 15 	e criticism that 

can be made to most of the theoretical solutions. The slip-line field 

theory is mathematically correct but the computation of a solution can be 

very tedious. The method that has to be used has been summarised by 

Johnson and Kudo3, 
1. Construct the slip-line field or net which satisfies all 

the given boundary conditions in: the stresses, starting 

from certain boundary surfaces of the material and assumed 

rigid plastic boundary slip-lines. 

2. Obtain the veloctiy distribution by means of the slip-line 

field and from some of the given boundary conditions in the 

velocities and examine whether the remainder of the velocity 

boundary conditions are fulfilled. -- 

3. Inspect whether the rate of plastic work in the deformation 

region is everywhere positive. 

4. Ensure that the yield criterion in the assumed non-deforming 

region is not violated. 

If the boundary conditions are not satisfied then the slip-line 

• 
	 field must be redrawn. The process is therefore a very tedious and 

skilled one and in view of the limitations of plane-strain flow and a 

rigid perfectly plastic material it is doubtful whether the solution 

merits the work involved. Recognizing the difficulty in solving 

plastic flow probleqs,by this method, Johnson117 developed the 

upperbound method of analysis. 

1.4.1.3 Upper Bound Techniques. 

The upper bound solution gives loads in excess of those 

predicted by slip-line fields, which can themselves be considered as 

upper bounds3 -1 . Although the loads predicted by this method will be 

greater than those from the slip-line field solution, the difference 

between the two can be reduced to as small a value as desired by 

increasing the complexity of the solution. In view of the 

approximations of plane strain, mean yield stress, and frictional 

boundary opnditionsthat have to be made the upper bound solution is 

accurate enough in the majority of cases. 

This approach is simpler because it only considers velocity 

and boundary conditions and the incompressibility of the material. 
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By assuming the material to deform as blocks of rigid plastic material, 

which removes the necessity of considering shear in the material, the 

true mean rate of plastic working can be shown to be less than.the sum 

of the products of the tangential velocity discontinuity and the line 

element over which it acts. 

Using this approach Johnson117 has obtained solutions for 

extrusion through wedge and square dies for^both perfectly rough and 

smooth conditions. Kudo extended these solutions by introducing 

the concept of unit deforming regions and finding the most suitable 

velocity field within these regions. A triangular field gave very 

good agreement with slip-line field solutions126. It is difficult 

to bring different frictional conditions into the upper-bound solution 

but the solution for sticking friction will be an upper bound to other 

cases. The assumption of the material flowing as blocks of a rigid 

plastic material enables the solution to be easily minimized using 

a computer but the minimized solution need not be the best one, and 

the skill is in determining the form of the original velocity field. 

The steps that have to be taken in obtaining a solution have been 

given by Johnson and Kudo3 and can be compared with those given 

in section 1.4.12. 

1. Assume a velocity field for the body of the material, 

which is restricted only by the need to donform to the 

velocity boundary conditions and the law of constant 

density. 

2. CaltWate the rate of work due to the plastic deformation 

and due to slip of the material over the tool surface, 

using the assumed velocity field. 

• 3. Calculate the extrusion load from the rate of working. 

Steps 1 and 2 can be simplified by a knowledge of the experimental 

flow pattern and the assumption of rigid plastic blocks of material. 

The relative ease of the upper bound solution is readily 

apparent and can be favourably compared with the slip-line field 

method of solution. 

1.4.14 Axi-Symmetric Solutions. 

The amount of industrial plane-strain extrusion is very 

small and there is an obvious need for a simple axi-symmetric solution. 
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The difficulty of an exact axi-symmetric solution has been discussed 

by Bishop125. The equations governing plastic flow in plane strain 

are hyperbolic equations and can be handled by known mathematical 

techniques. In the case of axi-symmetric problems the governing 

equations are not hyperbolic and so cannot be solved so readily. 

It is possible though to derive an axi-symmetric using upper-bound 

techniques 

Here the idea of unit-4eforming regions is extended to unit 

deforming rings and cylinders, and to finding a velocity field to 

satisfy the velocity boundary conditions. The pressures predicted by 

this method are slightly higher than those from the plane-strain approach. 

This to be expected because of the more complex flow being considered. 

KW°
128 found a qualitative agreement with his experimental results 

but the extrusion ratios considered were low, less than 1):1. 	The 

velocity fields used by Kudo were very simple, Kobayashi assumed 

curved discontiniuty surfaces for the velocity fields and obtained better 

solutions, i.e. lower loads. 

Other axi-symmetric solutions have been given byAvitzur130, 

and by Hailing and Mitche11131,132 The latter authors using an 
optimized double triangle pattern of velocity discontinuities. This 

solution included the work done by circumferential straining and can be 

extended to incorporate the strain-hardening characteristics of the 

material. 

One interesting solution to the axi-symmetric problem has 

been given by Sheppard and Raybould13.  . 	Using the experimental 

observations of Thomsen
129 

that 

1. The material flew is simil-r for similar geometrical 

shapes in axi-symmetric and plane-strain extrusion. 

2. The velocity during axi-symmetric extrusion is the 

square of the velocity during plane-strain extrusion. 

They derived a simple upper boned  by first calculating a 

plane strain minimized solution. The areas of -the discontinuity 
surfaces were then obtained by revolving the plane-strain field around 

the centre axis, and the magnitudes of the velocity discontinuities 

by squaring these given by the plane-strain hodograph. The load is 

then found by summing the products of the areas an: 9 the velocities. 

Although this method probably violates many of the laws of plasticity, 

as does any upper-bound solution,it has the advantage of simplicity. 

$." 
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They also derived an upper-bound from an experimental flow pattern. 

The position of the velocity discontinuities was determined from sub-grain 

size measurements. 	This method relies on a large number of measurements 

and the position of the velocity discontinuities is somewhat arbitrary. 

This brief description of the analytical methods of solving 

extrusion problems shows how difficult the subject is. When considering 

the claims to the accuracy of any solution the assumption made must 

always be kept in mind. In every case the pressure given is that to 

pass the material through the deforming region. No account is taken of 

the pressure required to overcome friction between the surface of the 

billet and the container liner. Therefore it is difficult to predict 

the load at the start of the extrusion. By assu:ling shear to occur 

along the interface a term 7dDaki 	has to be added. 	The 

mathematical form of the expression obtained from these solutions for 

a given reduction is 

P = 2 kc 	 1.31 

The value of the k , the shear yield stress, is needed 
before any result can be obtained and it is difficult to decide on the 

value that must be used. Comparisons between theory and experiment 

can often be improved by selecting a suitable value of k • 
The main criticism that can be made is on the range of reductionsstudied. 

Most theories stop at reductions of 10 :1 or less. The bulk of 

practical extrusion is carried out at higher ratios, over 150:1 in the 

case of aluminium. 

In view of the difficulties involved in these mathematical 

models it is not surprising that the bulk of research has been in 

developing empirical expression to relate the yield stress in tension 

or compression to the pressure developed in extrusion. 

1.4.2. Empirical Approaches to Extrusion Pressure Determination.  

Johnson133 extruded lead and aluminium under conditions of 

plane-strain and compared the results with those predicted by slip-line 

field theory. He determined the value of k from true-stress 

logarithmic strain curves. The results obtained suggest that the 

theory is largely correcnd is a,considerable improvement on the 

earlier expressions derived from assumptions of homogenous deformation. 

He also discussed the failings of the theory, the most important one 

being the inability to allow for work hardening and the problem of 

effective lubrication. 
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Most theory is for plane extrusion and a useful piece of work 

by Purchase and Tupper 135  showed that the experimental pressures for 

the inverted extrusion of lead, through a square die, under plane-strain 

conditions compared very well with those found by Pearsonl  for 
axi -symmetric extrusions of similar reduction. Other experimental 

work has shown the applicability of the following equations120'134  

-e= 0 -8 +1.5 tnR 	 1.32 
for lubricated extrusion 

and 

- •- 0 6 + 1.8 (nR 

for unlubricated extrusion 4:1:-C.R-.16:1 

In this work it is pointed out that the plane-strain results 

are always less than those from axi -symmetric extrusion, although 

qualitatively the same, and so the constants in equation 1.30 which 

is of the same form as the two mentioned above should be determined for 

the axi -symmetric conditions, preferably by using a non-hardening 

material. The agreement that Purchase and Tupper135 found between 

plane-strain and axi -symmetric results shows the need for caution in 

these experiments. 	As Alexander 113  pointed out, theory and 

experimental results can be made to agree by choosing a suitable value 

of C7 , the mean flow stress. 

These equations by Johnson and his co-workers can only be 

applied to certain experimental conditions and only give the pressure 

needed to pass the material through the deformation zone adjacent to 

the die-face. 	The equation derived are limited in their application 

because they only consider very low reductions. In aluminium and 

copper alloy extrusion-ratios in excess of 100:1 can be used. 	The 

results should possibly apply to the extrusion of iron and nickel 

alloys but the difficulty of determing a value of the- flow-stress 

still remains. 

To allow for variation in die shape, or dead-metal zone angle, 

Wilcox and Whitton obtained an empirical formula 

-13-, (0-9 -1-6 cotw)+ ''5+ 0:13cotc4)(nR 	' 1.35.  

This applies to die angles 30°490°  

and extrusion ratios 

5:K.R4.150:1 
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This equation covers a far wider range of conditions than 

the previous ones and the authors claim an accuracy of 6%. Again 

the problem of determining the value of Y has to be overcome. 

Hirst and Ursell used an equation obtained by Johnson138 

for plate-strain extrusion and, by using a slab method of analysis to 

include the effect c-  friction, arrived at the equation 

( 0-47+1.20 (nR)exp 41A9  
Ds 	1.34 

This implies that 
- 0.4 7 + 1.20 triR - 

at the die face but this is not the case as the minimum load occurs a 

short distance in front of the die, followed by a rapid rise as the 

post-steady state is reached. 	The length Ls should then be 

less than the billet length 

A useful comparison of theoretical and empiiical results 

has been given by Thomso44 1391 	who show that the slab method of 

analysis gave reasonable agreement, the slip-line field theory was slightly 

low, and Johnson's equation, 1.32, was about 50K 	Ehe 

same value of the flow stress being used in RJackease 

Most theoretical and experimental work is concerned with 

either indirect extrusion or the minimum load at the end of direct 

extrusion, the two should be the same. What is of more importance 

to the press designer and operator is the maximum load developed at the 

start of the extrusion. 

A general relationship for the extrusion pressure 
113  is 

ID  =a+ blnR+cts 	 1.35 
This implies a straight line relationship between Pand Ls for billets 

of the same length and this has been verified by Ashcroft and Lawson140 

for extrusion ratios greater than 4. The constants a and b were 

temperature dependent. 

1.4.3. Pressure for Ntltihole and Complex Shape Extrusion. 

The bulk of experimental extrusions have been concerned with 

the plane strain or axi-symmetric extrusion of sheet or rod. In 

industrial practise the shapes produced are far more complex, ranging 

from simple multi-hole rod extrusion, to increase output, to the 

production of complex hollow sections using bride dies, porthole dies, 

and mandrels. 
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Theoretical application stumbles over the axi-symmetric extrusion of rod 

and fallsdown completely when shapes are being considered. 

The only theoretical work available is for plane-strain 

multihole extrusion by Dodeja and Johnson120, although Johnson has 

mentioned an upper bound solution to the problem117. Slip-line field 

solution were obtained for smooth and rough container wall conditions 

for both two and three hole conditions. The results could be written 

in the -form 

N  0.47 + 1.2 (nR + A R  P 	 1.36 
for a smooth. container 

and 	2 	 2R = 0.82+1.2 t 	A nR+ P 

for a rough container. 

These can be compared with the expressions for single sheet extrusion 

-2 - 0'47+1.2 tnR 2R 
--P--  - 0.82+1.2111R 2R - 

AP By plotting -2T against the eccentricity C 	it was 
AP found that Tk.. varied considerably with E and that a minimum 

occured. The position depended on the number of holes and frictional 

conditions • 	A 	was positive for all values of 	for smooth 2   
containers and negative for some values of* 6 for rough conditions. 

The predictions indicate that the extrusion pressure can be reduced 

by choosing the most suitable value of C but other factors, such as 

the non-uniform flow may be more important. 	Comparison with their 

experimental values Chows several interesting points; 

1. The coring point, where the familiar extrusion defect 

of a core starts to form occurred later for a larger 

number of holes. This follows from the size of the 

deformation zone being reduced in proportion to the 

absolute size of the hole. 
/IP 2. The value of A 	increases as the number of holes increases 

for any given reduction ratio and that the discrepency 

between the theoretical and experimental value increases 

as both the reduction and number of holes increases. 

1.37 

and 

1.38 

1.39 
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3. A qualitative agreement was obtained between the flow 
pattern and that predicted from the theory. 

It was expected that as the number of sheets increased the 

difference netween 12  for single hole extrusion amd that for 2R 
multi hole extrusion should decrease. The experimental observation 

led to a contrary conclusion and it was suggested that this was due to 

flashing. 

Some empirical work on 
, 	, donel 120,141, 	The genekal 

as the number of holes increases. 

with those from plane-strain 120  

the multi-hole extrusion of rod has been 

conclusion is that the load increases 

By comparing the axi-symmetric results . 

it has been shown that the plane-strain 

pressure is always the lower. The theory failed to give more than a 

qualitative correlation with plane-strain results and so only a very 

approximate solution can be obtained by predicting the axi -symmetric 

pressure from the plane-strain theory. 

The results also show that 	increases as the number of 

holes increases, and that three holes in a line produce lower values 

than a triangular or square distribution, the opposite is found in the 

larger reductions used in industry27. The arrangement of the holes 

has more importance when the degree of lubrication decreases and the 

reduction ratio increases. 

The effect of section shape on the load has not been studied 

in great depth, and has been briefly reviewed by Vater and Hei11 .42 Results 

that have shown that the shape has little effect on the pressure have 

probably been obtained on shapes of a very simple nature 143,144.  

Other worers have shown that the deformation resistance is very 

dependent on the section shape, increasing sharply with complexity. 

A problem in comparing results from different workers is in putting a 

numerical value to the shape's complexity. 	Vater used the 

peripheral ratio, the ratio of the periphery of the section to that 

of a circular section bf equivalent area, which can be as high as 16. 

The experimental results showed that the peripheral ratio c-a be used 

to obtain semi-quantitative results, there was no apparent effect due 

to the different shapes with the same peripheral ratio, but the 

experimental error was quite lar6e. 	They also found that the 

different land lengths used in different die shapes had no 

measurable effect on the load, more detailed experiments have shown 

the converse to be true148 
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1.4.4. Flow Patterns Developed During Extrusion.  

Extrusion involves forcing a metal throuth a small orifice, 

usually of a complex shape, and this naturally entails the metal flowing 

in a complex manner.• 

The mechanical properties, extrusion pressure and surface 

finish will all be related to this flow pattern, the more complex the 

flow the more inhomogenous the working. 	It is not surprising thereforer 

that many workers have studied this aspect of extrusion. There are 

several methods available:- 

1. Using model materials such as plasticine. 

2. Macro-etching a part extruded billet. 

3, Inscribing a grid on one half of a billet prior to 

extrusion. 

Pearson and Parkinsi classified the flow patterns into 

three kinds. 

A - Found in lubricated and inverted extrusion, where 

the billet uniergoes no deformation until it reaches 

the deformation zone. 

B - Similar to'type A except that no lubricant is used .5  

and shear occurs between the billet and the container 

surface. 

C - A more compleA. form found in many industrial extrusions, 

where a fairly thick rim of dead material extends 

down the sides of the stagnant zone, under the 

shoulder of the dia, to the back of the billet. 

The material at the back is gathered into the centre 

and eventually forms the back end defect. 

In aluminium extrusion the shape of the shear region between 

the deforming billet and the dead metal region has been described as 

approximately elliptical by Smith
18 although a semi-circular 

approximation can be made as well. Chadwick
28, in his review paper, 

has shown how the flow pattern developed can be very different in 

lubricated and unlubricated extrusion and how this can have a profound 

influence on the surface finish of the product. 	In lubricated 

extrusion the surface of the billet forms the surface of the extrude. 

In the unlubricated case the surface is formed by shecring of the 

metal at the die. 
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Flow in multi-hole extrusion has also been studied, both in 

plasticine 31, and metals120,149.  The flow, that occurs is asymmetrical 

and depends on the distribution of tha holes. This can have important 

consequences on subsequent heat treatment. Vater142 has also 

published some flow patterns for more complex shapes. 	The nature of 

the flow pattern in multi-hole extrusion was clearly shown by Dodeja 

and Johnson120. By extruding two billets, one behind the other, and 

then separating them, the complex shape of the zone in the billet 

could be seen. 

One method of considerable importance, it represents a major 

advance in experimental techniques, is the visioplastic technique 

developed by Thomson and his co-workers139. 	Here a split-billet, 

with a grid inscribed on one half, is extruded in incremental steps 

and, by removing the billet at the end of each step, the instantaneous 

ve'ocity of a material particle can be found. By applyitgi basic 

plasticity theory the stress and strain variation in the material can 

be studied. 

More recently Hinesley and Conrad have studied the dependence 

of the flow pattern oh temperature and ram speed of an aluminium 

alloy using a visioplastic technique. The applicability is limited 

by the low extrusion ratio of 6:1 used and by the die angle of 600. 

They found two types of the flow occured. One with a single maximum 

( a peak in the curvature of the transverse grid lines) and one with 

a double maximum. They point out that this was -predicted by 

Zimmerman anI Autzur152 for certain conditions of die angle and 

reduction ratio. Analysis of the results showed that this change in 

pattern occurred at a certain value of the temperature compensated 

strain rate Z. 

The flow pattern is therefore a very important variable in 

extrusion but there is no way of predicting it from theory, apart from 

the slip-line field and upper bound approaches. 	These can only give 

approximate patterns in a limited number of cases. More work is needed 

on the pattern developed in the extrusion of complex shapes although 

this will involve considerable experimental work. 
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1.4.5. The Effect of Ram Speed on Extrusion Pressure. 

The theoretical analysis of extrusion, both uppa4bound and 

slip-line field, makes no provision for the effects of variations in 

tam speed, other than in the value used for the mean yield stress. 

The operating speed of a press is very important from the production 

viewpoint but it has had little attention given to it. 	Pearson 

ani Parkin give the equation 

V .7. b PQ 	 1.40 

where a and b are constants depending on the temperature and the 

material. 	The index a can be consi_ered approxiamtely constant and 

its value is such that over the, industrial range of speeds the variations 

caused by changes in speed are very slight. These slight changes in 

pressure were verified by Ashcroft and Lawson140 for speeds of 

15 to 75cm/min. They did notice that below 15 cm/min the pressure 

varied considerably. At 20°C a decrease in the speed caused an 

increase in the maximum pressure, but at 300°C a similar decrease in 

the speed caused a decrease in the pressure. No reasons for this were 

put forward. 

1.4.6 The Influence of Temperature on the Extrusion Pressure. 

The resistance to deformation of metals decreases as the 

temperature increases and this is reflected in the extrusion pressure. 

The higher the temperature the lower the pressure required. The exact 

relationship netween the two is not clear. Ashcroft and Lawson140 

found a linear relationship between the maximum pressure and the 

temperature of working for the extrusion of aluminium and an 

Al-Zn-Mg-Cu alloy. Hughes found a similar relationship for steels. 

However Pearson quotes tl-e equation 

Ae'T 	1.41 

where 	depends on the material and for an A1-55"Cu alloy X=0.0064 

These two different relationships can be explained by 

considering the range of temperatures examined. 	Over a range of about 

200°C for aluminium and its alloys equation 1.41 can be approximated by 

a straight line, some of Ashcroft's results could be fitted to a curve 

as well as a straight line. 



43 

1.4.7. The Temperature Rise During Extrusion. 

The two previous sections have shown how the pressure in 

extrusion can be related to the speed and temperature. It is a common 

observation that metals heat up during deformation and it has been 

estimated that up to 95% of the work done reappears as heat, the rest 
being stored in the deformed structure152. This temperature rise 

will have a marked effect on the deformation Of a metal, but it is often 

ignordd because of the difficulty in measuring it, or providing a 

theoretical estimate of it. 	In extrusion the magnitude of this 

temperature rise is complicated by the heat losses that occur to the 

tooling; the container, die, and ram are usually cooler than the billet. 

The most exact theoretical treatment available is that by 

Bishop
6
, who calculated the temperature rise due to the work done at 

the velocity discontinuities in a slip-line field solution. 	His 

solution also allowed for conduction within the material. 	Bishop 

admits that the process involves a considerable amount of labour112' 

and no one else has attempted to apply a similar solution to a 

different set of eondition3. An obvious simplification is to 	• 

substitute an upper-bound solution for the slip-line field. 	This 

has been done by Tanner and Johnson153 who showed that back conduction 

can be ignored when the speeds normal to the velocity discontinuities 

exceed 5cm/sec. This approach has been extended by Johnson and Kudo154  

to ax;-symmetric solutions. 

No theory can be justified unless it is tested by experiment 

and some work has attempted to measure the temperature rise in extrusion. 

Work at the National Engineering Laboratory
155,156 

measured the 

temperature rise by inserting thermo-couples into the billet prior to 

extrusion. Reasonable results were obtained although the relative 

size of the billets and the thermo-couples would have altered the metal 

flow. Their work suggested that the method of extrusion, direct or 

indirect, and the u=e of a lubricant had little effect on the 

temperature rise AT 	but the magnitude of AT was very dependent 

on the ram speed. 	The size of the billets used was very small, 

2.54cm by 2.54cm diameter, and it is doubtful if the results can be 

meaningfully applied to the industrial scale. Singer and Cookham 

measured the temperature rise in the extrusion of aluminium, lead, and 

tin, by means of a two-prong thereto-couple situated just below the die. 
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This was the first attempt to measure the temperature of the emergent 

extrude. Their work was later extEended to include a simple theory to 

explain the results. 

The results show a linear relationship netween the log of the 

ram speed and the temperature rise. By varying the speed during extrusion 

the possibility of controlling the temperature of the emergent extrude,  

was shown11. This could have an industrial application when working 

close to the melting point of some alloys. 

The theory that they proposed considered all the deformation 

to take place in the plane of the die. 	They then calculated the 

temperature distribution in the billet, assuming axial heat conduction from 

the deformation zone and a billet of infinite length. By assuming 

perfect contact between the billet and the container, a reasonable assumption 

when the pressures involved are considered, an approximation of the 

heat lossesto the tooling was made. 	Whilst this theory predicts a 

linear relationshipTbetweenZT and log V, except at high and low 

speeds where adiabatic and isothermal condition respectively are 

operating, there was only qualitative agreement with the experimental 

results for aluminium. 

Akeret12 obtained a reasonable agreement with experimental 

results by dividing the billet into cells and calculating the heat flow 

from cell to cell. He also allowed for the temperature gradient between 

the billet and the container. Altai and Kobayash157, used a more 

rigorous approach which entailed analysing the flow by the visioplastie 

method and then calculating the temperature rise. The results obtained 

were experimentally verified by extruding thermocouples in the billet. 

The low extrusion ratios used, 2 and 4, enabled this to be carried out 
relatively easily. Their work did indicate that the billet surface 

temperature was equal to the die surface temperature. 

Ideally the temperature variation in the deformation zone 

needs to be known. The nearest that anyone has come to achieving 

this, for practical extrusion ratios, is to insert thermocouples into 

the dead metal zone of the billet. Using this technique Sheppard and 

Raybould13 successfully measured the temperature rise under a variety 

of conditions and compared the results with theoretical productions 

based on an upper bound solution, similar to that used by Tanner and 

Johnson153, and on an intlral profile solution. 	The integral profile 

method gave gocid agreement with the experimental results, although 
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slightly lower, and the accuracy improved ag' he ram speed decreased. 

Their results showed a.very brief period of constant temperature followed 

by a rapid rise to a region where the temperature rises more slowly. 

The faster the ram speed the higher the temperature rise, as adiabatic 

conditions are reached. At a speed of 63.5mm/sec the temperature rise 

was over 200°C. 	An'important result of their work was the role 

played by phase changes on AT . Some heat is required to 

redissolve a precipitate and this lowers the observed temperature rise. 

The experimental results were only obtained for two extrusion ratios, 

30:1 and 50:1, and need to be extended before the theory can be verified. 

A problem at higher extrusion ratios will be in successfully insettigg 

thermocouples into the dead metal zone. 

Ftom an industrial viewpoint, the methods of temperature 

measurement outlined above are not practical. A two-prong 

thermo-couple will mar the surface finish and the dead metal zone 

technique is far too difficult to be used. 	It is possible to place 

a thermocouple in the die although this will only give an indication 

of the temperature, and cannot predict any sudden zhange. 

To date the only really practical method of temperature 

measurement is by a pyrometer situated just below the die. For very 

high temperature extrusion the only problem is in the coating of 

lubricant, if any, om the extrudds surface. In aluminium extrusion 

the problems that have to be overcome have been discussed by Woolvet 
tigOil- 

and by Reynolds. 	Experimental results that they obtained show that 

accurate readings with a pyrometer are possible, providing a constant 

surface finish is maintained, and this is very difficult to achieve. 

A problem that is rarely mentioned in-experimental reports 

is the gradual accumulation of heat in the container throughout a 

long production run. This is a problem that merits more attention, 

it should not be too difficult to measure the temperature in a 

container. Some investigations into this problem have been carried 

out, using hydro-analogue techniques 

1.4.8. 	Strain Rates in Extrusion. 

The section on hot-working shows that the flow- stress of 

a metal depends on the temperature and the &rain-rates, and that tests 

are usually carried out at a constant true strain-rate with the 

temperature rise being ignored or adiabatic condition assumed. 
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The previous section shows that the temperature rise can be predicted 

with a reasonable degree of accuracy, but that the magnitude of the 

temperature rise can be considerable. The strain-rate in extrusion is 

even more difficult to predict. 

The mean strain rate will be a function of the total strain 

and the ram speed i.e. 

EL- f (1nRiV) 
	 1.42 

or 
	E. f ((a+ b tnR4V) 	 1.43 

depending on the definition of strain used. The function will reflect 

the variation in deformation that occurs. 

The first method of obtaining a  numberical value for 

Was suggested by Feltham who assumed that the deformation occurred . 

within a core of semi-angle 45°  and that the total strain occurring 

in this volume is 1nR. 	The time taken to effect this strain can 

be found by dividing the volume of the core by the volume extruded per 

unit time. 	This gives 

6VtnR 
DB 
	 1.44 

Alexander 113  pointed out that the work done per unit volume is given 

by V(a+bInR) 	and so the mean effective strain-rate should be 

_ 6 V(a4 b)tnR  
De 	 1.45 

Wilcox and Whitton 136  pointed out that the core of deformation does 

not usually contain an angle of 45°  and so equation 1.44 should be 

multiplied by tan , where c 	is the effective angle formed by the 

deadmetal zone or conical die surface. 	Even this is an 

approximation as the cone of deformation rarely has straight sides. 

Jonas and Chandra 162-164  examined the strain-rate developed 

more closely. For homogenous deformation the strain-rate at any point 

is given by 
4VD e?tanG, 	 1.46 

D3  

with reference to fig. 1.2. 
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Fig.1.2 	The variation in the strain rate in the 
deformation zone. 
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For a die of 100:1 reduction and a semi-angle of 450  this 
gives a variation in the strain rate; of three orders of magnitude in 

the deformation core. They also gave three possible mean strain-rates 

tnR 	r  
InR Jo 	Cd 

1 fXf-(t 
Xf 	dx 

ftf cet = tf _L 	Edf 

depending on whether the mean is taken with respect to strain, axial 

distance, or time, within the deformation zone. 

Usually 	> Ex> et , but in the case of a constant 
62 	-7.- -A strain-rate die 1 	= Ex't.t 	, this only holds for 

homogenous deformation. 

The equation derived by Feltham gives et and it was 

concluded that this should only be applied to small reduction;, 'By 

considering the extrusion of a rate sensitive material, where 

0 	 cr = k 
	 1.50 

the/proved tir.t the extrusion pressure is proportional to the mean 

power strain-rate 	and and so the mean strain-rate that should be used 

is 	 efitiP 	( C c )m 	 1.51 

This gives a mean strain-rate of 

= 4 V D2tanco bmink [tr.:I-Ai-is  391 ki 	1.52 

Comparison with th-,t derived by Wilcox and Whitton gave a 

difference of 24% at a reduction ratio of 4 and nearly 1000% at 169. 
Equation 1.52 was verified by the homogenous indirect extrusion of ice. 

 A more recent approach by Farag and Sellars 17  has developed 

this approach to materials that obey equation 1.7 

Z = expRiz A expfkr 
This approach gives a mean value of Z for extrusion 

Z = 4Dbtanco eXpa(1.1) 

	

(DB  x DE)3 	2R To If 
	 1.53 

where To  and Ti are the initial billet temperature and the 

• emergent extrude temperature respectively 

1.47 

1.48 

1.49 
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Equation 1.53 can be used to give the pressure for homogenous 

extrusion Ph 

Ph - - 	- -1--((nagnR p A p A 1.54 

By using a factor to allow for redundant work these expressions were 

used to calculate the pressures for the extrusion of aluminium through 

dies of reduction ratios 4.75-36 over a wide ranee of temperatures 

and strain-rates. The constants in equation 1.7 were obtained from 

hot torsion tests. The results obtained were surprisingly good. 

It can be concluded that at the present tfmel.there is no 

satisfactory method of obtaining a mean-strain rate that can be 

successfully -applied to data derived from other testing techniques to 

predict extrusion pressure. The visioplasticity.technique can give 

the true strain rate distribition in axi -symmetric extrusion but this 

method is difficult to apply to shapes. Any strain rate value must be 

applicable to both simple rod and complex shape extrusion and the only 

relatively simple measurement that can be made for all shapes is that 

of the 	'1 ... volume of the cone of deformation. This will have a 

direct dependence on the,shape of the extrude. 	Therefore the 
original approach by Felthaml61  appears to be the one that should be used. 

It remains to be seen if this approach can be successfully applied to 

shape extrusion. No matter what value of the strain-rate is used no 

direct comparison can be made with those obtained in other processes, 

but it should be possible to compare results from different extrusion 

experiments. It would be useful if the method used was . always 

quoted when reporting any results. 

1.4.9 The Peak Loads Developed in Extrusion. 

For direct extrusion the pressure displacement diagram is of 

the form shown in fig% 3. It can be divided into three regions. 

1. The billet is upset and the load rapidly rises to a 

peak value. 

2. The load falls from the peak value and steadynstate 

extrusion starts. A gradual fall in pressure is usually 

seen in this region and this can be attributed to the 

decreasing billet length and the change in flow stress 

due to the temperature rise. 



0 -J 

Disp(acement 

Fig.1.3. Schematic toad displacement curve for 
extrusion. 
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3. A minimum value of the pressure is reached followed 
by a rapid rise. This is associated with a post steady 

state and the onset of coring. 

The factor that controls the possibility of extruding or not 

is the maximum load. If this is above the press capacity then extrusion 

is impossible. 

The occurrence of a peak, which is not alwgys seen has been 

recognized many timesi'3'130, but there is no agreement on its cause. 

Johnson and Kudo3- suggest that it may be due to a decrease in the 

friction coefficient following the initiation of metal flow, i.e. a 

change from sticking to sliding friction. Wilcox and Whitton156 

associate the peak with the formation of a dead metal zone. According 

toAvitzur150 the possible causes are :- 

1. The formation of a dead metal zone. 

2. The difference between static and dynamic friction, or 

shear by hydrodynamic lubrication. 

3. Inertia. 

observed the occurrence apeak above a Ashcroft and Lawson140 

certain temperature in an Al-Zn-Ng- 	alloy, and load displacement 

curves published by Farag and 411ars17 for aluminium extrusion show 

that peaks occurred with die semi-angles less than 90°, ab reduction 

ratios greater than 36:1. In steel extrusion the peak loads have 

been attributed to the cooling of the billet at the die165 

Substantial peaks have also been seen in indirect extrusion166 and 

are a well known feature of torsion ani compression tests35,75,167 

The general conclusions appear to be 

1. The peak height is affected by the specimen size in 

torsion. 

2. The ratio of the peak torque to the steady state torque 

decreases as the temperature increases. 

3. The strain to the peak is reduced as the temperature 

increases. 

4. Peaks are seen at high stresses. 

Although peak loads have been noticed by many workers, no 

measurements of the magnitude of the peak appears to holoebeen made. 

The peak heights can be very high, up to 15% 6f the total load in 

aluminium alloy extrusion, and up to 40% in the extrusion of 
168 

phosphor bronze powders 
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Structural changes occurring at the start of deformation 

have only been briefly studied35,36,72. 

The flow stress first increases as the dislocation densityoloyetnes 

and a sub-structure begins to form, and has achieved a steady state by 

strain of 0.2 to 0.3 at strain rates of0.05-1.0sec-1 The height and the 

width of the peak, and the strain at the peak, increases as the strain 

rate increases, or the temperature decreases, and the magnitude of the 

peak depends on the metal being studied. 	Nickel has a large peak, 

copper a smaller on, and conworcial purity aluminium a ver: small one. 
By quenching the speciment at the peak torque72 the different structure 

in these metals have been studied. 	Aluminium had a continuous 

substructure from the surface to the centre, the definition improving 

near the surface. 	Rossard and Blain36 noticed a similar structure 

in the torsion of an Fe-25% Cr alloy. Copper showed deformed original 

grains with a general banded structure and small recrystallized grains. 

Nickel had an intermediate structure. 	Prom these results Hardwick 

concluded that the peak in torsion can be associated with the operation 

of a restoration process in hot working, and that its magnitude is an 

indication of the ease with which this can occur. In the case of 

aluminium, dynamic recovery leads to a small peak. 

The peak load phenomena has not been adequately explained, 

its dependence on the size of the specimens in torsion indicates that 

inertia might be important, but this does not explain the absence of a 
peak under certain conditions. It can be argued that the presence of 

a peak is of little industrial importance, especially in the aluminium 

industry, where the surface finish is the important factor and presses 

usually operate well within their opacities. Tlis argument does not 

consider the possibility, if the peak can be eliminated, of being able to 

improve production by using longer billets, or to use larger reduction 

ratios leading to better mechanical properties in the as extruded rod. 

In the cold extrusion industry where presses operate very close to 

their full capacity the peak can be of major importance. The loads 

predicted by the various theories all give the minimum loadlor at best 

the load at the beginning of the steady state region, which is not 

the peak load. The actual qoad at the start of extrusion can be 
much higher. Apart from the urlr.fulness of being able to predict the 

peak load its presence is a phenomena that should be explained. 
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1.4.10 Measurement of the Flow  Stress in Extrusion. 
From the experimental point of view it is necessary to have 

a value for the flow stress in extrusion. There are two methods that 

have been used. The first-'
A 
 assumes that the total extrusion 

pressure Pt consists of three independent parts 

Pt. Ph+ Pf Pr 

where 

Ph is given by 

Ph = the pressure for homogenous deformation. 

Pr  = the pressure expended in redundent work • 

the pressure to overcome friction, 

Pt 	including die land 	friction. 

Ph=fod€ 	 1.55 

the coefficient of friction was found from the rate of change of the 

pressure with the billet length during extrusion. 

u  - _Da sLE 
P d x 1.56 

where x is the axial distance along the container. 

This gives 

Pf  = Po(exp(hp t/D)H) 	 1.57 

where t is the length up to the coring point 

and Po is the pressure at the coring point. 

The pressure for redundent deformation 	was estimated from 

Pr 	F15- Ph  
EF 

An estimate of 	was made from a study of the literature and the 

flow stress was obtained from 

- 	Pt  
+E.1 +Er 

Cr CT CT 

This method gives a mean value of a flow stress but it is not possible 

to judge how this rel_tes to the true_mean flow stress if thereisone. 

It is unlikely that Ph and pr  can be treated as separate functions, 
as the very presence of redundent deformation prevents homogenous 

deformation. 

1.58 

1.59 
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The second method involves using a slip line field or upper 

bound approach15'17. The flow stress calculated will depend on the 

solution used. As the upper bound solution gives an over estimate 

of the load then any value of the flow stress calculated will be an 
-limier estimate of the true value. It is not possible to measure the 

error this will cause, but the more refined the upper bound the more 

accurate will be the flow stress. This second method is more 

acceptable thatithe first as it considers the variation in the flow that 

occurs in the deformation zone. 

1.4.11. Defects in Extrusion. 

A major problem in the aluminium industry is the control of the 

surface finish of the product. This is of importance in its own right 

and if subsequent heat-treatment or anodizing processes are to be 

carried out. The usual defects24'25  have been mentioned in section 1:2 

but there has been very little work of a qua 'Live nature published 

on this subject. 	Ashcroft and Lawson.140 mention the occurrence 

of hot shortness of an Al -Zn-Cu-Mg alloy above 480°C and how it can 

appear midway through an extrusion as the temperature rises. It is 

generally believed that this defect is a result of incipient melting, 

causing the extrude to break up. This defect has been mentioned by 

Johnson and Kudo3 and by PearrIon and Parkin1. Pnother problem 

occurs from the tendency of aluminium to stick to the die surface and 

this accumulation gives heavy scoring on the surface of the product. 

The only extensive work available on the subject is by 

Williams
169 who examined several defects and arrived at the following 

conclusions:- 

1. The pick up defect is characterized by drag marks on 

the surface of the extruded section and appears above 

a surface temperature of 525°C in an Al -rg-si alloy. 

The metal tends to cling to the exit of the die but not 

to the entrance. The coating that collects on the die 

can be cleared by stopping and starting the press, 

leaving a stop mark on the surface. A possible explanation 

of this is deflection under the applied load, returning 

to its original position when the load is removed. The 

use of a die with a conical lead in prevents the 

occurrence of this defect. 
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2. Hot shortness occurs above a critical value of the 

exit temperature, measured by a contact thermocouple. 

The accumulation of heat in the tooling during a series 

of runs has a strong effect because this reduces the heat 

losses occuring during extrusion. 

More controlled experiments are needed in this field of study, 

bringing in the more recent theories of hot-working and temperature rise, 

and the results obtained should be made available. It would be 

interesting to compare the occurrence of hot shortness obtained in 

different testing techniques. 

1.4.12. Limit Diagrams. 

The complex interaction of structure strain rate, and 

temperature occurring during hot working, and the nature of extrusion 

theory, makes it very difficult to predict the limiting conditions 

of the process. This problem was recognized by Hirst and Ursell32 

who developed a graphical method of representing all the factors, 

fg.1.4 • 	The maximum value of R that can be extruded with a given 

press capacity increases as the temperature increases. By using the 

equation 

and values of the flow stress from compression at an arbitrary strain 

rate of 30sec -1 	a line of log R versus temperature was drawn. 

Above a certain temperature the metal will melt and a limiting line 

can be drawn corresponding to the melting point. To allow for 

temperature rise Hirst and Ursell assumed adiabatic'conditions and 

calculated the mazimum value of R for this case. It should be 

possible to determine diagram from experimental results and by 

extensive iteration Ashcroft and Lawson gave a diagram for an 

Al-Zn-Hg-Cu alloy140. 

The work involved in obtaining a diagram from experimental 

results makes it desirable to have a theoretical method for their 

construction. Meadows and Cutler33 improved the original method 

used by Hirst and Ursell. The limiting pressure line was calculated 

from the same expression for the load, obtaining the yield stress 

from cam-pla :tometry work, but used the equation derived by Singer and 
11 Al-Sammarrai 	to predict the temperature rise. 

P = 7 (0.47+ 1.2 (nR)exp 	" De 

• 
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The diagrams in these forms are limited in their application. The 

method of obtaining the flow-stress is somewhat arbitrary and Singer's 

equation for the temperature rise has been shown to be in error13. 

A more 'useful, form of the diagrams was developed by Raybould 

and Sheppard34 who drew the diagrams for a constant pressure . 

Instead of plotting ram-speed curves, constant strain rate curves were 

plotted. The flow stresses used in the derivation were obtained from 

hot working theory, and the maximum value of R the reduction ratio found 

from a minimized upper bound solution. 

The temperature rise was predictued from a derived equation 

that has been proved to be more accurate than-Singer's13. 	By drawing 

lines of constant strain rate the form 'of the diagram fig. 1.5, was 

noticeably differentl4mthe earlier ones, with a crest occurring. 

This indicates the possibility of extruding at much higher reduction 

ratios, by selecting optimum values of temperature' and strain rate. 

The difficulty in con,rolling these limits will lower the maximum value 

of R possible. 

There was no experimental confirmation of the upper parts of 

the diagrams. Experimental results demonstrated that recrystallization 

occurred below a critical value of Z , depending on the material 

and the rate of cooling16. 	This value of Z was found from a plot of 

log sinh(ocol versus d-1 
	

The critical value being the intercept 

• The value of Z obtained was somewhat arbitrary 

because the experimental points showed considerable scatter and the 

connecting line was assumed to be a curve at low values of d1 	. 
:accepting this idea of a critical value of Z, a value of the 

recrystallization temperature at a given strain rate can be calculated. 

Thus a line may be constructed to show the limiting value for a 

recrystallized structure. A similar dependence of the subgrain size 

on Z enables lines to be constructed to give the- limits for a desired 

subgrain.size, the mechanical properties of the extrude being related to 

the subgrain size, section 1.37. 	Obviously the position of these 

structure lines needs experimental confirmation but they should be 

applicable to industrial conditions. 

The diagrams can be plotted with the temperature axis being 

either the calculated working temperature, or the initial billet 

temperature. The first gives the true temperature limits but the 

second is the one to be used as the operator controls the initial billet 

temperature. 

^ when d- 1 u 
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In the latter case the temperature rise will depend on the billet 

dimensions and this should be mentioned on the diagrams, as should the 

equation used to calculate the strain rate. With a knowledge of 

hot working theory it should be possible to predict these diagrams from 

simple torsion or compression tests, although no allowance can be made 

for the interaction between the material and the tooling. Any diagram 

so constructed must be verified experimentally. 

1.5. Summary. 

The reauirements for a theory of extrusion were summarized 

by Alexander 113  in 1962 as 
1. To predict the forces 

2. To predict the behaviour of the material. 

This excellent summary still holds today as no adequate 

theory hawyet been found. Hot working theory gives empirical equations 

that can be used to relate the variables of strain-rate and temperature 

for a given material, the theoretical, equations can only give a 

qualitative treatment. However, the use of these equations in 

extrusion is limited by the difficulties in obtaining a value for the 

mean strain rate and for the temperature of working. Plasticity theory 

enables the loads developed to be predicted but the values obtained all 

require a value for the' mean flow stress, which can only be approximated 

by results from other testing methods. The concept of a specific 

pressure to extrude a metal is incorrect. The pressure will be a complex 

function of the deformation and the hot working parameters. 

The temperature rise can be measured experimentally and 

predicted by theory but there is still no method of accurately measuring 

the temperature of the emergent extrude.. Mat the theory can do is to 

correlate data obtained from controlled extrusion experiments and 

these results can be applied with care, to large scale industrial practise. 

Ther are still many problens to be studied and these can be solved 

by planned research, preferably on a semi-industrial scale press. The 

relation between small scale experimental work and large scale 

industrial practise has not been tested. 
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CHAPTER TWO  

THEORY 

2.1 Derivation of Stress Strain Curves from Torsion Tests. 

With reference to figure 2.1 	which shows the forces 

acting on a bar deformed in torsion, the bar is subjected to a 

twisting moment at the end, and this is balanced by a resisting 

moment, caused by shear stresses in its cross-section. At the 

centre the shear stress is zero and increases to a maximum at the 

outer surface. 

The shear strain is given by 

\I _ 
6 ' L 
	

2.1 

Equating the twisting moment to the resisting moment 

M, foar2d A = 
	 2.2. 

where J is the polar moment of inertia. 

In the elastic region the shear stress varies linearly 

across the cross-section. This is not the case w1en large plastic 

strains are being considered. However, it is still possible to derive a 

shear stress - shear strain diagram from the experimental torque-twist 
170 

curve by using the approach developed by Eadai, and given in Dieter. 

Thus we may write 

---1--N (O'dt1/44T+ 314) 27a-,  d 
2.3. 

This can be rewritten in the form 

2:11'7193(BC 4 3CD) 

where BC and CD are shown in figure 	2.1. 

In_hot working experiments the value of BC is small, a steady state 

usually being reached. 	Therefore 

27taJ 	2.4 
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Angle of twist per unit length e' 

Fig. 21 The torsion of a solid bar. 
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By using von Mises yield criterion, the shear stress may be 

replaced by the equivalent stress in tension. 

471 2.5 

The strain is then given 

E JL 
	

2.6 

and the strain rate by 

(: 	 2.7 

where wis the angular speed of the test specimen. 

Equation 2.7 may be rewritten as 

2.a 

The experimental results were in the form of torque-time 

curves. The torque was measured at known time intervals and the true 

stress-true strain curves calculated by means of the computer program 

given in appendix r.. No allowance was made for the temperature rise, 

because of the difficulty in calculating the heat losses from the 

specimen to the tooling and the atmosphere. Except for the highest 

strain rate used, 5.89 sec-1, it is doubtful whether adiabatic conditions 
can be assumed. 

2.2 Upper Bound Solutions for the 3xtrusion Pressure.  

2or reasons of simplicity the theoretical extrusion pressure 

was calculated by an upper bound approach, rather than the more complex 

slip-line field method. 

2.2.1. Plane Strain Single Hole Extrusion. 

From Johnson, the true mean rate of plastic working, which is 

the extrusion load, is less than 

k(f d V +fvdsl 	 2.9 
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4  

where k is the shear yield stress in plane strain 

)( 	is the maximum shear strain rate in an element of volume dV. 

vds is the product of the absolute value of any tangential velocity 

discontinuity and the line element over which it prevails. . 

By assuming the deforming material to consist of blocks of rigid 

plastic material the strain,rate y is zero. If straight line 

discontiniuities are also assumed, the load is simply found by summing 

the products of the lengths of the discontinuities and the absolute 

values of the tangential velocity discontinuities. 

In figure a 2 the defor-ation zone is divided into two rigid 

triangles. Frpm the assumed positions of the line discontinuities the 

hodograph in figure 2.2 can be drawn. To calculate the load the lengths 

of the velocity discontinuities and the corresponding line discontinuities 

are needed. 	By simple geometry 

AO = 

OC = 

BO = X 

RE 
sin y 

Q2 2 AB 	(g-F17-0+ X -2C1XcOtw) 

BC 	 coty )  

The triangles in the hodograph are similar to those in the 

assumed discontinuity pattern. The relative velocities are then given by 

13 	 a  
– x since 

54 – • x stny 

--x"-- i 
	+ 	2axcotc..))Y2  

24 	

" wird  
p 2 = 	 c-t ( s'i sr—,1–f +x,-- 2 RE xcoty) 

34 = 1 +--Q.„(cotc.,+cot 
ENE A 

a 
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Fig. Z22 Velocity field and hodograph for plane-strain 
single hole extrusion. 
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The load over half the billet is then given by 

L 	= k(A015+OC4S+BO31.+AB2 +BC71) 

.=. k( 2 x+alx+20--4.2ac r-' 3acoto-3acot y ) 
Re xsirfuxsey 

= kC 

where C is a constant depending on the extrusion ratio being considered. 

Before equation 	2.10 	can be used, the values of 

0, y , and x, that give the minimum load have to be found. 
If a (j and y are assumed to be independent of x 

d load k (2. 2a 	2a2  2aRE  ) 
d x 	Re x2s0126) x2sin2y 

This expression will equal zero at the minimum value of the load. 

Equating to zero and rearranging gives 

x 2 = _a2  	aRa  
(1+-q-)sin20 	(÷)sin2y 

RE 
2. 11 

The values of C„.2 and t) can be found in a similar manner 

Portz 

For y 

-4a2cosc..) + 3a  
xsin3ca 	° 

:. cot c., = .3-g- 

-4a2REcosy + 3a 	0 
xsin 3 y 	slay 

:. cot y = 
43RE 

2.12 

2.13 

Expressions 2. 11 - 2. 13 were derived on the supposition that 

x,o, and t  are independent of each other. 	This is obviously not the 

case and an interative technique has to be used. A value of x is 

selected and the angles to and y calculated. Using these angles 

a new value for x is calculated. 	This process is repeated until 

consistent values of the variables are realized. The computer 

program in appendix I.was used to calculate these values. 

Equation 2.10 	only gives the load on half of the billet. The total 

load is 

2.10 

L = 2Ck 	 2.14 
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and the pressure 
p r.  2Ck Ck 

2Rs Re 	 2. 15 

Van Nines yield criterion enables the shear yield strews 

k to be replaced by 	0. , the uniaxial yield stress. The results 
from this simple minimuzed solution are given in figure 2.3 , and 

Can be compared with previous results. 

2.2.2. A Plane Strain Solution for Two Hole Extrusion . 

A similar pattern of velocity discontinuities to that used 

for single hole extrusion can be applied, figure 2.4  . 	The calculation 

is simplified by assuming x and x' to be equal, which implies the 

equality of y  and y' . 	The location of the holes may be defined by 

the eccentricity 

E a .-14?-6". 	 2. 16 

When b is zero E; is Srtoand when a is z'iro Si is unity. From 

equation 210 , for the single hole solution, the load over half the 

billet is 

L = k(2ax+2+  2a2 	2a4k  3acoty -3acoto 
R xsin2co xsin2 y 

geb 	
+ 

2x' 2bx.2
+ 
 2b2 	3bcoty1-3bcotol 2.17 

'5'"f' 	RE Ain2y1  

The load was obtained by finding the values of lifi,x,andt , that make 

the load over region A a minimum. 	This is identical to the 

single hole solution. Using these values the load in equation 2.17 

was calculated, f,) being varied and the minimum load selected, a 

modified form of the single hole program being used. Figure 2,5 

shows the variation in pressure with eccentricity for a range of 

reduction ratios. 	-1.1so shown is the result obtained by Dothja and 

Johnson for a rough container using a slip-line field approach. 

2.2.3. plane  Strain Solution for Three Hole Extrusion. 

A simple solution can be ierived by extending the approach 

developed for two hole extrusion. The velocity discontinuity field 

is given in figure 2.4 , where it can be compared with that for the 

two hole case. The eccentricity is defined as 
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b) three hole 

Fig.2-4 Velocity fields for two and three 
hole extrusion. 
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2z 
a + 2z 	 2. 18 

which is zero when z is zero and unity when a is zero. 

By madng the following assumptions 

1. x 	.7. x2 

2. y 	y2  

3. c.)2  

a minimized solution can be found as before. The values of w and 

x are obtained by treating region A 	as a single hole extrusion. 

The minimum load is then calculated by varying the value of W1  

using a modification of the program developed in section 2.2.1. 

The load over half the billet is 

k (2x  ._2ax., 
).7;- 

 2a + 2aRe 3acotca-3acot y 

	

RE 	1-1-2-1 (.3 xsiTh7tTi 

+2(2x+ 2zxr  2z ,t,  2zFtc,  - 3zcotc.Y- 3zcoty)) 2.19 --- 
R ;;;2cY xsin2y 

The variation in the pressure with the eccentricity is given in 

fi,.ure 2.6 , for a range of reduction ratios. 	Dodsjpand Johnson's 

result is also given for comparison. • 

2.2.4. An Upper Bound Axisymmetric Solution. 

For the case of single rod extrusion, Raybould and Sheppard • 

suggested a simple method of calculating a minimized upper bound 

from the plane strain solution. It is assumed that the flow pattern 

in axi -symmetric extrusion is identical to that for plane strain 

extrusion, at the same geometric reduction. The load is then found 

by summing the products of the surface area of the velocity discontinuity  

the field is revolved around the centre axis, and the square of tie 

velocities from, the plane strain holograph. The use of the latter 

is based on the experimental observations of Thomsen. 

Using this approach, the values oft.), 	andd z in figure 

2.2 	are calculated for the appropriate geometric reduction. 

The surface areas of the velocity discontinuities are 

AO 	c"-dRg+ Rg)  sine 

Ran- co - 	sin y 
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BO = 27txRe 

AB = 	2  .x2 2axcoso  
sinta sinzo 

R 2  
71RE(siri2c) + x 	s

2 	2RE
l
c
n
o
y 

and the relative velocities are 

13  = (ifIk5)2  

(D+d) 

54 xsiny 

23 	x
( ;7.is,443  + x2  - 2axcoto) 

2 	 RExcot) 74 = ( )f.d-)2( sn—FiF4 I.  x2- 	y  

31 = (t+ RE 
74cot 6, coty))2  

The load over the half billet is given by equation 210 . 	The 

predicted extrusion pressures were calculated, using the computer 

program in appendix II, and are plotted against log R in figure2.3 . 

The axi-symmetric pressures follow the same trend as those for plane 

strain but are much lower, the discrepency increasing as the reduction 

ratio increases. 

2.3. The Prediction of Plow Patterns by means of an Upper Bound Solution: 

The observed similarity between the flow pattern in plane strain 

extrusion and that seen in axi symmetric extrusion, for the same 

geometrical reduction, can be useful in predicting these patterns. 

The simple solution, section 2.2.1. will give an approximation 

to the pattern but cannot be used to predict any changel occurring 

during extrusion. From experimental flow patterns a more complex 

field was developed, figure ,2:7. 	The important difference between 

this and the simple field is the extension of the velocity field to the 

back of the billet. This agrees with the observed shear region down 

the sides of the billet in unlubricated extrusion. The theoretical 

flow pattern, for different billet lengths, can be obtained by 

calculating the• field that gives the minimized plane strain pressure. 
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Fig. 2.7 Velocity field and hodograph for the more 

complex upper-bound solution used to 
predict flow patterns. 
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With reference to figure2.7 

AO 
	

x 

OB = Ra
sine 

ac = 

AC = xtan 6.2 

DA — Sin(+cc) 

AB = (R62+ (X - Et-142  
tane 

le- X  DO = COS X 

The velocities are found from the hodograph 
Sin(180-(0C+))  13 - 	stnec 

sin/ 
= since 

12= a 
x sinco 

50 = 
-÷-0(sin (cc + 

R 
ri .Culk 	

ne 
12_2(a+ RE  -1)(7CL-sine)COSO1Y2 

25 	ia+REI I a 	I 

Rc xtano xtane 

The plane strain load over half of the billet 

L = k (AO Ts 4 01373 + OCT2 + ACTS + DAT3 + AB4S + DCTI) 	2.20 

If this field is to be used to predict a theoretical flow 

pattern then the values of xl(), cs, 0C and Y , that minimize 

equation 2.20 , have to be found. The simplest method is to calculate 
the plane strain load for all possible combinations of the variables 

and to seict the minimum. There are various geometrical boundary 

conditions that limit the range that has to be considered. 

C OS C.) 
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1. The maximum value of Co is 

Cu:  

and the minimum by 

= 
B 

2. AO Etta 

3. ca 

4. If 8 is assumed to be always less than 90°  then the 

minimum value of LA0B is 

LAOB =tan-1(1-/ 

The upper limit is set at Of 

5. The angle 	must be less than0 

= tan-1(A- (xtanco)/(tr x )) 

and 0C = tan (-g-) 

A computer program to calculate the minimum load, 

incorporating these boundary conditions was used, appendix I'. 

The resultant flow patterns for various billet lengths, and a diameter 

of 37.5mm, are shown in figure2.8 . 

2.4. 	The Variation in Load with the Billet IenEth. 

The theoretiCal flow patterns derived in section 2.3 are 

for an axisymmetric reduction of 60;1. 	Ideally a value of the 

change in load should also be given. However a plane strain solution 

for a 60:1 reduction would necessitate redrawing the field, and it is 

difficult to see what the corresponding billet length in plane strain 

would be. To compare the relative change in load with billet length, 

the load for plane strain extrusion through a reduction geometrically 

similar to that shown i.e. a reduction of 7.75 to 1 was calculated. 
The results are given in figure 2.$ 



LB  = 60 

I 

1 

- LB " 30  

LB  = 10 
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Fig.2.8 Theoretical flow patterns for 60:1 reduction. 
Billet diameter 37-5mm. 
Scale : full size. 
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Fig.2-9 Variation in plane-strain pressure with billet Length 
for the fields shown in fig.2-8 
Biltef diameter: 37-5mm. 
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2.5 The Method Used to Calculate the Flow,Stress from the 

Experimental Results. 

As discussed in Aection 1.4,10 there are two possible methods 

of calculating the flow stress. 	In the present work the upper bound 

solutions derived above were used. 	The minimum pressure at the 

end of extrusion was measured and the flow stress calculated by dividing 

by the local constant C. The use of the minimum pressure eliminated 

any frictional effects between the billet and the container. The 

constant C was that found from the simple plane strain field. The 

more complex field, section 2.3. should give a more accurate value 

but the difficulty in selecting an equivalent plane strain billet length 

precluded its-   use. 

Also the simple field was the one used in the multi-hole 

extrusion solutions. For a valid comparison between single and 

multi-hole resul,,s the same field must be used. The values of the load 

constants C are given in appendix II . 

2.6. 	The Integral Profile Model for the Temperature Rise. 

The temperature rise in extrusion has been shown to be very 

significant 13 . 	The model used is derived from that given by 

Raybould and Sheppard, the heat losses from the billet to a cooler 

container being allowed for. 

This model places a control volume around thedeformation 

zone, which is assumed to be a cone, and equates the heat leaving the 

volume to the work done in the zone. The temperature distribution 

is given by an integ4:al profile approach. To simplify the model the 

heat generated by friction between the billet and the container is 

ignored. Approximately half of this heat will be lost to the container 

and work by Watkins et al155,156indicated that friction had no effect 

on the overall temperature rise in the deformation zone. 

2.6.1 Assumptions Made in the IntegralProfile Model. 

1. Perfect thermal contact exists between the billet and the 

container. 	In view of the high pressures encountered 

in extrusion, this is a valid assumption. 

2. Friction is ignored for the reasons given above. 

3. Uniform deformation occurs in the deformation zone. This 

is not found during extrusions  but any solution involving 
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the inhomogenous nature of the deformation will be very complex. In 

view of the other. assumptions made deriving values for the strain rate 

and flow stress, the extra labour is not justified. 

4. All the material that leaves the deformation zone is at a 

temperature A T. the surface of the deformation zone is.also at 
this temperature. 

5. A uniftmm temperature distribution across the extrude is assumed. 

This assumption is unlikely to introduce significant errors, 

because of the high thermal conductivity of aluminium and its 

alloys, especially in extrudes with a small cross sectional area. 

2.6.2. The Calculation of the memperature Rise.  

With reference to figure2.10,the heat flow from the 

deformation zone can be equated to the work done. 

Work done = C1+ C2+ C3+ C4  + C5 	2. 21 

Under adiabatic conditions 

load x distance 	T eCALVE' 

or rearranging 

AT load  
../CALA's 

Calculation of 05. 
VOlume of metal at the surface temperature 

= volume of the billet -volume of the dead metal zone 

C5 	= 	volume of metal at ATXRCAL 

Assuming the temperature rise t the end of extrusion is being 

calculated 

Volume of the dead etal zone 

= ii tan y( 2R 2e) 3 - Re2RE +  l  

05 c•CAL(AID-7itany(-21d F4RE4-10) 2. 22 

Calculation of Cl to C4 
The temperature profile in the contatmer, tool and 

billet have to be calculated before Cl to 04 can be falma. The 

therfore 



8 0 " 

--4. 
C 2 

C5  

Fig.2.10 	Control volume and heat flow from the 

deformation zone 
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3 	dt 
A  Cacc/sec = c R  AT ds  

2.25 

81' 

temperature profile around a heat source is assumed to be represented by 

AT (nt) = aof a1  x +a2x2  

where 	AT (xit ) 	is the temperature at a point distance x from the 

heat source and at a time 

From the boundary conditions the constants 
a0' al 
	, can be found 

At x = 0 
AT (xit) = A T 

ao  = AT 

At a distance S, the maximum penetration distance of the heat front 

AT (xit ) = 0 

and 	d AT (xit )  _ 
d x 

= a 1+ 2a2S 
al = 2a2S 

:. 0 = AT+S(a2S-2a2S) 

a2 = 

and C11 = -2sAT 

substituting these values gives 

AT (xit)= AT 2 STx
+ AS22 

= AT (1 - -xs) 2 
	

2.23 

If it is assumed that heat only flows in the x direction, then the 

heat accumulated can be calculated 

Cacc- f0  sAd e AT (1- -X)2dx 

= Ac 
	 2. 24 

Differentiating with respect to time 



From the Fourier equation 

d H 	-KA d T  
dt = 	d x 

Cacc/sec = - K A 	x 0 	 2.27 

equating 2. 25 and 227 gives 

s tLagi_ 4 QC 
This expression is valid only when the area of contact A does not 

vary with x. This is not the case for C2 and 03. 
Here 

( 
Cacc /02

S  
mt SAT (1-Xs)2x 

rttSQATS 2 
6 2. 29 

• Proceeding as before and differentiating equation 2.29 with respect 
to t 

equating with 2.27 
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2.26 

X 

2.28 

_ds _ ntS,E)AT dS2  
dt - 6 	d t  

S 2.30 

The heat losses frpm the control volume can now be calculated. 

Cl 

The surface area of the core AOrr(D"DE) 2 
C42- C1E2, 

cave 2 i  
Cacc = AcciLT -3 

froi 
S = 124Er- 

where 	cc - 

Cacc = Ac
3
pAT 12cc t 

and C1 = -U-r D  3 a2 2 
r 

Acs test AT/12mst t 2.31 
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The suffia st indicating that the steel of the tooling is being 

considered, the thermal conductivity and specific heat of the steel is 

given. in_appendixII. 

C2 

The depth of the zone of working can be approximated by 

( 	DB 2  - 	)tan 45 

tr = D'12"D'(tan 45 - tan y ) 

Cradial = 6trce TS2  
where S is the distance from the heat source. This assumes the 

heat source to be at the centre of a long cylinder. In fact the heat 

source is at a distance RE from the billet centre. Therefore 

Crad - -ntrcT(S +RE)2  - 

This includes the heat stored in the material, which is 

ttrctiZTRa2  

subtracting gives 

Crad = ttrcst est AT (S2+ 2SRa) 

	

-11  I n: ? 	( S 2+ 	) - 6 

:.C2::  16X trCStNtAT  
[Ca Kst At ?.41. Ds(  18KctAd  )31:3  ] 

Test E-st 	74CSt eSt 

This heat loss occurring through the steel of the container. 

Similarly 

c3= mirc t( (t 181<stAt)2/3.  De (18KAt 	)y§ 1  

	

6 s 	 2.32 IbcstFst 	Ipcstest 
C4, the heat losses by back conduction are ignored. The errors 

caused by this assumption will be slight, except-.t very slow ram 

speeds. The use of a pre-heated pressure pad will reduce heat losses 

to the ram. 

The total work can now be equated to the sum of these heat 

losses, equation 2. 21 . The resulting expression is of the form 

2.31 
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Work done 	= AT (a + btV2+ ti3 + ctY3) 

ATCToT 	 2.32 

At t, very high ram speeds the terms involving t in 2.32 will be 

low and adiabatic conditions are approached. To facilitate the 

calculation ofilT, graphs of GTO T against time were prepared for 

each reduction ratio considered and are given in appendix II . 

2.7 An Approximate Method of Allowing for Additional Heat Losses 

to a Cooler Container.  

The values of AT calculated above assume that the billet 

and container are at the same temperature. In the present work the 

majority of extrusions were carried out at higher temperatures. There 

appears to be no rigorous analysis of the heat losses from a short billet 

to cooler surroundings, but an approximation can be made by considering 

the heat losses through a thick cylinder of internal radius r1  

external radius r2 , length 1 , and inner and outer temperatures 

T2 and T1 	respectively. This model assumes that the inner 

surface of the container is at the temperature of the billet and that 

the outer surface is at a temperature of 300°C. 

The rate of heat loss per unit length is given by 

2 7NIK ( - 12) 
C 	2 	2.33 t n -SFr  

The value of the surface area, 27-riBR5 	, is chalging 

at a uniform rate during an extrusion. 

The rate of heat loss at the start of extrusion is 

2 ri< tB(Ti T2)  
n 

Assuming extrusion to be stopped at the dead metal zone, the rate of 

heat loss at the end is given by 
27d<AE3 (Ti -T2)  

n 	 2.35 

The length AB being given in figure 2.10 . 



Therefore the mean rate of heat loss is 

2 Td< ( Ti - T2) 
 ( 

Lg+ AB  
2 

	

 

to 	 2 --r-r 

This occurs in a time t , given by 

	

t 	L B - AB  
V 

V being the ram speed. 

The total heat loss is then 

27TK( Tl 	) La 4  B La - AB  
( 	2 	)( 	V I n ri 

The mean heat content of the billet curing extrusion is 

71. DD2 k, 	+

2 

 AB , _--_, cli  
4 	 Q 

• 
Subtracting equation 2.36 from 2.37 	gives the mean heat content, 

after allowing for heat losses 

	

7i 	LB  + AB 	7rK (Ti -T2) (7-2 + AB)(7.2-AB) 
C = 	

[V 
4 	2 	iecTi- 	1.2 	 V 	2.38 

I n--1- r 

the mean temperature T 	can then be found by 

= 	
eC 
	 2. 39 

where Vs is the mean volume of the billet during extrusion. 

• 2.8 A Summary of the Method Used to Calculate the Extrusion 

Temperature 

1. The temperature rise is calculated using the integral 

profile method. 

2. The heat losses to the container are estimated with 

equation 2.36. 

3. The mean temperature T is then calculated using 

equation Q.38 	and 2.39 . 

2.36, 

2.37 
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The temperature obtained by this method will only be an 

approximation, but a more rigorous treatment would be difficult. It 

would involve calculating the heat losses from a billet of constantly 

decreasing length, with a heat source at one end, to the surrounding 

container and tooling, all of which would be at a lower temperature. 

2.9 	The Temperature Rise at the Peak Load. 

At the start of extrusion there is almost a linear rise in the 

applied load, until the peak is reached. This linear rise occurs 

over a short distance but will be accompanied by a rise in the 

temperature. 	If all the work is converted to heat, the magnitude 

of this rise can be calculated. 

The work done is the area under the load displacement curve. 

Work done - Lp x dp  
2 

where Lp is the peak load 

dp is the distance moved. 

The temperature is therefore found from 

Lp dp  Va  ecAT 
2J 	 2.40  

The peak load is reached in a relatively short time and the 

magnitude of the temperature rise is low, less than 30°C for a peak 

load of 5 MU . 	Therefore any heat losses may be neglected. 

2.10 .The Strain Rate. 

As discussed in section1.4..8the most difficult Ixrameter 

to measure in extrusion is the mean strain rate. The simplest approach 

is an extension of the idea originally developed by Felthagl  . 

The mean strain rate is given by 

E - 
	total strain 	2.41 

the time to effect the strain 

The extrusion pressure can be expressed as 

P r.YBtnR YC 

,where C is the load constant for a given extrusion ratio. 

FC 



87 

S 

By analagy with 

work done = 	st/ress X strain 

the mean strain is given by the constant C. 

The time to effect this strain can.be4ound by assuming 

the deformation to occur in a cone of semi-angle 0 , figure 1.2. 

The volume of this cone is 

V .7  71( D B3  - E)  

7  24 tan C,1/4) 
The time t 	= 	V 

volume of metal extruded per unit time 

The volume of metal extruded per unit time = 

which gives 
3 Ds  - Dg 3 

 

 

D66 tan CO V 

    

Substituting into equation 2.41 

    

 

6 CtantiV Do2  

  

2.42 

       

n3 	1.13 

The values of C and 6.1 were found from the minimized plane strain 

solution. 

The multi-hole extrusion presented a problem because the volume 

of the deformation zone is not easily measured. The only way would be 

to macro-etch sectioned billets and to construct a model of the observed 

flow patterns. Accordingly the strain rates calculated for single hole 

extrusion were used, any discrepancies between the two would be observed 

in the results. The strain rates used are tabulated in appendix 

2.11 The Calculation of the Constants in the Hot 'Forking Equation. 

At high stress levels the strain rate and stress are related by 

A2exp ( cr) 	 1.2 

at a constant temperature. 

Taking natural logarithm 

tn E = tn A2+ E3 ()- 

The values of A and B can be obtained from a graph onnEagainst Cr at 

constant temperature. 
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At low stresses 

t.tAl crril 
and 	

Int = tnAi+ni (nix 

at a constant temperature. 

A and n can be found by a graphical method. 

The more general hot-working relationship is 

Asinh(oca)exp RT 	 1.7 
Before the activation energy Q can be calculated the 

value of c*: must be obtained. 	At high stress levels and a 

constant temperature equation 1-+ can be rewritten as 

= A sinh (cc oln 

which approximates to 

6= 42 e x p (floc a) 

comparing with equation 1.2. 

no:CT = p a- 

- oc - . • 1.4 

If n 	is equal to ni 	in equation 1.2 , the gradients of the 

graphs of bit against 0- and bit against (n o- can be used 

to give the value of *NC . 

UAing this derived value of cc , the activation energy Q 

can be found. A graph of InE ai;ainst in sinh (oco-) 
at a constant temperature, is first Plotted. From this a second 

graph of in sinh(occr)-
1 

against T at a constant strain rate, 

is drawn. 	The activation energy is given by 

Q =-R(!Ene 	 InsInhloccr) 
d In sinh(oca) tr( 	a - 

Loco')). 	
2.43 

1.1 
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The accuracy of the derived activation energy will depend -

on,the accuracy of the terms in the brackets in this equation. 

2.12 The Method of. Measuring The Peak Load. 

A peak in the load displacement curve is often seen at the 

start of extrusion. The method used to measure the height of this 

peak is clearly indicated in figure 2.11. 	The only difficulty 

is in the accurate location of the point A. 	This leads to errors, 

when 	A L is small, and these must be allowed for when 

correlating the data. 



91 

CHAPTER THREE . 

Experimental 

3.1 The Press 

The experimental work.was carried out on a direct 

operating 5NIFENEFC0 vertical press, fig.3,1 	The press and its 

ancillary equipment have been described elsewhere 67 	and the only 

major modificationsmade were to the water quench and the billet 

preheating system., 

3.1.1. Load Measurement 

The load was measured by a Mayes load cell situated directly 

above the ram. The output from the cell being recorded on both a 

Hewlett Packard 136A X.Y recorder and a Modulog data logger - the 

latter punching the results onto paper tape. Because of the speed 

of response of these instruments it was found necessary to record the 

load on a U.V. recorder, Southern Instruments Type P10.500/12, when 

using the accumulators. A visual indication of the load was 

provided by a dial display. 

3.1.2. Ram Speed and Displacement 

The ram speed could be varied over the range 2.6 to 

approximately 150mm/sec, using nitrogen filled accumulator bottles 

for the higher speed. In the range 2.6 to 14mm/sec the speed of the 

ram could be preset and during extrusion it remained constant, except 

at the very start of the cycle where the speed changed from the 

faster approach speed to the slower extrusion speed. When the 

accumulators were used the speed obtained could not be accurately 

• predicte&: and decreased slightly throughout the stroke. The speed 

and displacement were measured by feeding the output from a • 

rectilinear potentiometer, Penny Giles model LP/21/85/s, fixed 

between the crosshead and the press base, to the X.Y recorder and 

the data logger. 

The plot of voltage against time could be converted to 

displacement and speed by means of a previously determined 

calibration chart, appendix. IE In the case of the accumulator runs 

an average value had to be taken. 
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3.1.3 Container Heating 

- It is essential to have an accurate knowledge of the 

temperature of the container and to be able to maintain it at a 

constant value without too much difficulty. 

The container was heated by eight 1.5 watt Inconel heaters, 

which could operate at temperatures up to 700 C. A thermocouple 

attached to each heater enabled the temperature to be monitered by a 

Eurotherm controller. 	Using these heaters the container liner 

could be maintained at 300 C throughout a series of runs. The liner 

temperature was measured by a thermocouple situated as close to it as 

possible and the output from this was fed to one of the Eurotherms 

controlling the heaters. The temperature of the liner was calibrated 

by attaching thermocouples to it at different positions and the results 

showed a temperature of 3001.3"C and a variation of less than 5 C 

between the top and bottom of the container. 

3.1.4. Billet Preheating 

Billet preheating was carried out in a Banyard Metalheat 

induction furnace, fig 3.t 	This furnace operated at the mains 

frequency and the design enabled aluminium billets up to 150mm x 75mm 

diameter to be heated to 600 C. The temperature was originally 

controlled by a two prong contact thermocouple, the output being fed 

to a Honeywell servotrome controller. Calibration experiments showed 

this to give errors of up to 50°C and so the billet temperature was 

measured by a 1.6mm dia. stainless steel sheathed mineral insulated 

thermocouple placed in a lcm deep hole in the centre of the billet. 

Thiel enabled the temperature to be controlled to :t240. 

The induction heater was suspended from two rails and could 

be moved over the container by means of pneumatic system operated by 

controls on the main control panel. When the heater was above the 

container the hot billet was transferred by manually removing the rod 

that supported the billet in the coil. EXtrusion could then be 

started as soon as the heater had returned to its initial position. 

3.1.5. Tooling  
The ram stem,dies, pressure pads, scraper pads and the 

container liner were made from REA145 5., ; Cr- V Steel. 
To investigate the effect of a more complex die geometry 

than is usually studied in experimental extrusion work, dies were made' 
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with one, two, and three holes in the range 30:1 to 100:1, fig 3.2 &3.3 

The dimensions of the dies are given in appendix TYiJ With the single 

hole dies it was hoped to be able to measure the temperature of the 

billet during extrusion using the dead metal zone thermocouple 

technique. To accomplish this the single hole dies were drilled 

to accept 1.2mm dismeter stainless steel sheathed thermocouples. 

The distribution of these holes is shown in fig. 3.2. ,Because of the 

design of the die-holder the holes had to be drilled at an angle to 

allow them to come inside the die-backer. The thermocouples could 

then be passed through a hole in the die bolster. 	Some extrusions 

were also carried out using 30:1 square and rectangular dies, fig 3.4 

3.2  Water Quench 
It is necessary to quench the hot-worked material if the 

high temperature structure is to be examined, the better the quench 

the greater the likelihood that the structure will be retained. 

The existing quench being unsuitable, a revised unit was 

constructed to the design shownin fig 3.. It consists of two metal 

cylinders, the inner made of 18-8 stainless steel and the outer of 

brass. The diameter of the outer tube was chosen so that the quench 

could be positioned as close to the die as possible. To achieve a 

rapid quench it is necessary to have as large a volume of water as 

possible impinging on the product at a high velocity. To obtain 

these conditions holes 1.2mm diameter were drilled radially in the 

inner cylinder, 532 of which were in the first 26cm of the quench 

and the rest were in groups of 28 placed at 10cm intervals down the 

quench. The water was pumped by a Safran Ace F5 centrifugal pump 

through two 1" diameter inlets; the volume passing through the quench, 

operated as a closed system, being approximately 60 gallons per minute. 

• 
	 The water in the system had to be periodically removed by a second 

centrifugal pump and replaced by clean water. The quench was designed 

for easy cleaning and this was done at regular intervals because of the 

tendency for dirt to collect in the holes. 

• 
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I 
59.86 

Scale:Full size. 
Alt dimensions in mm. 

Fig.3.2 Single hole extrusion die showing the 
location of the thermocouple holes. 



1 

	 Two hole 

1 

	 Three hole 

1 

Scale: Futl size. 
AR dimensions in mm. 

Fig.3.3 Multi hole extrusion dies. 



Scale: Full size 
Alt dimensions in mm. 

Fig.3.4 Square and strip extrusion dies, 

1 
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co  brass tube 	18-8 stainless steel 
drilled radially 
(see section 3.2) 

0.) 

0 ring 
Scale :Fut( Size 

All dimensions in mm 

0 ring 

25mm water 
inlets 

Fig. 3.:5 Details of the water quench fitted under the press. 
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3.3 Materials 

The Eaterial was supplied by Alcan International laboratories, 

Banbury, in the form of continuously cast billets of 86 mm dia. 

The specifications, heat treatments and experimental coding are given 

in Table 3.1. 

The heat treatments were chosen to -give an equilibrium 

structute prior to extrusion. After the first homogenization 

treatment the billets were machined to 73.5 mm diameter and 75mm 
length. Some billets of alloys C and D were machined to lengths 

of 3,6,9,12, and 15cm. 

3.4 Experimental Procedure 

In any experimental investigation into the hot working of 

metals there are many variables that have to be considered. 	To 

keep these to a minimum a standard extrusion procedure was used. 

The container was heated to 300°C, usually overnight. 

The die was then placed in the bolster and left for one hour to 

enable a steady state temperature to be reached. 	The pressure pad 

was preheated on the container for at least fifteen minutes prior to 

extrusion. The billet, previously drilled in the centre with a 

No. 52 drill to a depth of lcm, was then heated in the induction 
the 

heater to the preset temperature; time taken for this being less than 

six minutes at 500°C. The cycling time tat temperature4of the controller 

is about thirty seconds, and to allow an equilibrium temperature to 

be reached, the billet was left in the heater for several cycles. 

When the billet had achieved a uniform temperature the load 

cycle was started by bringing the induction heater over the container 

and transferring the billet. The heater was then removed, the 

pressure pad dropped onto the rear of the billet and the ram approach 

cycle started. The recording instruments were operated as the ram 

entered the container and the water quench started as the load was 

applied. Extrusion was continued until the load indicator showed 

a sudden increase, indicating that the post steady state region had 

been reached. In the case of an accumulator run the ram had to be 

stopped by two steel half—rings to prevent damage to the container. 
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Alloy Cu Fe .6,3 Ln Si Ti Zn Cr Heat Treatment 

567D 4.00 8 hr @ 500 C, 

48 hr 4 500 C 

569D 4.44 0.31 11 

752D 4.02 0.21 0.001 0.002 0.08 0.003 0.006 0.001 si 

753D 4.00 0.18 0.001 0.30 0.08 0.003 0.005 0.001 II 	• 

817D 3.92 0.22 0.001 0.002 0.086 0.008 0.005 0.002 n 

818D 3.80 0.23 0.001 0.32 0.09 0.008" 0.007 0.002 II 	4. c 
266D 0.01 0.26 0.50 0.01 0.41 0.02 0.01 0.01 48 hr @ 510 C 

265D 0.01 0.19 0.68 0.37 0.42 0.02 0.01 0.01 48 hr @ 530 C 

272 D 4.36 0.40 0.74 0.70 0.77 0.02 0.01 0.01 48 hr J 510 C 

Table 3.1 Alloy composition and heat treatment 

In the text the following notations are used 

Alloy A 5678 

Alloy B 562D 

Alloy CR 752D and 817D 

Alloy DR 753D and 818D 

11P - 
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After the ram had been withdrawn the container was raised 

and the extrude out -with a hacksaw before being punched through the 

die into the pit below. The discard was removed with the ram and the 

liner cleaned by pushing two scraper pads through it. This removed 

any excess metal on the liner surface and left it with a reproducible 

coating of aluminium. No lubricant was used at any stage during the 

extrusion because of the difficulty in reproducing lubricated 

conditions. 

By measuring the time from the start of the load cycle to 

the point of application of the load with a stopwatch, the temperatum 

at the start of the extrusion could be determined from cooling curves. 

The standard procedure was used for most extrusions 

exceptions being those whereapart-extruded billet was reqUirddjor during 

an interrupted load test in peak load investigation. However, the 

starting method was always the same. 

3.5 Temperature Measurements 

alhe flow stress of a material is temperature dependent 

and so the temperature must be accurately known if a realistic 

analysis of the results_is to be made. 

At-the start of the induction heater load cycle the power 

was automatically switched off; the billet was therefore cooling 

throughout its transfer. This cooling was measured by drilling a 

a billet as shown in fig. 3.6. 	Thermocouples were inserted into 

these holes and cooling curves for different starting temperatures 

measured. The temperature diStribution during the heating cycle 

was similarly determined. This procedure was repeated for billets 

transferred into the container by the normal loading cycle, a drilled 

pressure pad being used to simulate experimental conditions. The 

results were compared with the curves obtained from a thermocouple 

in the lcm deep central hole and the results found to be identical, 

within an experimental error of 3°C. 	The cooling curve from the 

centre hole was therefore used to determine the initial billet 

temperature, appendix I II 

It is Also important to know the temperature of the 

material during extrusion. Several methods were attempted. 



alt holes 	drilled for a 1.52 mm dia. thermocouple. 

• Depth of holes 	 Scale: full size 
1 = 5 all dimensions in mm 
2 .7. 15 Billet 	length : 7 5 
3 = 30 Central hole:10 
4 = 45 
5 .7. 50 
6 = 65 

M 	 Fig. 3.6 The location of the thermocouples used 
in determining the cooling curves. 

to2 
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1) A fibre-glass sheathed thermocouple was passed through a hole 

in the centre of the pressure pad, and into the back of the billet. 

A drilled ram stem had to be used as well. This was occasionally 

successful but the results only served to confirm the initial billet 

temperature obtained from the cooling curves. 

2) Stainless steel sheathed mineral insulated thermocouples were 

positioned in the dead-metal zone, using the drilled single hole 

dies. This involved drilling the billet prior to extrusion and 

locating the hot billet onto the projecting thermocouples. The 

depths of the holes were measured from the experimental flow patterns 

It was difficult to decide from the results obtained whether the 

temperature recorded was that of the billet or that of the die. 

A big problem was the shearing of the thermocouples during upsetting. 

To try and overcome this the cheaper fibre-glass sheathed 

thermocouples were used*with their ends covered with hardened steel 

caps. No meaningful results were obtained with this technique. 

3.6 Flow Patterns 

The path followed by the metal during extrusion is important 

in analysing the process. It can influence the surface finish of 

the extrude, the final properties of the extrude, and the extrusion load. 

It is also useful in determining strain-rate values. 

The patterns were obtained from macro-etched polished 

sections of partly extruded billets. The etch used being a 

modified form of Tucker's reagent, 12% HF, 12% HNO3
, 36% 1141, 

40% H20. 
The billets to be sectioned were removed from the container 

as quickly as possible and quenched to minimize any structural 

changes occurring at the high temperature. 

3.7 Torsion Testing 
Solid torsion specimens, fig.3.7, were machined out of 

extruded rods of alloys C and D. 	The specimens were heat 

treated at 500°C for 48 hours in an air-circulating furnace to 

obtain a structure similar to that of the original material, 

Testing was carried out on a torsion machine, built in the 

department , 	over a range of true strain-rates from 0.0509 

to 8.96 sec-1  and temperatures from 200°C to 520°C. The specimens 

Atk 
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Scale :Full size. 
All dimensions in mm. 

Fig. 3.7 The dimensions of the torsion specimens. 



were heated in situ by an induction heater and the temperature 

controlled by a thermocouple in the fixed end. 	Uniformity of 

temperature was maintained by adjusting the position of the coil 

with a copper specimen in position. Temperature variations in this 

could be more easily monitored with a disappearing filament pyrometer . 

In the copper specimen at 750°C the temperature variation throughout 

the gauge length was - 5°C. 	After testing to failure, or to a 

steady state in the more ductile specimens, the entire testing region 

(enclosed in a sealed container) was flooded with water to achieve 

a rapid quench. The torque was measured by a lever arm operating 

a load cell, the output being fed to the U.V. recorder. 

3.8 Hot Tensile Tests 

No. 12 Hounsefield specimens were prepared from extruded rods 

of alloys C and D. These were heat treated for 48 hours at 500°C 

and tested on an Instrom Universal Testing Machine over a range of 

strain-rates from 0.00052 to 0.31 sec-1 and temperatures from 200oC 

to 400°C. The specimens were placed in the tensile machine, using 

1imonic grips and extension-rods and heated in a Haddow's split 

furnace, controlled by a contact thermocouple. To allow equilibrium 

to be attained before testing specimens were left for thirty minutes 

at temperature. 

3.9 Specimen Examination 

Becauae'of the possibility of a variation in structure 

along the length of the extrude, specimens were always taken from a 

point corresponding to the middle of the billet, i.e. a distance equal 

to half the extrusion ratio times the billet length from the front of 

the extrude. Sectioning pi' the extrude is shown in fig. 3.8 , other 

specimens were taken from the front end of some extrudes. 

3.9.1 Optical Microscopy 
Both longitudinal and transverse sections were prepared for 

examination. The samples were cut from the extrude, using a fine 

piercing saw, and mounted in slow setting Net Sett  whichhas the 

advantage of setting without any rise in temperature. The mounted 

specimens were then polished in the usual way, finishing on 

diamond paste followed by alumina. The polished specimens were 



tensile specimen 

optical microscopy 

electron microscopy 

tensile specimen 

Front 

• Fig.3-E1 	The sectioning of the extrude. 

• 
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examined in both the etched and unetched condition using the standard 

aluminium alloy etches. 

3.9.2 Transmission Electron Microscopy 

Transverse sections about 2mm thick were carefully cut from 

the extrude using a lubricated slitting wheel. The prepared sections 

were ground to a thickness of 0.15mm on rotating wet silicon- carbide 

papers. The specimen• was mounted on perspex with double-sided 

sellotape, using razor blades as thickness guides, to facilitate the 

grinding. The thin discs were then electro-polished by the standard 

window technique using an electrolyte of 10,do HNO
3 

in methanol and a 

stainless steel beaker as a cathode. The best foils were obtained 

using a potential of 12 to 15 volts at a temperature of -30°C. The 
thin foils were examined in a Siemens Elmiskop I electron microscope at 

a potential of 100 KV fitted with a stage that could be tilted through 

30°. 

3.9,3 Scanning Electron Microscopy 

The surface of the extrude is of paramount importance in the 

aluminium industry and some specimens were examined on a Cambridge 

Stereoscan 600 scanning electron microscope. Little specimen 

preparation was needed other than careful cleaning. Some specimens 

were polished and etched in the modified Tuckers reagent to examine 

the relation between the surface defects and the internal structure. 

3.9.4 Hardness Tests 

These were carried out on the mounted specimens used for 

optical microscopy. 4ome microhardness test results were carried out 

but the bulk of the tests were made with a standard Vickers hardness 

machine using a load of 2.5,kg. 	Only the transverse sections were 

examined; in the case of the multi-hole specimens,care was taken to 

traverse the region showing the most complex variation in flow. 

A billet prepared for a flow pattern determination was also tested 

to see if there was any correlation between hardness and flow pattern. 

3.9.5 Tensile Tests 

These were carried out using No. 12 Hounsefield specimens, 

prepared from the as extruded rod, on an Instrom universal testing 

machine. The diameter of the extrudes prepared at the higher 

extrusion ratios precluded any tests being made on them. 
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CHAPTER FOUR 

RESULTS  

The fully tabulated results are listed in appendix V . 

Where applicable, the best fit straight line was calculated, using a 

least squares approach. A flexible computer program was used and 

this is given in appendix I 	The discussion of the results will 

be left to Chapter Five. 

4.1 Hot Working. 

The applicability of the hot working theory, discussed in 

Chapter One to the hot torsion'and tensile tests, and the extrusion 
results was examined. 

4.1.1. Hot Torsion and Tensile Tests. 

Using the theory given in Chapter Two, section 2.1. the 

torque time curves were converted to true-stress true strain curves. 

These are given in appendix VI , and follow the expected form, with 

a rapid rise to a maximum followed by a fall to an almost steady state. 

The exceptions to this were the high strain rate low temperature tests, 

where a steady state was not reached, and the high temperature low 

strain rate tests, where a peak was not observed. The strain to the 

maximum stress increased with an increase in the strain rate and a 

decrease in the temperature. The hot tensile results exhibited a 

rise in stress to an almost constant value, followed by a fall, as 

necking occurred. The higher strain rate tests started to neck , 

immediately after the maximum stress was reached. In order to 

correlate the results a value of the flow stress for the torsion 

tests had to be selected. By studying the stress-strain curves, and 

the available literature, the stress at a strain of 1.5 was used. 

This value was in the steady state region for most of the tests, and 

fell in the region before a rapid fall in the stress occurred in the 

others. 

Two equations have been found to apply to hot worming results 

obtained at a constant temperature. 
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At low stresses 

= 

and at high stresses 

A2exppo" 

The applicability of these equations to the experimental results was 

tested, figures4.1 -4.4. Within the accuracy of the results, equation 1.1 
could be fitted to all the data. The values of the constants fl1 
and Al being temperature dependent, especially in alloy CE , 

Equation 1.2 could also be applied to the results for alloy DF. 

In alloy CE a linear relationship was only seen at- the lower 

temperatures. 

Assuming equation 1.1 to hold at the highest test 

temperature, and equation 1.2. to apply at the lowest temperature used, 

i.e.in the lowest and highest flow stress regions respectively, the 

constants can be obtained. 

For alloy DF 

= 9(712.30 0 x 10-   

and 

£= 1.40 )c 10 8exp.1 6ficr 

For alloy CE 

x 1060-7.65  

and 	
£ = 2.48 x 10-1exp,2 4Bo- 

These constants were calculated from the results at 573°  
and 673° 	. More results were obtained at these temperatures and 

hence the accuracy would be correspondingly greater. 

Before equation 1.7, the general hot-working relationship, can be 

applied, the values of 0C and the activation energy Q have to be 

determined. In Chaper Two, section 2.11 it was shown that a value 

of GC can be obtained from ni  and 	in equations 1.1 and 1.2. 

1.1 

1.2 
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Fig.4.4 The applicability of an exponential law to the flow stress 

and the strain rate for alloy DF. 
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Using the results obtained above 

For alloy DF 

cX = 0.0137mm2/N 

and for alloy CE 

0.0324mm2/N 

Knowing the value of o( it should be possible to determine the 

activation energy for hot-working, using the method given in 

section 2.11. This involves plotting values from the extrapolated 

graphs of in against InsInh(oc cr) . 	A meaningful 

activation energy will only be obtained if a large number of 

experiments are carried out over a wide range of temperatures. 

The number of results:in the present work precluded the 

use of this method but examination of the results of other workers 

suggests that the value of the activation energy, for the hot-working 

of aluminium alloys, is of the order of 160,000 joules per mole. 

Using this value the results from the hot-working tests were plotted 

in the form of log Z against log_sinhdcn-  , figures 4.5 and4.6 

Z being the temperature compensated strain rate. Reasonable straight 

lines were obtained for both alloys. 	From the gradient and 

intercept the values of cC and A in equation 1.7 were obtained. 

For alloy DF 

z = 1.99 x 1012sinh(0.0137cr)6.57  

For alloy CE 

z = 1.41 x 1010sinh(0.0324t7)" 

At high stresses equation 1.7 can be rewritten, in the form 

Z A4exp(P1er) 	4.1 

Figures 4.7 and 4.8 	show that this equation cannot be applied over 

the full range of strain rates and flow stresses achieved in these 

tests. 
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4.1.2. Extrusion Results 

In the previous section the hot-working relationships have 

been shown to apply to the hot-torsion and tensile results. Their 

applicability to the results from extrusion will now be examined. 

The flow stresses, strain rates, and temperatures were 

calculated using the theory given in Chapter Two. 	To calculate 

the constants in equations 1.1, 1.2, 1.7, and'4.1 graphs at constant 

temperatures and at constant strain rates have to be plotted. 

The presence ,  of the large temperature rise precludes the first and 

the number of results ct the different strain rates will prevent 

accurate results being achieved by the second. For the reason given 

in section 4.1.i an activation energy of 160900 Joules per mole was 

assumed. 	Figures4.9-13.show the relationship between log Z and 

the flow stress for all the alloys considered. The gradients of the 

lines give the values of in equation 4.1, and these depend 

on the alloy being considered. 	In these graphs a series of 

approximately parallel straight lines is seen, each line being 

associated with one reduction ratio and hole configuration. 	If the 

correct value of the flow stress and the strain rate had been used, 

the results should have fallen onto one straight line. The spacing 

between the lines appears to be the same for all alloys and therefore 

a correction factor can be applied to the values of log Z, to raise 

or.lower the lines relative to a chosen reference one. The reason 

for correcting the value of Z, rather than the flow stress, will 

be given in the discussion. The results for the 60.1 single hole 

reduction were used as a reference line for the simple reason that 

more results were obtained at this reduction. The correction factors 

were obtained by taking the average of the vertical line spacings for 

each reduction ratio, they are given in table 4.1 . 	In other words, 

the validity of equation 4.1 is accepted and the extrusion results are 

made to follow this equation by applying empirical correction factors 

to the values of Z. 	The results are replotted using this corrected 

value of Z, Zc, in figures 4.14.4.17 	As expected, reasonable straight 

lines were obtained. The constant A and B 	are listed in table4ar- 

The effect of alloying is seen in the relative magnitudes of these 

constants. 
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H Correction 
fact 2 for logZ 

100:1(s) -2.1 
60:1(2) -0.75 
60:1(3) -0.50 
60:1(s) 0.0 
50:1(s) 1.3 
50:1(2) 0.5 
50:1(3) 0.5 
30:1(s) 2.9 
30:1(a) 1.5 
30:1(3) 1.5 

Table 4,1 Correction factors for logZ 

Alloy 
-1 sec nun' 2/N  

272D 1.95x107 0.162 
265D 2.46x105  0.334 
266D 7.36x105  0.307 

A 1.68x105  0.297 
CE" 1.25x104 0.333 
B.  1.43x103 0.366 

DF 1.85x102  0.418 

Table 4,11 
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To compare the extrusion results with those from the hot 

working tests, the corrected values of Z were used in a log Zc 

against log sinhca 	plot for alloys C5 and DF. 	The values 

of *C. being those obtained from the hot torsion and tensile results. 

The graphs are giver in figures 4.18&4.19 , *here the results for the 

relevant hot—working tests are also gicen. The line representing 

extusion agrees with the latter in the ordets of magnitude of the 

flow stress and strain rates, however the gradient, n in equation 1.71 

is much higher. Theory dictates that the two lines should coincide. 
m as Equation 1.7 for alloys CE and DF can be 60 tvrlie  

for alloy CE 

z = 6.2 x 107sinh(0.03246)1015  

for alloy DF 
, 

z .7 1.59x 1014 smh(0-0137cr )14.20 

4 	4.2 The Load at the Start of Extrusion. 

The capacity of any press is limited by the peak load that 

occurs at the start of extrusion. The dependence of this peak load 

on the operating variables was studied. 

4.2.1. The Dependence of the Peak Load on the Extrusion Ratio. 

By extruding the same material at the sane initial billet 

temperature and ram speed, but .through dies of different reduction 

ratios, the dependence of the peak load on the reduction was determined 

for alloys CE and DF, figure 4.2Q 	Over the range 10:1 to 100:1 

• 

	

	 a linear relationship - aas found. The gradient for both alloys was 

approximately constant but the intercept depended on the alloy. 

The, relationships between the peak load and the reduction ratio for the 

two alloys can be expressed as; 

for alloy CE 

Lp 0325+ 1.725logR 

for alloy DF 

Lp 	0.313 + 1-65 logR 

Here Lp is in MM. 
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These expressions can be rewritten in terms4of the extrusion pressure 

Alloy CE 

Pp  - 73.56 + 392.2 tog R 

Alloy BF 

PP - - 70.85 4 373.5logR 
The pressure being in 11/mm2 or VN/m2 

The corresponding results for the multi-hole extrusions 

are not shown, but they followed a similar trend, allowing for the 

effect of the different eccentricities of the dies used. 

4.2.2. The Effect of the Initial Billet Temperature on 

the Peak Load. 

For a given extrusion ratio the press operator can control 

the initial billet temperature and the ram speed. The effect of an 

increase in the initial billet temperature is a reduction in the 

peak load, as shown in figures 4.21and4.22 	It is not possible 

to determine the precise nature of the relationship from these graphs, 

but a slight curve is indicated and this trend is followed for both 

single and multi-hole extrusions at different reduction ratios. 

4.2.3. The Effect of a Change in the Ram Speed on the Peak Load. 

Hot working theory entails an increase ih the flow stress 

with an increase in the strain rate. In extrusion the strain rate 

is a function of the ram speed, consequently a change in the ram speed 

should have an effect on the extrusion pressure, or load. This is not 

seen in the peak load, figure 4.23 , if anything there is a slight 

decrease in the load as the ram speed increases. This is more 

apparent at the high speeds, over 100mm/sec, obtained with the 

accumulators. These latter results are not plotted for reasons given 

later. 

4.2.4. The Effect of the Billet Length. 

The results given above are 'or an initial billet length 

of 75mm. Figu-e 4.24 gives the peak pressures needed to extrude 

billets of various initial lengths. Over the range 120 to 60mm the 

pressure falls as 1B  decreases. 	Below 60run the initial pressure 

increases with a decrease in 1B, . 
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4.2.5. The Application of an Arrhenius Type Energy Term to 

the Peak Load. 

If hot working theory is to be applied to the peak loads, 

then there should be a relationship between the temperature compensated 

strain rate and the flow stress, the latter being  a function of the load. 

The strain rate to be uied will be a function of the ram speed and 

will not be the same as that during  steady state extrusion. 

Figure 4.23 indicates that a change in the ram speed'has only a slight 

effect on the peak load. This does not preclude the application of 

a Z funotion, but it does mean that a value of the strainzate cannot 

be given. 	Taking  the logarithm of Z 

tog Z 	tog (Cexpff.) 

= tog C + exp 
2.303 

The results suggest that the effect of E is small, therefore a 

graph of the peak load against log  Oexp -a-) 	should yield a straight RT 
line, if this type of expression can be applied. 	Figures4.25 4.28 

indicate that this is the case, within the experimental error, 

approximately parallel lines are obtained for the different reduction 

ratios used. In calculating  the experimental term the temperature 

rise was allowed for. The gradient m of the lines depends on the 

alloy, 

for alloy A 

m - 1.30 

for alloy CE 
m - 0.77 

for alloy B 
m - 1.12 

for alloy DF 

m - 0.70 

4.3. The Height of the Peak at the Start of Extrusion 

The magnitude of the peak height was measured using  the 

definition given in section 2.12. The values of AL were often 
very 1vy and as a result, the errors in their measurement will be 

significant. 
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4.3.1. The Variation in the Peak Height with the Ram Speed. 

The initial load was found to be almost independent of the 

ram speed, over the range 2.0 to 14 mm per second. In figure 4.29 

it can be seen that a similar relationship holds for the magnitude 

of the peak height. 

4.3.2. The Effect of the Initial Billet Temperature on the Peak 

Height. 

Again a similar dependence to that found between Lp and 

T was observed, figures 4.3001 The exact nature of the relationship 

is masked by the experimental scatter, especially at low values 

of LL. 

4.3.3. The Dependence of the Peak Height on the Peak Load. 

The similarity of the relationships between A L and the 

ram speed, and initial billet temperature, with those found between 

Lp and the same variables suggests that there should be a correlation 

between the two. If 4 L is a function of the load to start 

extrusion then the peak load can be considered to consist of two 

components. 

Lp 	L + LE 

LE = Lp-AL 
	4.2 

where LE is the load required to extrude the metal if no peak 

was seen. It is equal to the load calculated by adding a frictional 

term to the deformation load. The relative magnitude of t L is plotted 

against 	Lp -AL in figures4.32,36. A direct, almost linear 

correlation is indicated with the exact relationship depending on the 

alloy. 

4.4. The Effect of Removing the Load during Extrusion. 

A peak in the load disolacementcurve is seen at the 

beginning of extrusion. To investigate whether this is oeculiar 

to the start of the deformation or not, the load was removed midway 

through some extrusions. A typical load displacement curve is given 

in figure 4.37 . 	After complete removal and reapplication of the 
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load it does not return to its original position, instead another peak 

is seen, its magnitude being greater thsn the original one. This was 

observed in every experiment which incorporated complete load removal. 

In other experiments the load was only partly removed, a typical load 

displacement curve is given in figure 4.38. 	In this case only a 

slight peak was seen, its magnitude being lower than the initial one. 

4.5. The Effect of Section Shape on the Load. 

Different shapes were extruded at the same reduction ratio, 

initial billet temperature, and ram speed. 	The load time curves are 

given in figure4.59. 	The peak load, and the height of the peak 

depend on the shape being extruded. It is highest for the three hole 

extrusion and least for the square hole. The loads at the end of the 

extrusion showed similar differences, although the effect of the 

temperature rise has to be remembered. In all cases the bearing 

length of the die was kept constant. 

4.6 The General Nature of the Load Displacement Curve. 

. In figure 4.40 , schematic load displacement curves are 

drawn. These show the four types of curve seen. In the first, 

Ti: , the text book curve is seen. A peak load is followed by a 

linear decrease as the length of the billet decreases. At the end of 

extrusion an increase in the load occurs. At higher temperatures, 

T2 	a peak load is still seen but no decrease in the load ocdUrs 

during extrosiOn. The third diagram shows the -_curve seen at the 

highest temperatures used. 	The load increased continously 

throughout the extrusion and only a very slight peak was seen. The load 

displacement curve for an accumulator run did not follow any of these 

typical curves. 

4.7 The Relationship Between the Aechanical Properties and the 

Flow Stress. 

The tensile strengths and proof stresses of the as extruded 

rods are plotted against the calcuIZAed flow stress in figures4.41 -4.44.' 
Also shown are the ranges over which the different structures, discussed 

later, were found. The mechanical properties were highest at the 

lower flow stresses, where the recrystallized structure occurred, 
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and there appreared to be a definite change occurring in the region where 

the intermediate structure, between completely fibrous and fully 

recrystallized, was seen. In the case of alloy 13a minimum in the 

mechanical properties was indicated is this region. 

4.8. The Dependence of the Mechanical Properties on the Grain Size. 

It was not possible to determine any relationship between 

the sub grain size and either the mechanical properties or the flow 

stress. The reason for this being the limited nu:ber of results where 

the structure consisted entirely of subgrains. The recrystallized 

grain size was measured using a linear intercept technique. 	In the 

case of the elongated recrystallized structure the size across the 

grains was measured. The results are given in figures4.45-4.48. 

the scatter, which is always present in grain size determination, the 

mechanical properties increase as the grain sis,s,  increases. 	This 

differs from the expected result of a decrease in strength with an 

increase in the grain size. This effect is more marked in alloys 

A and B. 

4.9. The Variation in the Properties of the Multihole Extrudes. 

The difference between the properties of the as extruded 

rods are plotted against the flow stress in figures 4.49&4.50 for 

alloys A and B. They follow the same trend as that found in section 

4.7 where average values were taken. There appears to be only a 
slight variation between the properties of the multi-hole extrudes. 

If anything the difference increases as the flow stress increases. 

4.10. The Hardness Across the Extrude. 

Figure 4.51 shows the variation in the hardness across an 

extrude. The single hole product shows a uniform variation with an 

almost constant value across the extrude, except at the edges. 	In 

the multi-hole extrude the change in hardness is much greater, only 

the variation across a two-hole extrusion is given but the three hole 

outer rods followed a similar pattern. A naximum occurs away from 

the centre axis. The central rod of tie three hole extrusion had a 

variation similar to that found for the single hole, ire. it 

followed a symmetrical form, but a maximum at the centre was usually 

seen. 
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4.11. The Variation in Hardness Across the Stop Nark in the 

Load Removal Experiments. 

When the load was removed and reapplied during extrusion, 

a stop mark was always seen. Hardness measurements were made along 

the regions adjacent to these marks and the resits are given in 

figure 4.52. 	In those experiments where the load was completely 

removed, a sudden rise occurred about 5mm from the stop mark, towards 

the back end of the extrusion. This was followed by a gradual fall 

towards the original value. In the 5mm in front of the stop mark, 

the hardness sholed a slight fall. 'When the load was not compl/etely 

removed, only lowered, a slight rise occurred in the region just 

behind the stop mark. 

4.12. Limit Diagrams. 

In the previous sections the dependence of the peak load 

on the temperature, ram-speed, and temperature were given. Using 

this information, a line can be drawn to represent the maximum extrusion 

ratio at any initial billet temperature. The lines in figures 4.53-4.54 

were drawn for a press capacity of 5 N1r, and a billet 75mm in length 

and 73.5mm diameter. Only alloys CE and DF were considered,Apecause 

of the limited number of results available for the other alloys. 

The other boundary line on a limit diagram is that due to the 

temperature. If the initial billet temperature is being used as the 

axis, the maximum temperature rise has to be allowed for. A study 

of the results of the two alloys indicated that hot shortness shown 

by edge cracks almost perpendicular to the surface, did not occur below 

a temperature of 540°C and 560°C, in alloys CE and DF respectively. 

Severe scoring of the extrudes surface was also seen above these 

temperatures. 

Taking these as the limiting temperatures the limit line 

was calculated for several strain-rates. The method used was the 

reverse of that used to calculate the final billet temperature, 

section 2.t. At low strain rates the calculated temperature fell 

above the limiting value of 540°C or 560°C. 	In this case the 

boundary was drawn at the lower temperature. 
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4.13 Flow Patterns and Microstructures. 

For ease of discussion the flow patterns and micrographs 

are given in the next chapter. 
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CHAPTER FIVE 

DISCUSSION 

5.1. Possible Sources of Errors in the, Experimental Results. 

' The validity of any conclusions drawn from experimental 

evidence will depend on the accuracy of the results. 	It is 

therefore necessary to have a knowledge of the various factors 

causing these errors, and to evaluate their order of magnitude. 

The experiments involved the extrusion of a billet of 
known specification through a die of a known reduction ratio, at a 
fixed ram speed and initial billet temperature:. -  The resulting 

extrude was quenched before being examined with both optical and 

transmission-electron microscopes. 	Tests on the mechanical 

properties were made on the extrude. There are several possible 

sources of error that can be recognized. 

The material was supplied in the form of cast logs and 

the analysis are given in table 3.1. 	Alloys A and B were made with 

a super purity aluminium base, therefore the impurity level would be 

low, and only compositional variations from billet to billet would 

effect the results. The other alloys were not prepared with super 

purity aluminium, and as a result the impurity level is consequently 

higher. 	Also the more complex composition would augment the 

tendency for slight variations in the billet composition. This is 

especially true in alloys CE and DF, where two batches of material 

were used. The long homogenization treatments used would have reduced 

some of the compositional gradients but their presence should be noted. 

Errors in the load measurement and ram speed measurement 

can be neglected, the accuracy of the instrumentation being relatively 

high. This is not the case in the accumulator runs. The schematic 

load displacement curve,figure 4.40 , shows that a maximum load was 

reached, followed by a fall to a constant value, Examination of the 

ram displacement-time curve showed that extrusion had stopped when 

the constant value of the load was reached. This must be due to the 

ram being arrested by the protecting rings on the container; the 

measured load being that exerted on these rings. The ram speed 

exhibited a continous fall throt:ghout extrusion, in contrast to the 

constant value obtained at the slower speeds, this is a direct result 

of the mode of operation of the accumulators. The use of a U.V. 
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recorder enabled the load to be accurately measured but the absence 

of a definite maximum or minimum prevented the use of this measured 

load in determining a mean flow stress. 	The ram speed had to be 

recorded on the X.Y. recorder and the accuracy of the measurement was 
limited by the speed of response of the equipment. 

The initial billet temperature could not be measured directly. 

Dead—metal zone thermocouples sheared off at the start of extrusion. 

For this reason experimental cooling curves had to be u,ed, the 
readings from a thermocouple in the back end of the billet gave 

reasonable agreement with the temp -ratures obtained from these curves. 

This method entailed measuring the time to transfer the billet from the 

induction heater to the container plus the time for the ram to be 

brought down onto the billet. 	There are several sources of error. . 

The accuracy of the induction heater was limited to ± 2°C. 	The 
time for transfer could be measured with reasonable accuracy to 

2 seconds. The largest error would be in relating this measured 

time to the temperature loss. Slight variations in the cooling rate 

will lead to a significant difference in the heat losses, and this will 

be reflected in the assumed value of the initial billet temperature. 

The quality of the die will_have some effect on the measured 

load, and the surface finish. The ideal would be to repolish the 

die before each extrusion. This is "Impractical in most experiments 

of this nature, however the dies were examined after each run and 
cleaned when necessary, a strong solution of caustic soda being 

suitable in most cases. The nature of the die metal interface can 

change throughout a single experiment and the effect on the load and 

surface finish cannot be allowed for. 

After extrusion the product was quenched. 	Some aluminium 

alloys are very susceptible to the quenching rate, but the rate of 

quenching is very difficult to measure. It will depend on the 

temperature , dimensions, shape of theexttude, and the exit speed, 

as well as the condition and efficiency of the quenching apparatus, 

and the temperature of the quenching medium. 

The structures observed in both the optical and transmission 

microscopes would be subject. to the usual errors of specimen selection. 

The mechanical properties were measured using No.12 Haunsefiela 

specimens. The accuracy of these results will depend on the care in 

their preparation, plus the usual sampling errors. The percentage 
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elongation was not measured because the_gauge length is small. Any 

measurements made on this short length will be subject to significant 

errors. 

Although it is difficult to put numerical values to the 

accuracy of the results, the main sources of error can be summarized 

as; 

1. Variations in the material composition. 

2. Rrrors in the determination of the initial billet 

temperature. 

3. Variations in the quenching rate. 

4. Sampling errors in examining the structures and 

mechanical properties of the extrude. 

5.2. The Structure of the Ehterial Before Extrusion. 

No detailed examination of the initial structures was carried , 

out but they were examined under both the optical and transmission 

electron microscopes. 

Alloys A and CE had very similar structures, figure 5.4 

It is still possible to identify the original cast structure and some 

coring is present, this was reduced in the case of alloy A. The 

transmission electron micrographs show an almost complete solid 

solution, with very few precipitates. In alloy A these could only 

be Cu Al2 	but the presence of iron and some silicon in alloy CE 

would lead to the formation of complex intermetallic compounds. 

Alloys B and DF were also similar, figure 5.1. 	The 

optical micrograph shows very heavy coring with the cast structure 

still retained; the aegree of coring being much higher in these 

alloys than in the previous two. 	The transmission electron 

micrograph shows that the homogenization treatment had failed to take 

the precipitates into solOtion. This difference between the two pairs 

of alloys can be attributed to the presence of manganese in alloys B 

and DP, which contained the same C u as A and CE. In the super 

purity base alloy the manganese will combine wi„h the aluminium and 

the copper. When iron is present it will combine with the copper 

and manganese in a complex Al-Fe-MI-Cu phase. Some iron will also be 

tied up with the small percentage of silicon present. The nett effect 

of the manganese is to reduce the tendency for the formation of the 

equilibrium solid solution. The presence of iron and silicon will .tie 
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up some of the other elements and further reduce the likelihood of 

equilibrium being reached, even with the extensive heat treatments used 

Sometimes eauilibrium is not reached in aluminium alloys even -  after 

a month at temperature. 

Alloys 265D, 266D, and 272D were used because of their 

widely differing properties. The heat treatments of alloy 266D 

produced an almost complete solid solution. In alloy 265D the presence 

of manganese will lead to complex intermetallic compounds being formed. 

Alloy 272D had a very complex structure with large precipitates 

forming -_on the grain boundaries, which were associated with a 

precipitate free zone. The matrix of the grains had a high volume 

fraction of precipitates arranged in Widmanstatten type formation. 

5.3. The Results Obtained from the Hot Torsion and Tensile Tests. 

5.3.1. A Comparison Between the Calculated Constants in the 

Hot Working Equations. 

Both hot torsion and hot tensile testswere used to obtain 

the parameters in the hot working equation, and to compare these 

laboratory testing methods to the results obtained from extrusion. 

As stated in Chapter 4, the stress strain curves derived from the 

torsion results followed the usual form. At high temperatures and 

low strain rates there was a rapid rise in the stress followed by an 

almost constant region, usually referred to as the state*. 	(The 

term steady state is rather a misnomer as the specimen geometry is 

continually changing, giving a varying strain rate,— 	There are also 

temperature gradients set up in the work piece during deformation.) 

A slight peak was also seen in the curves. At the lowest test 

temperatures especially at the high strain rates, the rapid rise was 

followed by a continuous fall- in the,stress leading to fracture, if 

the test was continued. The continuous fall masked the true 

magnitude of the difference between the peak stress and the steady 

state stress. 	A temperature rise will always accompany deformation, 

at the lowest temperature the work needed to cause deformation is 

correspondingly higher, and a large temperature risewill result. 

This is especially true at very high strain—rates where the time for 

the heat to dissipate is less. This increase in temperature will 

cause the observed decreasing flow stress. The difficulty in 
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calculating the heat losses has already been mentioned. Any solution 

must allow for heat losses by radiation and by conduction through the 

specimen grips, the latter is the most difficult to calculate. 

The most general observation that can be made from the results is that 

alloy CE, with the .same . copper content and no manganeselis more 

resistant to deformation at high temperatures than is alloy DP. 

The fir-lt alloy is almost a complete solid solution, with the 

associated higher properties that this entails. 

On a more quantitative base the, applicability of the two 

equations 

=A1 0-n1 	 1.1 

and 
E = A2expper 	 1.2 

was examined. 

The results agreed with these equations, in the low and 

high stress range respectively, although linear relationships were 

obtained with both expressions for alloy DP. The two empirical 

equations apply to different stress ranges, but there is a region of 

intermediate stresses where both can reasonably correlate the data. 

This is the case for alloy DF. 

It is not possible to compare the values of the constants 

A1, n1, and p 	obtained in the present work with those found 

previously, because no similar work on these alloys appears to have 

been published. Bailey 39 gave some results for the torsion of 

several aluminium alloys and the values of pini,A1 and A2 that he 

found may be compared, on a qualitive basis, with the present work. 

The exponent ni , in equation 1.2 , varied from 35.1 at 2000C 

to 7.1 at 500°C in an Al-Cu-Ng-En alloy. The values obtained in 

the present work are 12.3 and 7.65, for alloys DP and CE respectively 

at 400°C. The order of magnitude agrees but obviously the absolute 

value wilidepend on the composition and structure of the particular 

alloy. The higher value for:alloy DF means that the flow stress is 

less dependent on the strain rate in this alloy indicating a 

fundamental difference in the ease of dislocation formation, 

multiplication and movement between the alloys. The values of 

Al 
	

in equation 1.1 , obtained by Bailey, were very temperature 

dependent. For the alloy mentioned-previously, Al 	ranged from 

10.05 x 10-50N/mm2/sec at 200°C to 7.65 x 1015N /nnnl2/sec 	at 500°C. 
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4,", At 400°C Al 	for 	 0 0 alloy DF was equal to 8 + lu Nimun12/se4 
and for alloy CE 6.08 x 10 7N imm2/sec • 	Again w-phasizing the 

difference between the two alloys. In the other equation Bailey 
quotes a value of 0.204 mrn2/N for p 	For alloy DF p 	was 
found to be 016 8 mm2/N and 0.24 8 mm2/N for alloy CE. These 
are of the same order of magnitude as Bailey's but the exact value of 

13 will be very dependent on the alloy being used. It is a 

measure of the effectiveness of the stress in assisting dislocation 

motion through the structure. The higher the value the higher the 

velocity of the mobile dislocations which implies a high strain rate. 

There is therefore a significant difference between the strain rate 

dependence of the flow stress in the two alloys studied amd this must 

be a direct result of the different structures resulting from the 

presence of manganese in alloy DF. 

5.3.2. The Use of 9.5  for the Flow Stress in Torsion. 

The constants given were calculated from both the tensile 

and the torsion results. The use of the torsion flow stress at a 

true strain of 1.5 is only justifiable on the grounds that this gave 

the best correlation between the results. At a lower strain the stress 

was still in the peak region, in the lower temperature tests, and 

beyond 1.5 the temperature rise will have a pronounced effect on the 

shape of the stress strain curve. The fact that a reasonable correlation 

with the tensile tests, which involved much lower strain rates, was 

obtained implies that the correct values were used. 

5.3.3: 	The Value of the AotAyationEnergy • 

The number of results obtained precluded the calculation of 

the true activation energy for the hot working of these two alloys. 

This is often the case in the available published work, but values are 

still quoted and the slight difference between different alloys discussed• 

in detail. One fact does have universal agreement though, the activation 

energy for the hot working of aluminium and its alloys is similar to 

that found for self diffusion. The values quoted by Bailey are 
159,000 J/mole for commercial purety aluminium, 160,000 J/mole for 

Al-Cu-Mg•-Mn, and 161,000 J/mole for a dilute AI-48-Si alloys, three 

alloys with very different behaviours. 

The error in these quoted values was not given but an error 
of only 16 will make them "identical. Therefore a value of 
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160,000 J/mole may be said to cover the range of alloys studied. For 

this reason the same activation energy was used in the present work. 

If a significant change in the hot working mechanism occurred, such as 

dynamic recrystallization it would be accompanied by a change in the 

activation energy, and this would be reflected in a deviation in the 

experimental results. 

5.3.  4 The Application of the General Hot working Equation. 
The two equations used in the above sections only apply over 

a. certain stress range, and at a constant temperature, usually the 

initial temperature is the one quoted. A more general relationship 
is that suggested by SellaraTegart, equation 1.7. The values of °C. 

were derived from nl and 13 in equations 1.1 and 1.2 respectively, 

and are of the.arne order of magnitude as those found in other work. 
Using these values figures 4.5 and 4.6 show that equation 1.7 can be 

applied to both alloys over a range of Z, the temperature compensated 

strain rate, of many orders of magnitude. The scatter can be - 

attributed to experimental error, including variation in the 

structures of the specimen, non uniform heating prior to testing, and 

errors in the instrumentation and torsion machine used. 	The exponent 
n, a measure of the stress sensitivity of thestrainxate, for alloy DF 

is approximately double that found for the other alloy, agreeing with. 

the results given from equation. 1.1 . 	For the alloys that he 

studied, Bailey gives n varying from 4.85 to 6.42, increasing with the 

complexity of the alloy, the values of A 	fell in the range 

3.2 X 101°  to 3.3 x 1011sec-1. 	These are similar to the present values 

of 1.99 x 1012  and 1.41x 1010  for alloys DF and CE respectively. 

In this general equation, oc can be related to the 

activation volume, which is a measure of the effect of the stress in 

aiding the dislocations to overcome the barriers. 	A can be called 

a structure factor but, by comparison with various theories it also 

includes a term representing the frequency with which a dislocation 

tries to overcome the barrier. In these alloys 0C is higher 

in the 4% Cu alloy, CE, which implies that dislocation motion is 

easier than in alloy DF the lower value of n means that the flow stress 

id more dependent on the strain rate. In alloy DF the presence of 

the precipitates, containing aluminium, copper, manganese, iron, and 

silicon, will tend. to hinder dislocation motion. 
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The effect of the stress in assisting dislocation motion will therefore 
be reduced and the stress will be less dependent on the strain rate. 

This is reflected in the values of n
1 and f3 respectively. 

Equation 1.7 is usually expressed in the form 

A( sinhoccr)nexp--0-- RT 
1%hich is perfectly suitable for the correlation of creep tests, where 

the flow stress is fixed and the creep rate measured. In hot working 

the strain rate is pre-set and the flow stress measured. A more 

suitable equation will be expressed as an explicit function of the 

flow stress. 

Rewriting 1.7 

Z = A(sinhocaP 

and taking natural logarithms 

In Z - tnA = n sinhoco- 

or 

therefore 

oc cr 

Cr - 1  In ((-2--)11-1 4j 14-1/4  )241  + 1  ) cc 	A 
5.1. 

As CC increases the flow stresses decrease accordingly. 

As AN decreases the logarithm increases, leading to a higher flow 
Stress, i.e. the flow stress is more strain rate sensitive. Written 
in this form a clearer visualization of the effect of a change in the 

variables on the flow stress is obtained. 
1 

No linear dependence was found between log Z and the flow 

stress. Therefore the equation 

Z = A4exppio- 

cannot be applied to the experimental data, A comparison with 
equation 1.2 shows that a relationship of this form will only apply 

at high stresses and the stress range studied straddled both the low and 

high stress regions. 
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5.4 The Importance of the Temperature Rise in Torsion. 

In figure 5.2 	typical torsion specimens are shown. 

The undeformed specimen (a) may be compared with those in (b-d). 

The specimen shown in (b) was twisted at an initial temperature of 

400°C and a strain rate of 0.589 sec-1 	There is no sign of 

incipient melting and the only dimensional change is a slight increase 

in length. No evidence of necking was found. The specimen in (c) 

had the same initial temperature, it is also the same alloy (CE) 

but it was twisted at a higher strain rate of 2.99 sec . 	instead 

of the uniformly deformed structure there is evidence of hot shortness 

having occurred during the test, a slight baralleling at the centre 

of the gauge length can also be seen. This is direct evidence of the 

tenperature rise that can occur during a torsion test, and the 

magnitude of this rise must have been well over 100°C. The barelling 

at the centre and the absence of the 'hot shortness' near the specimens 

neck illustrates the complex nature of any calculation of the 

temperature rise. 

The heatloss through the ends of the specimen is high enough 

to compensate for the temperature rise. There is also the added 

complication of non-uniformity of deformation throughout the gauge 

length. The final photograph (d) shows advanced hot shortness, the 
tke - temperature and strain rate were the same as in (c) but alloy was 

different, alloy DF, which contained the manganese. The peak stresses 

were almost :Lidentical and therefore the temperature rise must have 

been similar. 	The severe hot shortness in the latter specimen is 

an indication of a lower melting point phase or a higher volume of 

such a phase. The volumefractionof precipitates in alloy DF was 

much higher. An important factor will be the,time taken during the 

heating cycle prior to testing. The induction heater used enabled 

the test temperature to be reached in less than five minutes. In 

this short time there would be very little time for any precipitates 

to be taken into solution. The presence of this hot shortness with 

its implication of a high temperature, shows that significant errors 

will be present if the results are correlated with the initial 

temperature. Nevertheless it is very difficult to calCulate this 

temperature rise and therefore most work in this field tends to ignore 

it, and its implications. 

0• 
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5.5. The Analysis of the Extrusion Results. 

The validity of these results will depend on the assumptions 

made in the calculation of the flow stress, temperature, and the strain 

rate. 

5.5.1. The Kean Flow Stress in Extrusion. 

Two methods of deriving the flow stress were given in Chapter 

One. The first was based on an empirical approach, the second on the 

upper bound method of solution. The empirical method, used by Wong 

and Jonas 14 , gives a value for the flow stress but there is little 

theoretical justification in the quoted figures. The agreement 

between their results and those obtained by other methods is no 

justification for its use. The value of the flow stress can be 

adjusted to any value by varying the constants used in its calculation. 

The upper bound approach is more satisfactory, on a theoretical basis, 

but it still has its limitations, the major pne being the assumption 

of a constant value of the flow stress. It is possible to derive an 

axisymmetric solution although the calculations tend to be complex. 

A lot of the published work in this field seems to be more concerned 

with hypothetical problems rather than providing useful results in a 

form that can be understood and used by both engineer and metallurgist. 

The present work involved both axisymmetric single hole,-  and multi hole 

extrusion, the latter is not alrsymmetric. For this reason a simple 

minimized plane strain solution was derived and compared with previous 

solutions. 
The theoretical plane strain single hole extrusion pressure 

is plotted against the fractional reduction in area in figure 2.3 . 

It falls within the general range given by other theories, being less 

at the lower reductions and increasing more rapidly at the higher 

reductions. The solution was extended'to greater reductions than 

are usually considered, but this is where many of the earlier theories 

can be criticized. 	It is not unusual to use extrusion ratios of 

over 100.1 in modern industrial practice and this corresponds to a 

fractional reduction of 99% in the area, a reduction of 90% is 

considered low in light metal extrusion. Although the theory was 

extended to these high reductions it is not possible to verify it, 

other than by seeing if the calculated flow stresses agree with those 
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found at the lower reductions. 	Figure 2.3 also shows the variation 

in the predicted pressure with log R and on the same graph the 

solution to the simple axisymmetric model, developed by Raybould and 

Sheppard, is also given. The general trend is the same but at an 

extrusion ratio of 100.1 the predicted plane strain pressure exceeds 

that given by the axisymmetric solution by almost 60%. The difficulty 

is in choosing which value to use. The plane strain solution agrees 

reasonably well with the other work, but it is more a case of choosing 

one solutiont and sticking to it, rather than selecting the correct one. 

For this reason the method used to calculate the flow stress should 

always be quoted. Whichever method is used the curve of the graphs 

limits the application of expressions of the form 

Y a 4 b tog R 

to a limited range of reduction, especially at high values of log R . 

If a graph of -7c 	against log R 	is available, then there is no 

reason to use these expressions at all. 

The flow stresses for the multi-hole results were also 

calculated from a,eimple upper bound solution. 	As well as varying 

with the reduction ratio the pressures also depend on the eccentricity , 

of the dies used. This was governed by the geometry of the die 

support system. For both the two ani the three hole configuxations 

a minimum load is predicted at a certain value of the eccentricity, 

which is practically independentof R.1Por the two hole die, the 

minimum is at an eccentricity of 0.45,  which is almost figentical 

to the symmetrical position of a and b being equal in figure 24. 

The minimum for the three hole extrusion pressure is at an eccentricity 

of 0.6 which again almost corresponds to the symmetrical configuration 

of a and z being equal. The only other work published in this field 
ak 

	

	
is by.,..Dodeja and JohnsorWwho derived a. slip line field solution for 

multi hole extrusion at low ratios. Their result for a reduction of 

16.2 : 1 is shown on both graphs, after converting the shear yield 

stress to the uniaxial yield stress. Their predicted load lies well 

below the upper bound solution for a 10:1 reduction, but the minimum 

load occurs in approximately the same position. The reason for this' 

discrepancy is the general difference between the two methods of 

solution. The more exact, mathematically, is the slip line field 

and the upper bound is only an approximation to this. However, the 



188 

slip line field theory underestimated the experimental loads by a 

significant amount, the upper bound predicts higher loads and may give 

better agreement, which is a surprising conclusion. Both solutions 

use a plane strain approach but the experimental results were not 

obtained for anything like plane strain conditions. 	The resulting 

more complex flow will lead to a higher load and this will counteract 

the over estimation associated with any upper bound solution. 

These theories provide a method for calculating the flew 

stress from the minimum extrusion load. The question still remains, 

'What has been measured?' The dimensions and order of magnitude agree 

with a flow stress but the true flow stress will be continously varying 

throughout the deformation zone and during the extrusion. Therefore 

a true extrusion flow stress does not exist, all that can be obtained 

is a mean relative value, which will depend on the method used to 

calculate it. The more complex the upper bound or slip line field 

solution the higher will be the flow stress; a more complex solution 

will usually predict a lower load. 

5.5.2. The Temperature Rise. 

The temperature rise was calculated using an integral profile 

method and then allowing for the heat losses to a cooler container. 

It was not possible to verify the accuracy of this approach'to the 

problem. Any attempt to insert thermocouples into the dead metal zone 

resulted in shearing, a slight displacement of the billet during• 

upsetting, or at the start of extrusion, would be enough to cause this. 

In previous work, where this method was successfully applied., the alloys'  

used were relatively softer and lower extrusion ratios were studied. 

The applied loads were lower and the lower temperatures considered 

would have simplified the experimental difficulties of inserting the 

thermocouples. In the theoretical model it is assumed that all the 

mechanical work is converted to heat but it has been showA5ifiat only 

95% is converted, the rest is stored in the deformed material. 

Raybould was able to compare the theoretical values, using only the 

integral profile model, with his experimental results, and found the 

latter to underestimate the temperature rise by up to 20°C. The 

magnitude of the error decreasing as the ram speed decreased, where 

higher heat losses would occur. The calculated temperature rise is 

a mean value and he found th:.t the difference between the predicted 
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and the experimental value was higher at lower reduction ratios. 

This is to be expected because larger temperature gradients will be 

found in the extrudes with the larger diameter. 

The heavily deformed surface layer will have a temperature 

above that of the relatively undeformed inner zone. Experimentally 

only the surface temperature was measured by a dead metal zone • 

thermocouple. The majority of the present work was at high reduction 
ratios and slow ram speeds. It can therefore be assumed that the 

temperature rise calculated by this model will give a reasonable 

estimate of the true mean value, assuming that no structural changes, 

such as the resolving or formation of precipitates happens during an 

experimental run. Such events will absorb some of the heat, the heat 

of solution and the temperature rise will be lowered accordingly. 

In general this model is the most exact one available at the present 

moment. 

The temperature losses to the cooler container, ignored in 

the integral profile model, were estimated by assuming the heat flow 

to be the same as that through a cylinder of internal radius and 

temperature equal to that of the billet, and external radius and 

temperature equal to that of the container. Several assumptions are 

made in this model. The first is that the billet is at a uniform 

temperature throughout extrusion and that this is thesame as- that 

calculated by the intergral profile model. This is clearly not the 

case as the temperature increases throughout the extrusion and is 

not uniformly distributed within the billet. The deformation zone 

acts as a heat source at the end of the billet adjacent to the die. 

A more exact model would have to consider this variable temperature 

gradient within the billet. The total heat loss was calculated by 

considering the mean volume of the billet during extrusion. 

If the billet is at a constant uniform temperature the rate 

of heat loss at the start of deformation will be greater than the rate 

at the end, and it will be directly proportional to the surface area 

of the billet. The increasing temperature during extrusion will tend 
to cancel out any errors induced by the uniform temperature assumption. 

The consideration of only radial heat flow is the other major source , 

of error. 	The temperature of the container is not at a uniform 

temperature of 300°C. At the outside edge the heaters are operating 

at a temperature of 700°C. There is therefore a to mperature gradient 
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throughout the container and this will have *.n effect on the radial heat 

losses. The tooling can also be considered to be at 300°C. There 

will therefore be heat losses from the hot billet to the cooler die, 

the die block, the pressure pad and the ram. To calculate these 

heat losses the integral profile model would have to be adapted and 

complex differential equations set up and solved. The use of a water 

quench would complicate the situation still further, because of back 

conductidn through the extrude. The problem of the heat losses could 

be overcome by experimental means, measuring the temperature distribution 

throughout the container and tooling, and its variation during an 

extrusion. In Chapter One the problem of the accumulation of heat in 

the container during a series of extrusions was briefly mentioned. 

This is a problem more akin to industrial practice than laboratory 

experiments. In the latter the time between extrusions will enable 

the tooling and the container to maintain a constant temperature. 

The integral profile model assumes axisymmetric extrusion. 

It is therefore not applicable to multi-hole extrusions. The heat 

losses, C , C and C3  in figure 1 2' 	3 	2.10 	will differ, C
5 
 will be 

almost the same, for the same total reduction in area. The contribution 

of C3 to the total heat losses is very small and any difference in 

the total land areas in the dies will have a negligible effect. 

The values of C2 and 0
3 

depend on the surface areas of the 

deformation zone and these will depend on the shape of the extrude. 

The difficulty in measuring the size of the deformation zone has already 

been recognized. The dead metal zoae surface area, which controls 

the value of C3, will not differ from the axisymmstric surface area to 

a significant amount. The surface area, involving 02, will differ 

but again the extent of the difference will not have a large effect on 

the heat losses. For these reasons the use of the single hole 

axisymmetric temperature rise for the multi-hole experiments should 

not involve any sizable error. 

5.5.3. The Strain Rate. 

The strain rates used were calculated according to the method 

suggested by Feltham. Other definitions were given in Chapter One. 

All of these involved the calculation of a mean value and assumed -

homogenous deformation. The instantaneous strain rate will differ 
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throughout the deformation zone and each element of material will have 

a complex history of changing strain rate before being extruded. 

The values of the strain rate willdepend on the stream line followed. 

It is possible to measure the strain rate at any point by the 

visioplastic method, which involves a laborious experimental technique, 

or to gain an approximation to the strain rate distribttion from the 

upper bound solution. If s is the velocity of an element of material 

normal to a velocity discontinuity and u is the velocity along the 

discontinuity the strain is 

-Ls"—  

The strain rate can then be obtained by considering the time 

taken to extrude a unit volume of material of unit area past each 

discontinuity. This unit volume is moving at a speed V 	normal 

to the discontinuity. Therefore the strain, ate at each discontinuity 

is 

u V 	 5.2 
The mean strain rate can be obtained from the strain rates at each 

discontinuity. Obviously the strain rate given by this approach will 

be a function of the complexity of the upper bound solution used. 

These different methods will still only give a mean strain 

rate. There does not appear to be any reason to justify the use of the 

more complex approaches when the relatively simple approach of Peltham 

gives a working value. 	The strain rates given in the appendix 

increase with the reduction ratio and the overall strain, at a given 

ram speed, as expected. 	The variation in strain rate throughout 

the deformation zone will increase as the flow becomes more complex. 

An effect that will be dependent on the shape of the product Peitham's 

approach cannot allow for this and there is no model as yet that can 

be applied to such problems. 

5.5.4.  Extrusion as a Hot Working Process. 

The same activation energy was used for all the alloys, 

160,000 joules/mole, for the reasons discussed in section 5.3 . 
The linear relationships obtained between log Z and the flow stress 

suggest that extrusion involves working in the higher flow stress 
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region of hot working and that equation 4.1. 

Z = ALexppicr 

can adequately describe the experimental results. 	The use of this 
equation simplifies the analysis of the results because equation 1.7 

needs a value for 0C and this is almost impossible to obtain'from 

experiments involving large deformations, such as those encountered 

in extrusion. Accurate and constant values of the strain rate and 

temperature are needed and these are not achieved. 

Before equation 4.1 can be used, the temperature 

compensated strain rate is needed. The mean strain rate depends on 

the reduction ratio and the ram speed, the temperature depends on the 

flow stress, and the speed of extrusion, and is therefore related to 

the strain rate. Hence a complex interaction between the strain rate 

and the temperature is expected, the use of Z can only approximate 

to this. The calculated value will be a mean value based on the mean 

strain rate, and the mean temperature rise. If the correct value of 

the mean strain rate is given by the empirical expression used, 

assuming the mean flow stresses agree on a comparative basis, the graph 
• 	

of log Z against 0' should give a linear relationship, or a curve if 

equation 4.1 does not apply to the range of flow stresses considered. 

What is seen is a series of almost parallel lines, each line-  correspondinE 

to a different reduction-ratio, figures4:9-13. The results were 

made to fall 01,81pone line by subtracting the average difference between 

log Z for the 60:1 single hole reduction and log Z for the other 

reductions, at the same flow stress, to give a corrected value log Zo. 

This correction uses the observation that the vertical spacing between 

the lines for the different reduction ratios appears to be independent 

of the material. The correction could equally as well be made to the 

4 
	flow stress. However it is accepted that the hot worked structure 

can be related to Z, in the steady state. Originally it was thought 

that the relationship involving Z might represent an equation of state, 

however, in the unsteady state region, the flow stress depends not only 

on the instantaneous values of the strain, strain rate, and temperature 

but on the previous test history or structure. In alloys A and B, a 

fibrous structure was seen in the 30:1 single hole reductions and an 

elongated or fully recrystallized structure in the 50:1 reductions. 
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A similar observation was made in alloys CE and DP with the tendency 

for a recrystallized structure increasing as the flow stress decreased, 
which corresponded to an increase in the reduction ratio. At a 

reduction of 100:1 the structures were completely recrystallized at 

all values of Z. A correction of the flow stress would require both 

recrystallized and fibrous structures at any particular value of Z. 

It is therefore suggested that the discrepencies are in the values of Z. 

Z z exp RT- 

Taking logarithms 

tog Z = loge 4. 	 
2•303RT 

If the activation energy remains constant the correction factor must 

effect log E  . However the magnitude of the correction factors 

range from -2.1 at an extrusion ratio of loo:1 to 	2.9 at 30:1. 

These are logarithms and imply that there is an error of almost five 

orders of magnitude in the calculated strain rates over this range. 

In other words the calculated mean strain rate at 100:1 is over 

100 times too high and at 30:1 it is almost 1000 times too low, 

leading to the conclusion that for a given ram speed the strain rate 

at a reduction of 30:1 is higher than that at 100:1. This is unlikely 

and therefore the discrepency probably lies in the exponental term, 

which is very sensitive to changes in the temperature or the activation 

energy. Without experimental verification of the temperature rise it 

is not possible to predict the size of any error. It is of interest 

to compare the values for the strain rate used with those predicted 

by an alternative approach. The maximum strain rates were calculated 

from the simple upper bound plane strain model and are given below for 

a ram speed 

30:1 single hole £ = 22.2 V 

50:1 single hole C = 37.1 V 

60:1 single hole t = 49.8 V 

100:1 single hole 	LI 68•L V 

These strain rates are approximately 15-16 times the values used 

appendix 	, but the general trend is the same With the strain rate 

increasing with the reduction ratio for a given ram speed, and 
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therefore the error probably does not lie in the method used to 

calculate the mean strain rate. 

Although it is not possible to say where the error lies)the 

use of the correction factors can be justified on the grounds that 

the same factor can be applied regardless of the alloy. 

Accepting the use of these correction factors the values 

of 13 in equation 4.1 can be compared, table 4.11 . 	The 

experimental values all agree in their order of magnitude. 

Surprisingly 13 for alloy DF is higher than that for alloy CE, the 

opposite was found for the constant 13 in equation 1.2. in the 

hot working tests. This is an effect of the temperature sensitivity 

of these alloys, equation 1.2 can only be applied at a constant 

temperature. 	Alloys 266D and 265D have almost identical values 

of A and 1E3 . 	They have an almost similar composition, 265D 

having a slightly higher magnesium content and 0.377; by weight of 

manganese. 	Equation 4 .1 could not be applied to the range achieved 
in the hot torsion and tensile tests but the more general relationship . 

• 
	 Z 	A(sinhccer)n 

	 1.7 

gave a linear relationship. 

Using the values of oC , derived from the torsion and 

tensile data, the extrusion results could also be correlated with this 

expression, figures4.18 -19.  Comparing with!the results from the 

hot-working tests there is a significant discrepancy. The trends are 

the same, alloy DF being less strain rate sensitive than alloy CE, 

and the orders of magnitude of Z and SinhocT are the same but the 

exponents n are much higher for the results from extrusion, . 	_ 

approximately three times higher. Two reasons may be given for this 

and both underline the difficulties in comparing hot working data. 

No estimation of the temperature rise was attempted in the hot torsion 

and tensile data. This would lead to not insignificant errors in 

Z. The gradient of the graph will decrease if the temperature rise 

is-included, as the errors in the temperature will be greater at the 

lower temperatures, the discrepancy would therefore increase and so 

there must be some othet reasons for the observed difference. 



The value of the activation energy used will depend on 
whether the temperature rise is included or not. Gagnon found a 

20% discrepancy between the activation energy calculated from the 
initial billet temperature, and that from the working temperature, in 

the extrusion of zinc. However the accuracy of the work is open to 

question. The flow stress was calculated using the approximate 

method developed by Wong and only one extrusion ratio was used. 

The results obtained in the present work show that the empirical 

constants derived will depend on the extrusion ratio. The temperature 

rise was calculated from the theory derived by Singer. Raybould 

proved that this theory leads to serious errors. 

The value of Os: is calculated from 

CK = 

and n1 and je) are found from the gradients of graphs plotted at 

a constant temperature. If the temperature rise is allowed for than" 

the gradients will change, assuming enough results at the the same 

temperature have been obtained. This can only be achieved with a 

prior knowledge of Z, cx 	and 07 • 	The only solution 

to this problem of obtaining results at a constant temperature is to 

plot a three dimensional graph of C 	Cr , T 	 If enough 

points are obtained the values of the strain rate and flow stress can 

be obtained at a constant temperature from the surface. 

The extrusion results were correlated using the same values 

of OC , and activation energy, but included an estimation of the 

temperature rise. It is therefore not surprising that a large 

discrepancy is seen between the two sets of data. 

5.5.6 A Summary of the Application of Hot Working Theory. 

Both extrusion and the laboratory testing techniques can 

be correlated with the empirical hot working equation, but it is not 

possible to combine the two sets of data, using present theory. The 

values of 13 in equation 4.1 depend only on the alloy used but the 

constant A , which can be related to the theoretical structure factor, 
will depend on the methOd of calculating the strain rate. Using 

Felthamts approach it is possible tospply correction factors to the 

data but, as an arbitrary datum line Is used, the derived values 
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of A for different alloys can only be compared on a relative basis 

and must not be assumed to be accurate values. More important is 

the conclusion that the values cannot be compared with those obtained 

fromather data. It would beo'useful exercise to compare the different 

values for these constants obtained froth the wide range of testing 

techniques available. Most of the previous work on extrusion has 

either ignored the temperature rise or studied a limited range of 

reduction ratios, usually one or both. 	The results have then been 

compared with those obtained from data obtained by torsion, compression 

and other testing methods. By using only one or two extrusion ratios 

the range of Z studied is very limited. If the temperature range 

extends below 0.5 (frm the activation energy reduces because the rate 

controlling mechanism changes below the hot working range. 	Therefore . 

the temperature range further limits the number of results that can 

be obtained. 	Any conclusion drawn from such results can only be 

applied to similar experimental conditions and cannot be compared 

with other measurements. 

The effect of neglecting the temperature rise in the present 

work can be seen in figures 5.3 and 5.4 , for alloys CE and DF 
respectively. Only the results for the 60:1 single hole extrusion 

are shown and Z was calculated using the initial billet temperature. 

It is evident that the value of n , the measure of the dependence 

of the stress on the strain rate increases if the temp, rature rise is 

ignored, a similar observation was found by Raybould although the 

value of n found was about five times less. 	The results fore . 

extrusion agree with those for torsion in that alloy DF is less strain_ 

rate sensitive than is CE. 	Comparing the values of n for the 

two sets of results, in the hot torsion and tensile tests 

ef = 2 
CE 

for extrusion 

= 1.86 
ncE 

Within the experimental error the strain rate sensitivity of alloy CE 

is twice that of alloy DF. This is a direct result of the 

compositional, and structural differances between the two alloys. In 

alloy DF the presence of the precipitate will hinder dislocation 

movement and this will decrease the strain rate sensitivity. On the 
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other hand the flow stress at a given value of the strain rate is 

higher in alloy CE and this is a result of the extra solute present 

in the solid solution found,in this alloy. 

5. 6 	The Peak Load Developed During Extrusion.' 

Over a wide range of reduction ratios there is a linear 

relationship between the load at the start of extrusion, Lp and 

log R. The exact relationship will depend on the alloy but the'two 

studied, CE and DF, had almost the same gradient but different values 

for the intercept, suggesting that in alloy CE, the almost complete 

solid solution was stiffer than alloy DF,Awhich initially contained 

a uniform distribution of precipitates. .This linear relationship 

is of major practical importance in the effecient design and use of 

presses. The independence of Lp on the ram speed, figure 4.23 , is 

in contrast to hot working theories where an increase in the strain 
rate leads to an increase in the load. The ram speed is directly 

related to the strain rate. Pearson quotes the equation 

V. bP a 
to relate the ram speed to the pressure. 	The values of (a) are 

alloy dependent and are very low. Over the experimental. range studied 

the validity of the expression could not be verified although(a) 

must have been extremely small. 

There are several possibilities to account for this 

unexpected linear dependence. At the start of deformation the billet 

must be upset to the shape of the container and, as shown later, at 

the same time some extrusion occurs. 	There will also be complex 

structural changes taking place. The net effect is non uniform 

deformation with a continually varying strainiate, i.e. non steady 

state condition. At the same time the temperature will be rising, 

and the flow stress is very sensitive to changes in the temperature. 
The overall effect must be that the mean temperature compensated strain 

rate is almost a constant during this initial period. By taking the 

logarithm Z the strain rate and temperature factors can be separated. 

Figures421aishow the dependence of the initial load on the initial 

billet temperature, the almost linear relationship does not give any 

insight into the controlling mechanism, other than demonstrating the 

effect of an increase in temperature on the ease of dislocation movement. 

• 
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The experimental results could be correlated with both the linear 

dependence given by Ashcroft and Lawso156  and the equation 

P Ae-)q 
quoted by Pearson. The value of )\ being of the order of 

0.0064 in aluminium alloys. Plotting log exp "1/RT  , assuming an 

activation energy of 180,000 joules/mole, against the peak load gives 

a linear relationship, when the temperature rise is included. The 

experimental scatter is high but a linear relationship is suggested. 

The equation of the lines is 

Lp = A+mtoge  441.: A+ 112  2.43 RT 
rewriting 

	

Q 	2.303  A + 2;3103   Lp 

	

RT 	m 	
7 

 
which can be compared with equation 4.1 

- log Z = tog A + 2;41°31p or tog E +R-Ctr:2.303togA+ps 

the values of p for extrusion can be compared with 

values of 2.303/m 

for alloy A 
2.303 

m 
for alloy CE 

	

2'303 	2.98MN1  

for alloy B 

	

2'303 	2.06MN1 

for alloy DF 

	

2303 	3.29MN1 m 
Again the differences between the two groups of alloy are 

emphasized. The difference between. alloy A and alloy CE, and alloy 

B and DF, show the significant effect of the presence of the usual 

impurities of Fe and Si. 	In this form a direct comparison between 
4 p and m cannot be made, the former has the units of mm
2 
 /1, 

the latter MN 	However the ratios of the constants can be 

compared, if Lp was converted to the pressure or even the flow stress 

the numerical value of m would not change but the units would 

become mm
2/N, agreeing with those of P 	. 
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For alloys CE and DF 

MCE 
MDF 

1.12 
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PG E 
- 1.25 

For A and B 

MA 
mg 

1.24 
PA 	- 

The suffixes referring to the alloys. 

The constants can be considered to be representative of the 

same value, to an accuracy of 6%. This marked similarity suggests 

that the same hot working mechanism5are in operation at the peak load, 

as well as during the so called steady state region, and the linear 

dependence of Lp on loge -Q- indicates the operation of a thermally RT 
activated process. 

5. 7 	The Height of the Peak at the Start of Extrusion. 

Comparing figures4.21-25 &29-31 the peak height AL 
and the peak load Lp have a similar dependence on the variables of 

the ram speed, and billet temperature, i.e. the higher the magnitude 

of the maximum load then the greater is the peak height, which can 

represent a significant part of the overall load. The load to 

extrude a billet is made up of the load required to deform the metal 

in the deformation zone adjacent to the die orifice plus the load to 

get the material into the deformation zone, i.e. the load to overcome 

the friction between the billet surfacd and the container. As the 

billet length decreases the load will correspondingly decrease and 

this is the usual explanation given to the alomost linear decrease 

in the load throughout extrusion. The sum of this extrusion,load can 

be represented by LE and empirical expr4ssion of the type 

blnR)exp D 410 La  
s 

are often quoted in calculating this value. 

1.16 
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However the load to initiate extrusion is usually higher 

than LE by an amount A 1 that is a peak in the load displacement 

curve is observed. 	Figures4.52-56 show the dependence on the 

relative magnitude of AL 	on LE, which is given by Lp- AL. 

There is almost a linear correlation and figure4.36 for alloys 266D, 

265D, and 272D, indicate that 	AL also depends on the alloy 

composition. The graphs for the other alloys are almost indentical 

with no peak below about 2AST rising to almost 16% of the extrusion 

load at 420. If the peak is only an inertia effect of the press it 

would have passed through the origin, i.e. at zero load there would 

be no peak load and as the load increases the peak would increase with 

a linear relationship. The experimental observation of no peak being 

fammi for L „below 2NN precludes this effect. - Another possible 

source of the peak is the increased flow stress caused by the billet 

cooling at the front end, the heat losses occurring to the cooler 

container. This is more serious in the hot extrusion of steel or 

other high temperature metals. 

The effect of this cooling was eliminated by heating a billet 

in the container overnight and thenectruding. The billet container 

and tooling would have all been at the same temperature but a 

substantial peak was still seen. Its magnitude agreed with the other 

data obtained. 

The peak must therefore be rclated to the deformation 

mechanism of the material at the start of extrusion and, before any 

stggestion can be made to its cause, it is necessary to examine the 

structural changes at the start of extrusion. 

5.g' 	The Development of the Flow Pattern at the Start of Extrusion. 

In figure 5.5 	the flow patterns seen at different stages 

of the load displacement curve for a 60:1 reduction are given. No 

noticeable differences were found between the flow patterns for 

different alloys. In photograph (i) the billet has been almost 

completely upset to fill the container., The macro section is 

similar to that expected from a cast billet that has been slightly 

compressed with the columnar grains being clearly visible. At the top 

of the billet container interface is a region that has been subjected ' 

to a shear stress, this shear zone extends approximately half the 

length of the billet. This will be a direct effect of the removal of 
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Fig.5.5 	The development of the flow pattern during extrusion. 
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the billet from the container, and shows that upsetting is not complete, 

which would be indicated by a shear zone running almost the full length 

of the billet. 	Photograph (ii) is at a slightly later stage. The 

load has been increased but there has only been a slight increase in 

the ram displacement. A very small amount of material has been 

pushed through the die orifice but there is no trace of the typical 

extrusion flow pattern. The shear zone down the sides of the billet 

extends to three quarters of its length. At a higher load still, • 

but before the peak load is reached. photograph (iii), some material 

has already been extruded and shows a heavily worked fibrous structure 

extending almost to the front of the extrude. The shear zone again 

extends to about three quarters of the billet length and the start of 

a flow pattern can just be seen in the region surrounding the die 

orifice. 	The next flow pattern (iv) is taken at the peak load and 

can be compared to (iii). The length of the surface-shear zone is 

the same and the extrude shows the heavily worked fibrous zone. The 

differepce between the two is the extent of the formation of a true 

flow pattern. The dead metal zones can be clearly distinguished in 

the corners and the curved shear zone running from the point of exit, 

over the dead metal zone, to the shear zone at the side is just visible. 

Comparing with (i) the bulk of, the billet has suffered'very little 

deformation. Over the peak load the steady state region occurs and 

deformation proceeds at a uniform rate. Photographs (v) and (vi) 

are taken from different stages in the load deformation curve. The 

curved region of intense shear over the dead metal zones are very 

clearly defined /  and are very similar in spite of the differing billet 

lengths. 	In (v) some flow is seen towards the central axis in the 

bulk of the billet. In (vi) shearing along the top of the billet is 

visible, suggesting some flow between the billet and the pressure pad. 

The net conclusion is that the peak load is associated with the 

formation of the steady irtate flow pattern and not with the upsetting 

of the billet or the start of extrusion, as is sometimes stated. 

5.  9 	Structural Changes Prior to the Peak Load. 

In section 5.8 	the macro structures at different stages 

of the load displacement curve were discussed. The flow patterns in 

(i) and (iii) were studied in more detail. Sections were taken from 

the regions given in figures5.6-7 and examined under the transmission 
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electron microscope. It is experimentally impossible to quench the 

billets immediately deformation ceases and consequently static 

restoration processes must be operating in the time taken to remove 

the billet from the container before quenching. The structure will 

therefore be a modified version of the true structure. Figure 5.8 

shows the structures observed in (i) at a low magnification. The 

structures are very similar to those seen after homogenization,' 

figure5.1 but some variation is seen throughout the billet. The 

rapid billet heating achieved by the inauction heater will have 

influenced the structure but this was not examined. In (c)'and (d) 

the precipitates still have their original orientation with each other. 

In (a) and (b) they have been misorientated, showing that some 

significant deformation has taken place in this region. 

This variation'in structure is evidence to the inhomogenous 

deformation during the early stages of deformation, the location of 

(b) being close to the shear zone and (a) being near the axis. 

Micrograph (a) was similar to that seen in the specimen taken from the 

region adjacent to the die orifice. Figure 5.9 shows the same region 

at a higher magnification. In (d) the dislocation density is low but 

some precipitate dislocation' interaction is seen, this corresponds to 

micrographs c and d in figure 5.10. In the areas where more 

deformation occured a much higher dislocation density is visible, 

(a), (b), and (c). The most interesting is (a), taken from the same 

region as (a) in figure 5.9 . 	The dislocations have started to 

outline cells with a relatively low internal dislocation density, the 

precipitates pinning these dislocation cells. These micrographs may 

be compared with those taken from flow pattern (iii), figures5.10 and 

5.11 , at low and high magnification respectively. 	Figure 5.10 0  

(a) and (d) are typical of the bulk structure and are very similar to 

those found in the previous billet section, with little evidence of 

deformation. Micrographs (b) and (c) were taken from the deformation 

zone surrounding the entrance to the die. In both of them subgrains 

can be seen but they are more clearly.defined in (a), where the 

deformation would have been higher. The precipitates in (I) have 

been aligned and indicate the direction of flow in-extrusion. 

Alignment is just starting in (b) and this marks the boundary of the 

deformation zone in the billet. At higher magnifications, figure 5.11, 

the dislocation structure can be examined, (a) and CO represent the 
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Fig 5.6 The location of the micrographs in figures 5.3 and 5.9 
Alloy BF , 360°C 
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5.10(a) 

Fig 5.7 The location of the inicrraphs in figures 5.10 and 5.11 
Alloy BF ,350°C ,extrusion ratio 60:1, ram speed 5 mm/sec 

• 



20d 

•<' •••••„. 

• 4.0 	•••• 	4 

Jo. 7m,-.! 
•-• 5 

• 

, • 1 

	

' 4.,;,. 	,...• A„ 	• A  . 	0  

•

;,/ d( 1 	' 
Ufa • Ii .. 	- / 	‘" 
• 1:` i 	 ,.. \ ., -.0m.  •.:', I d,-* 4 	 ....— 

	

' e" ( 	 s • e 
2.5pm I 

\ ''''f 
. , \ 

- \ 

\ 
\ ,,\\ 

_i 
---- 

. 

• , 	... 	, 
\ 	- 	,.. 	-,-- , 	\ 	\ 

. 	-„,--' 	, A. 	-,.. 
\ 	\' 	 , 

\-- , 	• 

to 
_ 

\ \ - \ 

_ 
. _. , \ 
; 

., 

` 

'. 	‘  

••• 	• 	.-Ar , 	. 	, 
- 	4 • 	. 	4.04  • ..4 	.4.. 	...1' 

\---....":„), 	0  \ 
;, 7 	% . 	• 	_ • 	...-- .- 	--- 	.......5 

A  
• '.. 	'''` 

' ‘ . . , - • . . . ,_ .1 --'' 1  x\  

dr 46--\  ' 

Fig 5.8 Transmission electron micrographs showing the structure 

immediately after the application of the load. Specimens 

taken from the billet in figures 5.6 and 5.5(1) 
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• 

• 

c) 
	 d) 

Fig 5.9 Transmission electron micrographs showing the structure 
immediately after the application of the load (higher 

magnification). Specimens taken from the billet in figures 
5.6 and 5.5(1) 
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Fig 5.10 Transmission electron micrographs. showing the structure at 

the start of extrusion. Specimens taken from the billet in 

figures 5.7 and 5.5(iii) 
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d) 

Fig 5.11 Transmission electron micrographs showing the structure at 

the start of extrusion(higher magnification). Specimens taken 

from the billet in figures 5.6 and 5.5(iii) 
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bulk of the material and a dislocation density similar to that found 

at the earlier stage in the deformation, figures 5.8-9 , can be seen.. 

The precipitates play a significant role in pinning the dislocations. 

In the regions where more deformation was seen, near to the die, 

micrographs (c) and (d) are representative. Adjacent to the die 

orifice, agreeing with (b) figure 5.10,  easubgrairestructure is well 

defined. The cells are almost dislocation free and the cell walls 

are not uniquely associdted with the aligned precipitates, i.e. the 

cell size is larger than the inter precipitate spacing but some 

precipitates are still assocaited with the cell walls. In (d) there 

is no definite subgrain structure but a ragged dislocation cell 

structure is present. The walls of these cells consist of dislocation 

networks, seen in the bottom left hand. corner, and the size of the 

cells appears to have some dependence on the spacing of the precipitates. 

Comparing (c) and (d) the precipitates act as barriers to dislocation 

motion at the start of deformation, they can also be dislocation sources 

and the cells that start to form are related to the spacing of the 

precipitates. As deformation continues the precipitates are elongated. 

There is a lteit to the deformation that they can withstand, and 

eventually they break down into smaller particles. Their effectiveness 

in pinning the cell formation is then reduced and the subeells formed 

are not directly related to the inter precipitate spacing. 

The micrographs discussed above were taken from a billet that 

would have extruded without any difficulty. A useful comparison can 

be made with the structure found in a sticker, i.e. a billet theequired 

a load higher than the press capacity. Figure5.12_shows micrographs 

• taken from such a sticker in alloy 272D, the complex Al-Cu-Mg-Lb alloy. 

Also shown are the locations of these micrographs. A complex 

dislocation cell structure between the precipitates is seen lin (a) and 

(b), showing that some deformation had occurred during upsetting, but 

no well defined subgrains are seen, even in the region close to the 

die entrance. Micrograph (c) was taken from the corner where the dead 

metal zones would be formed. The structure is almost dislocation free. 

These micrographs may be compared with those published by 

Raybould and Sheppard for an Al 7% Zn alloy, figure 5.13 . 	This 

section was taken at a later stage of extrusion. Subgrains are seen 

throughout the deformation zone, except in the dead metal zone. In the 

area close to the die entrance the subgrains are aligned in the flow 

direction. 



Fiu 5.12 Transmission electron micrographs from a "sticker". 

Alloy 272D, extrusion ratio 60:1, initial temperature 305°C 

b) 
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Fig 5.13 Micro-structure variation within the deformation zone 

Al 7In , log z/A = 4.60 air cooled 	( from Raybould) 
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5. 9.1 A Summary of the Micro Structures Developed at the Start  

of Extrusion.  

When the load is first applied the billet starts to deform - 

and dislocation multiplication and migration occurs. These dislocations 

interact with each other and with the precipitates present. The 

presence of these dislocation inhibits the nucleation and movement of 

others, and this results in a net increase in the load required to 

continue deformation. Providing the press capacity is not exceeded, 

the applied load will increase and dislocation motion continues. In 

the bulk of the material deformation is halted by the restraint applied 

by the container and ram. Adjacent to the die the materialean continue 

to deform by extrusion. The deformation undergone in this region must 

be intense, and to accomodate the strain a high dislocation density 

and rapid dislocation motion is needed. At these high densities the 

tendency is for cells to form, the walls consisting of the interacting 

dislocations and the interiors being almost dislocation free. The 

degree of perfection of these cells increases as the amount of 

deformation increases. As extrusion starts, which is before the peak 

load, the deformation region only extends back a short region into the 

billet. For extrusion to continue material must be able to flow into 

the deformation zone and the deformation zone therefo're extends back 

into the billet, the load increasing accordingly.. ,Eventually,a stage 

is reached where extrusion can continue without any further extension 

of the deformation zone, the strain required in extrusion can be supplied 

by the number of dislocations being produced, and the peak load is 

reached. The rate of dislocation production causing the plastic flow 

has reached equilibrium and the load is a measure of the ease of 

dislocation formationamotion. Beyond the peak load the deformation 

proceeds at a uniform rate. Before a dislocation can move, enough 

energy has to be supplied to overcome the barriers to its motion, 

represented by the activation energy. The ease of overcoming this 

energy barrier will depend on the temperature expressed by the thermal 

activation termexpVIIT . At higher temperatures the dislocations 

are thermally assisted in overcoming these energy barriers and the load 

needed for the same deformation will be reduced. The correlation 

betweenexp4tall and Lp in figures4-25-23show the validity of this 

explanation. 	The fall in load 	A/ still has not been explained. 
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At high temperatures, above O.5 Tm  , dynamic restoration processes 

can occur and the rate of dislocation production is balanced by the 

rate of dislocation annihilation. The higher the temperature the 

easier it is for dislocation to intersect and annihilate each other, 

the number of barriers to dislocation motion is decreased and, the rate 

of dislocation production can increase. A dislocation source will 

only operate if the dislocations that are formed can migrate away. 

Also once a dislocation has overcome_the barrier it will require a 

lower stress to keep it moving, analagous to sticking and sliding 

friction. The fall in load is probably a combination of both the 

operation of an equilibrium dynamic restoration process and the ease 

of dislocation motion, after it has been initiated. It is not 

possible at the present time to predict a theoretical value of A L. 
At lower temperatures there is less tendency for a restored structure 

to be formed but the higher dislocation density will increase the 

difficulty of dislocation motion being initiated. 	Once started the 

acting stress will assist in the dislocation movement and a lower load 

will be needed to sustain this motion. 

This qualitative explanation agrees with the observed 

micrograph and peak loads seen. The dependence of the peak load on 

the extrusion load will depend on the structure and composition, which 

controls the barriers to dislocation motion. Below a critical value 

of Lp a peak in the load curve does not occur. It is in this region 

that the energy supplied by thermal activation minimises the effectiveness 

of the dislocation barriers. No explanation can be given to Ashcroft 

and Lawson's observation of a peak occurring above a certain temperature, 

the possibility of a phase change cannot be excluded. 

5. 10 The Structure at the Front of the Extrude. 

It is usually claimed that the front end of an extrusion 

consists of almost as-cast material, pushed through the die, with very 

little deformation. The previous sections confirm that extrusion 

starts before the peak load, and that the extrude at this early stage 

has the typical heavily worked fibrous structure found in many hot 

worked metals. This clearly demonstrates that sufficient deformation 

occurs to radically effect the homogenized structure, even at the vary 

start of extrusion. The extrusion ratio will obviously have some effect 
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because all of the critical deformation is in the shear at the edge of 

the die entrance, and if the diameter of the rod is relatively large 

the centre will suffer very little deformation. 

Figurea5.14and5.15show transmision electron micrographs 

taken from the front end of two extrusions. In the first alloy DF 

extruded at a reduction ratio of 60:1, a substructure is seen at a 

distance of only 5mm from the very front of the extrusion, 

micrographs (a), (b) shows the same region at a higher magnification. 

A complex cell structure which is only found at strains approaching 

unity, is seen, with networks of dislocations and dislocation free 

regions. The micrographs are transverse sections and in (a) some of 

the precipitates still retain their original orientation with each 

other. In (b) the substructure is more defined indicating higher 

strain, although dislocations are still present in some of the cells. 

The precipitates do not have any orientation with each other in the 

transverse plane. The precipitates seen will be sections of the 

long rods that will be aligned in the extrusion direction, discussed 

later. Micrograph (d) is taken 8cm from the front of the extrude,. 

but will have' been extruded before the peak load. The substructure 

has improved in definition still more, and the subgrain walls have 

reached a high degree of perfection. 	Associ,a,,ted with the subgrain 

region are two grains with a high angle boundary between them,indicated 

by the difference in contrast, and no subgrains are seen in this region. 

Examination at a higher magnification revealed narrow well defined 

subgrain boundaries with a very low dislocation density region in 

between. Similar structures are seen in figure 5.15 , for the . 

relatively softer alloy 265D, also extruded at a reduction of 60:1. 

In (a) and (b) the structure found 5mm from the front of extrusion 

is depicted. A cell structure is seen with ragged walls of inter-

secting dislocations surrounding dislocation free regions. At a 

higher magnification the nature of the walls can be seen in greater 

detail. The boundaries have a very high dislocation density, and 

these dislocations have lo7ered their energy by combining into 

networks. The network structure seen in the interior of the cells 

is generally recognised to be a polishing artefact, although there 

must be an explanation for its similarity to the observed dislocation 

networks. Further along the extrude, (c) and (d), the cell walls 

S 
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a) 5mm from the front 11) 5mm from the front 

 

c) 35mm from the front 
	

d) 80mm from the front 

Fig 5.14 Transmission electron micrographs of the structure at the 

start of extrusion. Alloy DV, extrusion ratio 60:1 single, 

initial temperature 350°C,  ram speed 5mm sec 

,• 



• 

mmolis 
b) 5mm from the front a) 5mm from the front 
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• 

 

c) 120 mm from the front cl) 165 mm from the front 

Fig 5.15 Transmission electron micgographs of the structure at the start 

of extrusion. Alloy 265D ,extrusion ratio 60:1 single, initial 

temperature 330°C, ram speed 9.5 mm sec 

a 
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have increased in perfection and well defined subgrains are seen, 
the size of these subgrains being slightly higher than the cell size 

in figure 5.14, a direct effect of the difference in the resistance 
to dislocation movement between the two alloys. 

These results agree with those observed in the development 

of the flow pattern, section 5.9 , but in this case the structure 
is more representative of the true deformation structure. Within 

the region of the die entrance some deformation occurs relatively 

early in the cycle. 	The strains reached are high enough for the 

dislocations causing the strain to form into a cellular network, 

Aa the deformation zone starts to form the elements of _material have 

to suffer a higher degree of deformation before passing through the 

die, this is reflected in the formation of the subgrains found at a 
short distance from the very front of the extrude. 

5.11 	The Effect of the Rsmoval and Reapplication of the Load 

During Extrusion. 

Two different effects were noticed when the applied load 
was reduced during an extrusion run. When the load was removed 

completely and reapplied almost instantaneously, the load instead of 

returning to its original position, exhibited a peak similar to that 

seen at the vary start of the extrusion, however„the height of this 

peak was always greater than the initial one. 	If the load was only 

lowered and then reapplied a slight peak was again seen, but this time 

the peak load was less than the initial one and the load displacement 

curve followed the expected extension of the original curve, figures 

4.37 &4.38 . The difficulty in achieving this exp,rimentally 

precluded any control over the magnituie of the load reduction. The 

hardness variation across the stop mark in the two cases is given in 
figures 4.52 . 	The stop mark consists of a small ridge in the 

surface of the extrude. The reason for this mark is usually stated 

as being die deflection and relaxation on load removal. When the load 

was completely removed and reapplied a rise in the hardness occurred 

about 5mm, which is the length of the die land, behind the stop mark 

followed by a gradual fall. There was a slight fall in the hardness 

in front of the stop mark. The hardness variation in the extrude 
which had been subjected to only partial removal of the load, had a 



221 

slight rise in the hardness behind the stop mark, these differences 

in hardness may be correlated With the structures found. In figure 

5.1 6 	transmission electron micrographs from either side of the 

stop mark in the first case are given. Beth show regions of 

subgrains with well defined walls but the dislocationedensity- is 

higher in that taken from behind the stop mark. 	A slight increase 

in the dislocation density in the region immediately behind the stop 

mark was also found in the second case, figure 5.,17 . 	When the load 

is removed the tendency will by for static restoration processes- to 

occur throughout the billet, whether thetteare recovery or 

recrystallization will depend on the magnitude of the stored energy 

which will be a function of the temperature and the strain rate. 

Both restoration processes result in some rearrangement and annihilation 

of dislocations. At the high deformation temperatures used these 

restoration processes will be extremely rapid. On reapplication of the 

load the dislocation density will have to increase before deformation can 

oecnr and a process akin to that at the start of extrusion will take 

place, with the load increasing until the rate of dislocation production 

and motion can satisfy the requirements of the strain and strain rate. 

This accounts for the observed peak but does not explain the higher 

peak, possibly the deformed structure after static restoration in the 

deformation zone, has more barriers to dislocation motion than the 

original homogenized structure, where there will be no regular sub-

structure present at the start of deformation. When the load is 

only lowered there will still be a stress exerted on the dislocation 

and as a result they will be in a higher energy configuration than in 

the previous example. 	Some static restoration will occur but on 

reapplication of the load the dislocations acted upon by the stress 

willmove relatively easily and only a slight peak will be seen. 

Dislocationstend to pile up behind each other during deformation and 

their spacing is a function of the applied stress, the higher the 

stress the closer together are the dislocations. Vhen the combined 

pressure exerted by these dislocations is high enough the barrier 

blocking their movement is overcome. The removal of the stress 

reduces the restraint acting on one side of the piled up dislocations 

and they separate to their equilibrium positions, similar to the coils 

of a compressed spring when'the load is removed. Dislocations of thesame 

sign repel each other. 	Before deformation can occur the same 

4ht 
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b) 5mm behind stop mark 

4 

d) 5mm in front of the 

stop mark 
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Om .' A rn 
 

a) 5mm behind the stop mark 

c) 5mm in front of the 

stop mark 

Fig 5.16 Transmission electron micrographs from either side of the 

stop mark, after complete load removal. Alloy272D extrusion 

ratio 60:1 sincle,initial temperature 350°C, ram speed 10.4 mm sec-1  



• , 1 , 

. 	
loop!' 44 

10, 	4 
.• 

• *Ali • • 

r 	. 
, - 	•• . 
• warp 	, .. ' 	1 - !I t Alb 	V , . 

• •••'..'bc • ; .  

0  . ) -..:4:  e ,^ 
	• , 

r 110 
- II 1  F... Mti 

M 

223 

• 

I 

 •  

.e.,, 	od 	• 
• • 

. • 	t 	
ip 	•-• • 

• 

• 

• . 

• e 

pm 	 : 	
r _ 

	

et 	 0.5pm 
rlit • 

- 41 	 - 
5mm behind the atop mark 
	

b) 5mm behind the stop mark 

• 

c) 5mm in front of the 

stop mark 

5mm in front of the 

stop mark 

Fig 5.17 Transmission electron micrographs from either side of the stop 

mark, with only partial removal of the load. Alloy 272D,extrusion 

ratio 60:1 single finitial temperature 556°C,ram speed 7.3 mm sec 



.724 

dislocations have to be returned to their piled up configuration. 

The observed differences between the structures on either side of the 

stop line is a direct result of static restoration followed by 

deformation. In front of the stop mark, which corresponds to the 

exit from the die, static restoration is not followed by more 

deformation. Behind the stop mark some deformation must occur. 

5. 12 	The Effect of the Billet Length on the Flow Pattern 

arid Load. 

Flow patterns at different billet lengths are given in 
figure 5;18. 	The bottom two, (b) and (c), were from an original 

billet length of 75mm, (a) was from an initial length of 120mm. 

All three were taken well into the steady state region, where extrusion 

proceeded at a uniform rate. They all have well defined dead metal 

zone5with a region of intense shear directly above . (blacrographs 

(b) and (c) are also depicted in figure 5.5 ). 	In (a) there is 

a. shear zone down the sides of the billet due to the friction between 

the billet and the container during extrusion. The depth of the 

shear.zone is greater than that seen in the previous flow patterns, 

figure 5;6_7 , and therefore cannot be due solely to the friction in 

the removal of the billet. This shear zone runs into the dead metal 

zone boundary shear region. 	At the back end of the billet no 
deformation has occurred and a fine grain homogenized structure is 

seen. No deformation on the macro scale can be observed until 4 of 
the billet length from the back end. A comparison with (b) and (c) 
shows the boundaries to the deformation zone to be almost identical. 

From this it can be concluded that, for the flow pattern only, a steady 

state is reached, with the form of the boundary shear zones being 

independent of the billet length. 

These results may be compared with the predicted flow 

patterns in figure2.,& . 	Below a billet length of 40mm the 

theoretical flow patterns calculated from a minimised plane strain 

analogue, agree very well with the experimental observations. The 

shape of the shear zones agree with the theoretical boundary lines. 

A slight difference is expected because the theory necessitates lines 

of velocity discontinuity, Implying an infinite strain rate. In 

practise the shear zones have a finite width. Above a billet length 

of 40mm the theory predicts a much larger dead metal zone than is 

4 
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c) 

Fig 5.18 The effect of the billet length on the flow pattern 

extrusion ratio 60:1 



226 

observed, the difference increasing with the billet lengths  A simple 

explanation is found in the selection of the rigid triangle velocity 

field used in this solution. A more complex pattern of discontinuities 

would be expected to give a better agreement, but the analysis would 

be involved. This approach to predicting flow patterns could be 

developed to the extrusion of solid shapes. 	Any vertical section 

through a shape can be likened to a plane strain extrusion with a 

displaced die exit. By calculating the flow pattern for each vertical 

section it should be possible to build up a model of the flow pattern 

and to compare it with that observed experimentally; accuracy will 

depend on the type of solution used. 	In figurA8a the flow 

pattern predicted by the simple plane strain theory shows only very 

approximate agreement with the experimental one, the location of the 

dead metal zone boundaries are similar but, by reason of its simplicity 

this solution is not capable of predicting the rest of the deformation 

Billets of different lengths were extruded and the peak load 

plotted against the initial billet length, figure 4.24 	A minimum 

is indicated between 60 and 30mm, followed by a rise. In the range 

120mm to 60mm the billet is large enough to contain the steady state 

deformation and some unieformed material, towards the back of the 

billet. But in the shorter billets the deformation zone is limited 

by the position of the pressure pad and the steady state deformation 

zone will not be able to form. The measured load will depend on the 

length of the shear zone between the billet and the container and the 

load to.pass the material through the deformation zone. As the latter 

is the same in all cases a linear relationship between Lp and LE  

might be expected. The experimental results show a slight deviation 

from linearity. As well as the load to overcome the friction of the 

material there is also the extra load AL needed to initiate 

dislocation movement and to form the deformation zone. This will 

increase as 1. 	increases, the longer the billet the greater the 

deformation needed. There will therefore be a nonlinear 

relationship between the length and the initial load, and the gradient 

will increase as LB  increases. 	This is what is observed. 

At ghort billet lengths no steady state is reached. 

A qualitative comparison can be made by referring to the 

theoretical plane strain extrusion pressures obtained from the flow 

patterns shown in figure 2.8 . 
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60:1 single hole

50:1 three hole

..

/

60:1 two hole

Fi gt;1\~. C\ Single and multi hole flow patt erns from
the sirnple upper bound solut ion .
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This is depicted in figure2.9 were the expected linear relationship, 

(no account being made of 	) is seen down to a billet length of 

45mm. Between 45mm and 15mm there is a very slight rise followed by 

a larger rise as the length decreases still further. A qualitative 

agreement is therefore seen between the experimental and theoretical 

variations. 

5. 13 The Flow Patterns in Ehltihole Extrusion. 

The flow patterns for the multihole extrusions were all 

taken in the vertical plate containing all the holes and typical 

examples are given in figure5;19 . 	Dead metal zones are seen in the 

circumferental extremities and an just be discerned in the area 

between the holes. There are many basic similarities to the single 

hole extrusions with regions of intense shear bordering the dead metal 

zones, but there is also a shear region down the central axis in the 

case of the three hole extrusion. In between these zones of shear 

the metal flows in a curved path to the exit. The angle the outer 

dead metal zone boundary 	makeSwith the die is greater than that 

seen in single hole extrusion but the region extends back to approximately 

the same depth, roughly equal to half the billet diameter. In fact 
the geometry of these outer dead metal zones, in the plane studied, 

appears to be only a function of the distance between the outer rod 

and the billet edge, and not by the number of holes being extruded. 

If this is true then a similar flow pattern should be observed for the 

extrusion of a rod equal in diameter to the distance between the outer 

surfaces of the outermost rods. 	Comparing (b) and (c), different 

reduction ratios, there is very little difference between the two 

patterns ae:the change in reduction ratio does not alter the geometry 

to any significant extent. 

In figure 18a , the plane strain patterns from the 

minimised upperbound solutions compare reasonably well with the 

experimental patterns, allowing for the simplicity of the solution, 

a more complex flow pattern of the type used for the single hole flow 

patterns will give g better correlation but the solution will involves 

extensive computation. 
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100:1 

Fig 5.19 Plow patterns developed during multihole extrusion 
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5.14 	The Structures.  Observed During Extrusion. 

Up to now little mention has been made of the range of 

structures observed in the extrusions. The initial homogenized 

structures have been discussed in section5.2 	, and are depicted in 

figure5.1 . 

The structures observed may be classified into three main 

types typically as shown in figures5.20a&b , frequently the structure 

was a combination of one or more of these types. 

Micrograph (a) is of a typical fibrous structure with very 

long grains aligned in the extrusion direction. The similarity between 

this structure, forned at high temperatures, and  that produced by a 

large reduction at low temperatures, prompted much of the current 

interest in hot working and dynamic recovery. The classical theory of 

hot working suggested that a recrystallized structure wai obtained by 

working above a critical recrystallization temperature, the fibrous 

structure shows that this is not the case. 

In (b) an elongated structure can still be detected-but 

recrystallization has occurred. Some of the recrystallized grains' 

have their largest axis in the extrusion direction. The extent of the 

elongation is exaggerated by the aligned precipitates, they tend to 

make the grains appear longer than they are in reality. 

In (c) a fully recrystallized Structure is seen. The only 

indication of the extensive deformation that has been used is the 

preferential orientation of the precipitates, which lie in the 

direction of extrusion. These precipitates appear to be much larger 

than those observed under the electron microscope. Two reasonsfor 

this may be given. One is the exaggeration of the size caused by 

the etchant. The other is that such large precipitates would be 

unlikely to thin down with the bulk matrix during the preparation 

of the thin foils. 

Some of the variations of these basic structures are shown 

in (d), (e) and (f). Very fine recrystallized grains are seen at the 

edge in (d) but further in the grain size increases and a slightly 

elongated structure is found. This change from a fine to a relative 

coarse grain size occurs over a very small distance. It is also 

known that the coarse grain perpheral region found after heat treatment 

has a definite width, independent of the time of heat treatment. It 

may be that this region is associated with the observed band of fine 
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47. 

_ 	 
mararramaaveop+.--..--  

200"rn 2°  

a) Alloy B, 30:1 single, 338°C, 5 mm sec-I  

b) Alloy C, 60:1 three hole, 353°C, 5 mm sec.' 

° 	-I  c) Alloy DP, 60:1 three hole, 468C, 5 mm sec 

Fig 5.20(a) Optical micrographs of typical structures found 

in the as extruded, rod 
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411114 Caw mi 

, 30:1 sir161e, 378°C, 14 mm sec -' 
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d) Alloy A, 50:1 single,378°C, 12.7 mm sec 

f) Alloy A, 50:1 three hole, 500 &C, 11.6 mm sec -' 

Fig 5.20(b) Optical micrographs of typical structures found in 

the as extruded rod 
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grains near the surface. This region is also where the heaviest 

working would have occurred. 

An almost fibrous structure is depicted in (e) with some 

elongated recrystallized grains within the fibrous structure. The 

surface of the extrude consists of large equiaxed recrystallized grains 

and can be compared with the previous micrographs where very fine grains 

can be seen at the edge. The difference between the two is related 

to the different degrees of working undergone by these extrudes. 

Occasionally the structure in (f) was seen. Here bands of 

recrystallized grains lie in the extrusion direction and are surrounded 

by areas that have not been attacked by the etchant, which was Cellars 

solution. Akin to this structure was a similar one, where the bands 

of recyrstallized grain consisted of grains whose length was several • 
times their width. The unetched region is probably a fibrous structure. 

In figure 5.21 (a), the cross section of a multihole extrude 

is seen. The main structure is fibrous but the lines radiate from 

one point on the edge. In the two hole extrusion, and the outer rods 
of the three hole extrusion, only one of these regions of radiating 

lines was seen. Two were found in the centre rod of the three hole 

extrusion. This non uniform flow is a direct result of the flow 

occurring in multihole extrusion. In these extrusions the longitudital 

section observed under the optical microscope were not symmetrical about 

the centre axis, where recrystallization had occurred no such radiating 

lines or non symmetrical structures were seen. Comparing the Optical 

structures with the flow patterns, it can be seen that the displaced 

structure can be related to the differing flow found. In the two hole 

case a large volume of metal has to flow from the edge of the billet 

to the extrude, a smaller volume flows from the central region. To 

accomodate these differing flow rates the line of symmetry, where the 

flow rates are equal, will be displaced towards the centre. 	The three 

hole extrusions will be similar but more complex. 

The last micrograph, figure 5.21 (b), is representative of 
an overheated structure, and is the product of a combination of the 

accumulator drive',  a high initial billet temperature, and a high 

reuction ratio, 100:1 three hole. The temperature rise was high 

enough to cause localized melting and the structure consists of very 

fine grains surrounded by a continuous intergranular network. The 

mechanical properties of this structure were very poor. It was 
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a) Transverse section of a multihole extrude,alloy B, 

30:1 three hole, 420°C, 11.1 mm sec -4  

M 

i • 

 

b) Overheated structure. Alloy CE, 60:1 threehole, 497°C, accumulator 

Fig 5.21 Optical micrographs of the as extruded rod, multihole transverse 

section, and overheated structure 
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extremely brittle and could be snapped with little effort. A cracking 

noise was clearly audible before fracture. A structure of this kind, 

with its associated mechanical properties is characteristic of alloys 

that have been heated to a temperature above the melting point of one 

or more of its constituents. The molten phase forms an intergranular 

network, and rapid quenching freezes this structure. The phase forming 

the network is usually very brittle and as it is a continuous film the 

properties are extremely poor. 

The range of structures observed in the transmission electron 

microscope, associated with the optical micrographs are depicted in 

figure 5.22 

In every case the fibrous structure consisted entirely of 

subgrains, such as those in (a). The lack of contrast between the 

subgrains is an indication of the low misorientation between them. 

Networks of dislocations can also be seen. This structure is direct 

evidence of dynamic recovery during the deformation. The rate of 

dislocation multiplication is balanced by the rate of annihilation and 

the dislocations form into well defined walls to form the subgrains. 

Comparison with the fibrous structure has shown the fibres to be composed 

of these low angle grains. In between each fibre there must be a 

band of higher misorientation to account for the action of the etch in 

depicting the fibres. These high angle boundaries can be associated 

with the original grains of the material that have been elongated by a 

factor equal to that of the extrusion ratio. When examining-these 

electron micrographs it must be remembered that the observed structure 

depends on the orientation of the foil in the microscope, consequently 

all of the dislocations present cannot be observed at the same time, 

or retained on the same micrograph. Some of the subgrain boundaries 

are pinned by the precipitates present but there are as many 

precipitates that are not associated with any boundary. This 

micrograph.is from a transverse section. In (b) a typical longitudiral 

section is given. Comparing the two, the larger precipitates seen are 

in the form of rods that have been orientated during the deformation 

into the extrusion direction. It is not possible to determine the 

direction of extrusion from any alignment of the subgrain. 	This 

agreee with the work of Wong and Jonas on commercial purity aluminium, 

who only found aligned subgrains at the lower temperature range of the 

hot working region. This led to the idea of repolyganisation during 

hot working, where the subgrains have to be constantly reforming, 

otherwise some elongation would be found. 
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a) Alloy B, 30:1 threehole 	b) Alloy CE, 10C:1 single, 

420°0,11.1 mm sec -I 
	

4864C, 12.6 mm see 

c) Alloy CE, 60:1 single 
	d) Alloy DF, 60:1 two hole 

373°C, 5.3 mm sec-1 
	

440  C, accumulator 

Fig 5.22(a) Transmission electron micrographs of the typical structures 

found in the as extruded rod 

S 
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e) Alloy 266D, 60:1 single 	f) Alloy CB, 60:1 single 

330°C, 15.6 mm sec -I 
	

433°C, accumulator 

g) Alloy B, 30:1 single 
	

h) Alloy B, 30:1 single 

338°C, 5mm sec -1 
	

378°C, 14 mm sec-1  

Fig 5.22(b) Transmission electron micrographs of the typical structures 

found in the as extruded rod 
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The micrograph in (d) is of another transverse section of 

a fibrous structure but this time the volume fraction of precipitate 

is much lower. Otherwise the basic features are similar to (a) with 

well defined subgrain walls and no dislocation within the subgrain. 

The diameter of the cells is larger than that in (a) and this illustrates 

the role of the precipitates on the cell size. 

When the elongated recrystallized structures were studied 

the observations were similar to those given in (d) and (e). In the 

former, a region comPOSO4 entirely of subgrains is surrounded by a 

subgrain free region. Tilting the foil in the microscope did not 

produce any trace of subgrains in these regions and the dislocation 

density was low. The second micrograph shows no subgrains but instead 

large grains are seen with dislocation cells within them. Compar 

with the previous micrographs the size of these microcells is similar 

to the subgrain size. 

In the extrudes with a fully recrystallized optical structure 

the electron microscope showed large grains with high angle boundaries 

(f). No subgrains or cells could be seen within them but dislocations 

were usually present, but not always. The observed dislocations did 

not have any definite configuration, such as network formation or cells. 

When dislocations interact with each Other the tendency is for them to 

lower their energy by forming equilibrium networks. The boundaries of 

the subgrains are made up of such networks and typical examples are seen 

in figtre 5.22, (8) and (1). The first shows a typical subgrain 

boundary and how precipitates can act as pinning points. In the 

second the role of the precipitates in pinning dislocations is revealed 

more clearly. Although the precipitates are not uniquely associated 

with the subgrain walls they still act as barriers to the dislocations-

and the dislocations between these precipitates tend to lower their 

energy by linking up with each other. This is the nearest approach 

that was found to the continuous dislocation networks within the 

subgrains mentioned by McLean. It is not possible to deduce from 

mircographs of this nature whether the dislocations within the grains 

are the hot worked structure, or a stage in a static restoration 

process. The definite networks seen are the two dimensional subgrain 

boundaries. 
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5. 15 	The Relationship Between the Flow Stress and the As Extruded 

Structure. 

Figures 4.41 to 4.49 	indicate that the structure can be 

related to the theoretical mean flow stress and therefore presumably 

to Z. In general the lower the flew stress the greater the tendency 

for a recrystallized 1A,factwie-3. As a lower flow stress is associated 

with a higher working temperature this is not surprising. The change 

from the completely fibrous structure to the fully recrystallized 

structure is a gradual one and it is not possible to say that 

recrystallization occurs below a certainvalue of Z without qualifying 

the percentage of .recrystallization. 

The structures in the two alloys A and B were studied in 

the most detail. These alloys were based on super purity aluminium 

and effects due to complex alloying will not be present. Alloy A did 

not have any manganese present and an elongated recrystallized structure 

started to appear at a flow stress of approximately 75N/=2 and was 

fully recrystallized by 60/Nmm2. A completely fibrous structure was 

only seen at the very high flow stresses associated with a high value 

of Z, i.e. a low deformation temperature and a high strain rate. When 

a mixed structure was seen, e.g. elongated recrystallized and fibrous, 

the recrystallized structure was always found nearer the edge of the 

extrude. Alloy B, with manganese was similar but the fibrous structure 

extended to below 70/Nmm2 and no trace of a fully recrystallized structure 

could be found above 56/Nmm2. Alloys CE and DP, which were not studied 

in such detail, exhibited the same correlation. The fibrous structure 

occurring over a wider range of flow stresses in the manganese bearing 

alloy DP. 

This correlation between the structure and the flow stress was 

found to apply to both single and multihole extrusion, This proves that 

theflow stresses calculated from the simple upperbound solution for the 

more complex flow are correct, relative to each other. It also 

vindicates the application of a correction factor to log Z rather than to c5' 

in figures4.14 —17. 
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5. 16 	The Occurrence of a Recrystallized Structure in Extrusion. 

The press used was fitted with a water quench situated as 

close to the die as possible, 340mm. 	This distance was limited by the 

design of the press. The extrude would therefore have a very short 

time between leaving the die and entering the quench. 	If any static 

recrystallization had occurred it must have been in this time-  interval. 

For an extrusion ratio of 30:1 and a ram speed of 5mm/sec-the exit 

velocity is 150mm/sec. The time between leaving the die and quenching 

is then 2.37 seconds. The work by Evans and DunstU found that the 

delay time for static recrystallization in hot compressed commercial 

purity aluminium was less than one second. The effect of alloying would 

effect this delay time; the presence of precipitates can aid or hinder 

nucleation depending on their size and dispersion. If the time for 

recrystallization to occur is of the same order as that found for 

commercial purity aluminium then the possibility of a 'static restoratign 

process operating cannot be excluded. Recrystallization structures were 

also observed at the high ram speeds achieved with the accumulators. 

At these exit speeds the time before quenching is less than 0.2 seconds. 

However, this high velocity will also reduce the tine in the most 

effective part of the quench. Also the high ram speeds will result in 

the heat losses being minimal and virtually adiabatic conditions can 

be assumed. The exit temperature will be very high, hot shortness was 

a common. feature of these extrudes, and coupled with the high strain 

rate, the nucleation time will accordingly be low. 

If dynamic recrystallization had occurred the structure 

should show deformed recrystallizated grains and possibly some region 

of subgrain being consumed by a migrating high angle boundary. 

Dislocations were seen in the recrystallized structure shown in 

(figure 5.22b, and subgrains surrounded by recrystallized grains in 

figure5.22a(d),In the latter the curvature of the high angle grain 

boundaries indicates the movement of these boundaries into the subgrain 

region. Also an elongated recrystallizaed structure was found in the 

optical longitudiral structures, figure 5.20a(b.) 	These structures 

cannot be considered to be conclusive evidence of dynamic 

recrystallization. The dislocation in the recrystallized grains 

were not always seen, none were visible in figure 5.22(d1 and those 

seen did not have any resemblance to the cell structure that forms 

during these high deformations. Any recrystallized grains formed in 
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the deformation zone will be elongated in the extrusion direction, the 
'extent of this elongation will depend on the deformation suffered after 

recrystallization. This explanation can be applied to the observed 

elongated structure andiany recrystallization did occurr it would be 

nucleated in the most heavily worked regions, close to the surface, as 

observed. Another possibility is that static recrystallization of the 

fibrous structure starts immediately the extrude emerges from the die, 

or even in the die land region, and that these recrystallized grains 

follow the preferred orientation faend in extrusion. If the stored 

energy is high enough then normal recrystallization occurs with no 

preferred orientation. The presence of any precipitateL will hinder 

the migration of any grain boundary and recrystallization will be 

retarded. The precipitates formed by the TJtn in alloys B and DF will 

therefore retard recrystallization. 

The possibility of dynamicerecrystallization cannot be ignored 

but no conclusive evidence to its existance was found. The possibility 

of static recrystallization in the short time prior to quemching is 

more likely. The high conductivity of aluminium will lead to a complex 

heat balance in this region between the quench and the die. At one 
11, 	 end the extrude has been quenched to virtually room temperature, at the 

other is a heat source pumping heat into the extrude because of the 

thermal gradients. 

The fibrous structure found at the high flow stress is 

indicative of the dynamic recovery that takes pl4ce during deformation. 

This recovery will tend to lower the energy of the system and on 

leaving the die, there is not enough thermal energy to initiate the 

nucleation of recrystallized grains. The microcells observed in 

some of the elongated optical structures is an indication of the method 

of nucleation. This structure is associated with a lower value of 

Z and the thermal energy is just sufficient to cause some of the 

subgrains to reduce their misorientation byrotation. The remaining 

subgrain walls then commence to coalesce. This is the stage at which 

the extrude from which micrograph 	figure5.22e was quenched. If 

the stored energy is high enough the internal dislocations will all 

migrate to the walls, where they will either be annihilated or combined 

into the networks present. This will leave a dislocation free grain 

with a relatively high angle boundary between it and its neighbours 

which may still contain subgrains. Similar to that depicted in522(d ). 
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The remaining subgrains have not been able to rotate with respect to 

each other, to lower their misorientation, and therefore no nucleation 

of a recrystallized grain has taken place. 	This evidence of the 

nucleation of recrystallization by subgrain coalesence agrees with that 

given by f3u.85. 
The possibility of dynamic recrystallization cannot be ignored 

but no conclusive evidence to its existence was found. The possibility 

of static recrystallization in'the short time at temperature prior to 

quenching is more likely. 	If dynamic recrystallization had occurred 

then the use of a constant activation energy of 160,000 joules/mole 

would be incorrect, some evidence of this would be expected in the 

analyses of the data. No such evidence was seen. 

17 The Relationship of the Mechanical Properties with the 

Structure and the Flow Stress. 

The mechanical properties of alloys A,B,CE, and DF were 

studied by tensile tests. All four had higher properties for the 

recyrstallized structure than for the fibrous structure, figures g-'`FIT,̀ f -̀ 04-  

This is the opposite of what was expected. In commercial purity 

aluminium the fibrous structure has the higher properties and the 

use of manganese or zirconium to retain the fibrous structure 

usually gives superior mechanical properties. 	Electron microscope 

studies of the as-extruded structures revealed a common feature between 

the alloys. The number of small precipitates present decreased as the 

macro structure changed from fibrous to recrystallized. In alloys A 

and CE, which started off as an almost complete solid solution, some 

small precipitates were still seen. The higher mechanical properties 

can therefore be realted to the percentage of solute in solid solution. 

Two reasons for this change in solubility may be given. The first 

is in the temperature of extrusion. At high temperatures the 

equilibrium solid solubility is increased, and any precipitates present 

at room temperature willtend to dissolve. At lover temperatures this 

tendency will be reduced. The heating cycle prior to extrusion will be 

important in this aspect. Discussion with other workers in this field 

raised another possibility.' These alloys are very sensitive to the 

rate of quenching, and when the structure consists of subgrains, 

precipitates tend for form along these subgrain boundaries, during 

quenching. The retention of a high vacency concentration will aid this 

precipitation. The boundaries are preferential sites for nucleation 
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and, if the solid solution is super saturated, precipitates will occur. 

It should be possible to control the extent of precipitation by controlling 

the quenching rate. The temperature prior to quenching will be a 

controlling factor in the extent of super saturation. 

The observed change from low to high mechanical properties 

in the elongated recrystallized structure is an indication of the ease 

of precipitation in the fibrous structure. As the volume percentage 

of this fibrous structure is,weduced the subgrain density is lowered, 

reducing the nucleation sites for precipitates. 

The observed relation between the mechanical properties and 

the recrystalized grain size may also be explained by the presence, 

or absence of precipitates. As the flow stress decreases i.e. the 

temperature rises, the grain size increases and normally this would 

lead to lower mechanical properties, as give-.by the Hall —Petah 

relationship. If the amount of solute in the solid solution is also 

increasing, this grain size will be masked by the accompanying increase 

in strength. The observed dependence will be a function of the 

hardening caused by an increase in solid solubility and softening due 

to an increased grain size. 

5. 18 	The Variation in Mechanical Properties Across the Extrude. 

Figure 4.51 shows the variation found in the hardness across 

a single hole extude and a multi hole extrude, both with a fibrous 

structure. The deformation in single hole extrusion is symmetrical, 

as can be seen in the flow patterns figure 5.18 / therefore a 

symmetrical variation in the hardness is expected and this is found. 

The hardness at the very edges is slightly lower than that of the matrix 

but away from the surface there is almost a constant hardness with a 

slight maximum at the centre. The low hardness at the surface may be 

attributed to an unidentified change in the microstructure brought about 

by the higher degree of working and higher temperature developed. 

The variation across the outer rods of the multihole extrudes 

do not have the same symmetrical variation. There is no region of 

constant hardness and a maximum occurs towards one side. The micrograph 

of a cross section of a multihole extrude figure 5.21 depicts non uniform 

flow, the flow patterns also show this figure 5.19. 	The variation in 

hardness may be related to this observed flow. The hardness measurements 

were taken across the diameter, from the point where the flow lines 
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radiated from in the cross section. Along this diameter the maximum 

variation in the flow will have occurred. At the very edge a relatively 

low hardness was found. This increased along the diameter to a 

maximum away from the centre axis, and then fell as the opposite surface 

was reached. The measured mechanical properties will represent an 

average of this variation in hardness. 

The central rod in the three hole extrusions showed two points 

of radiating flow lines and the hardnessvariation followed the same 

trend, with a minimum at these two points and a maximum at the very 

centre. Each minimum corresponds to those found in the outer rods 

and is a direct result of the differing rates of flow needed to 

maintain uniform rate of deformation. 

519 
	

The Variation in Mechanical Properties in the Multihole Extrude. 

Over the range of flow stresses studied no clear variation 

in mechanical properties within experimental error, between the multi 

hole extrudes was found. None was expected in the two hole extrusions 

but it was felt that there would be a noticeable difference between-

the central rod and the outside rods in the multihole products, because 

the higher degree of deformation undergone by the two outer rods. The 

diameters of the extrudes were relatively small, reduction ratios of 

30:1 to 100:1 being considered, and the eccentricity was limited to 

low values by the size of the die backer. As a result the difference 

in the degree of working received by the different rods could not have 

been high enough to cause any noticeable difference in the properties. 

If the eccentricity and the diameter of the rods had been 

larger the sane significant difference would have been expected. As 

stated in the previous section the mechanical properties average the 

variation found across the section, as indicated by the hardness. In 

larger sections produced by the multihole method this variation in 

hardness suggests that significant variations in the mechanical properties 

would be found, and for this reason care must be taken in positioning 

the holes to achieve the most uniform flow. 

Any variation in hardness is a reflection of a variation 

in structure and as well as a variation in mechanical properties, some 

variation in other properties is to be expected e.g. the susceptibility 

to corrosion and stress corrosion. This variation instructure could not 

be examined under transmission electron microscope because of the method 
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used in preparing thin foils. In larger sections especially shapes, 

the variation across the extrude as well as along its length must be 

examined. 

5.20 	Surface T-Liefects in Aluminium Alloy Extrusion. 

Only visual defects were studied and no anodizing treatments 

were examined. Many of the problems in aluminium extrusion is in the 

variation in surface finish obtained after extrusion, this is related 

to structural defectd in the surface layer. Two types of defect were 

seen, hot shortness and pickup. At high temperatures the product 

often had small cracks perpendicular to the direction of extrusion 

and running around the entire circumference. The cracks are usually 

attributed to localized melting. Figure 523a  shows a crack examined 

in the scanning electron microscope and below it is an optical 

micrograph of a similar defect. The cracks are intergranular in 

nature and run towards the back end of the extrusion. The evidence 

of the localized melting is found in the precipitates. There are 

fewer precipitates aligned in the extrusion direction, compared with 

figure5.20 , and, in the region close to the cracks, intergranular 

networks are seen. The occurrence of these cracks was noted only when 

the calculated emergent temperature was above 540C in alloy CE and 

560°C in alloy DF. These temperatures agree approximately with the 

solidus lines on the appropriate phase diagrams. 	Williams also found 

this defect to occur only above a certain temperature, which he estimated 

by using a contact thermocouple on the extrude. He also demonstrated 

the importance of the temperature cycle of the container during a batch 

of extrusions. This increases during the extrusion and falls in the 

dead cycle time, as the press is prepared for the next extrusion. Over 

a period of time the mean of these oscillations in the temperature 

approached a steady state value, and, if the temperature was above the 

solidus, hot shortness occurred. The use of water cooled tooling 

can play an important role in controlling this temperature. 

If the defect was caused by fracture, due to internal stresses, 

the surfaces seen in the scanning electron microscope would have the 

more definite structure associated with fracture. The observed nature 

of the surface coupled with the temperature dependence of the defect 

verifies localized melting as the cause. Figure 5.24 shows other 

views of this defect. 	In (k) the view is -along the surface, which 

• 
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a) Alloy A, 30:1 sings 

420°  C, accumulator 

M 

b) Alloy A, 30:1 single, 378°C, accumulator 

Fig 5.23 Scanning electron and optical micrographs of hot shortness 

4 



b) 

Fig 5.24 Scanning electron micrographs of the surface appearance 

of hot shortness cracks. Alloy A, 30:1 single ,42000, accumulator 
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a) Alloy CE, 60:1 single hole, 390°C, accumulator 
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b) Alloy CE, 60:1 three hole, 497 C, accumulator 

Fig 5.25 scanning electron micrographs of the different surface 

finishes seen 
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is very smooth with no evidence of pick up or scoring. The inside of 

this crack does not have the appearance ofafracture face. , In the 

second micrograph 040 the surface had been deep etched in Tuckers 

reagent. The recrystallized grains forming the surface and the 

intergranular na*sgt of the crack are clearly visible. 

Hot shortness can be avoided by limiting the initial billet 

temperature and the extusion speed, which lowers the production rate. 

It was a very common defect in the extrusion produced with the 

accumulator drive, where adiabatic conditions are in operation. The 

extent of this defect never extended more than a short distance into 

the billet. The mechanical properties of the material bearing this 

defect were comparable to the defect free structure. The depth of 

penetration is a measure of the temperature rise associated with the 

heavier working undergone by the outer surface. The order of magnitude 

of this depth agrees with that found for the fine grain structures 

shown in figure-  520d and the two may be related. 

The quality of the surface finish is also important, from , 

a sales point of view. The appearance of a high quality surface in 

the scanning electron microscope is shown in figure 5.25. 	The visual 

appearance of the surface-vas very smooth, but fine lines along the 

length of the extrude are still visible at high magnifications. These 

lines are caused by small pieces of aluminium or large precipitates -

adhering to the die surface, known as pick up. One theory is that the 

die deflects under the high pressure and only the entrance to the die 

is in contact with the extrude. Thi3 is clearly shown in figure 5.26 . 

In the small gap between the extrude and the die lands some aluminium. 

tends to collect. Williams found that this pick up was not severe 

below 52000, for an Al--Mg—Si alloy, and this suggests that there is 

some temperature dependent interaction between aluminium and the tool 

steel. If the load is removed the material accumulated under the 

bearing entrance adheres to the billet and forms the stop mark when 

extrusion is continued. If this is the cauee of pick up then a 

modification of the die entrance and angle of the die lands will 

minimize its occurrence. This was v?rified by Williams. The presence 

of the pick up lines emphasizes the need for die cleaning, but there is 

a limitation to the amount of cleanin3 possible, some scoring was found 

midway through an extrusion even when a now die was being used. 	At 

very high temperatures a surface similar to that shown in (b) was found. 



Load applied 
showing die deflection 
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Fig.5-26 Die deflection model for die pick-up. 
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0 

This is the surface of the extrude with the overheated structure given 

in figure5e2 	As well as having poor mechanical properties the 

surface is totally unacceptable. Very heavy scoring can be seen but 

there are no hot shortness cracks. Hot shortness occurs when localized 

intergranular melting occurs. If the temperature is high enough the 

extent of this melting will increase throughout the extrude width and 

the extrusion will consist of pushing an almost pasty material through 

the die, pieces of the alloy will adhere to the die and score the surface 

producing the observed finish. The size of the extrude will play a 

significant role, as this will govern the temperature Variation. In 

extrusions with a very small diameter the temperature at the surface 

will be the same as that in the interior. k small diameter implies 

a high reduction leading to a higher temperate rise. A rapid quench 

will then freeze the overheated structure with its intergranular network 

of the low melting constituent, to leave a microstructure similar to 

that shown in figure 64*. 

' Providing that the exit temperature did not exceed the critical 

value for hot shortness the quality of the surface was more dependent 

on the condition of the die than on the extrusion speed. At very low 

speeds an unusual defect in the form of a continuous spiral running 

the length of the extrude was often observed, especially in the softer 

alloys 266D and 265D. No explanation of this could be given. 

5.21 	The Load Displacement Curves. 

Four different curves were found during the cause of the 

experiments, figures 4.40 . The first three may be related to the 

different: temperature conditions in operation. At low temperatures 

the billet and the container are initially the same temperature, 

After the peak load the almost linear reduction in load is due to the 

changing length of the frictional interface between the billet and the 

container. If the flow stress remains constant the linear relationship 

would be obeyed exactly, but at these low temperatures the high load 

leads to a high temperature rise and consequently the flow stress 

decreases throughout the ram stroke. Rayboulde's experimental results 

proved that the temperature rose very rapidly at the start of extrusion, 

but then only a slight rise was found. This slight rise throughout the 

extrusion indicates that the decrease in flow stress is slight and this 
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accounts for the observed almost linear relationship. At much higher 

temperatures the billet is continually losing heat to the container 

which, coupled with the low temperature rise because of the lower 

extrusion load, will lead to an increase in the flow stress. The net 

effect is an increase in the load, as depicted in T3. 	The curve for 

T2 is an intermediate case. The occurrence of precipitates or 

dissolution will alter the curves still more as both the temperature 

rise and the flow stress will be affected. 

No peak or noticeable minimum was noticed during extrusion 

with accumulator drive. The continual fall in the ram speed was a 

direct effect of the nature of operation of the accumulators and this, 

coupled with the difficulty in measuring the load, precluded the 

quantitative analyses of these results. 

5. 22 
	The Effect of 3bction Shape on the Extrusion Load. 

In figure 4'.3:9 , the load displacement curves for several 
different shapes and hole configurations are given. Both the initial 

and final load depend on the section being extruded, with the load to 

extrude through a three hole die being highest and that for a square 

the lowest. This is a direct reflection of the effect of the 

complexity of deformation on the extrusion load. 

One method of correIvt,ing data for different shapes is to 

compare the peripheral ratios.
A 
 These are given below along with the 

ratio of the peak loads. All the ratios are given relative to that 

for the Square hole. 

Peripheral ratio Initial load 
Three hole 1.54 1.12 

Two hole 1.25 1.07 

Square 1.00 1.00 

Strip 1.51 1.02 

It is clear that the peripheral ratio is not a suitable means 

of comparing the loads for even these simple shapes. It is unlikely 

to apply for the more complex shapes encountered in industrial practise. 

The reason for its failure is that it cannot include any term to account 

for the differing deformation that must be taking place. 

A more successful method maybe to adapt the method used to 

correlate the data with the hot working equations and to experimentally 

measure the correction factor, relative to a given datum line, that must 

'Ye -,o of rt,e c 	fe / eN., ce 	e  (25 	
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be applied. The flow stress can be obtained from the plane strain 

upperbound for an equivalent single hole reduction. 

The loads at the end of extrusion showed different relations 

to those found.at the start of the extrusion. The two hole extrusion 

load is higher than that found f®r three hole and that for the strip is 

the lowest. 	This difference would be due to a combination of the 

differing deformations and the associated temperature rise. The shape 

of the extrude also seems, to have a significant effect on the peak 

height, which again may be a direct result of the complex shape of the 

deformation zone. 

5: 23 	Limit Diagram 

The Original limit diagrams by Hirst and Ursell and others, 

were based on either simple theory or a laborious experimental technique. 

Raybould used hot working theory and an upperbonnA solution to predict 

the limiting load lines and the limiting temperature line. His load 

line was calculated from the load at the deformation zone plus a 

frictional term. This predicted the dependence of the load on the 

strain rate. The present work has shown that this load is independent 

of the strain rate and is only dependent on the alloy, temperature and 

reduction ratio. The temperature line is limited by the occurrence 

of hot shortness and the temperature rise must not take the billet 

temperature over this limiting value. For a given ram speed and 

reduction ratio the flow stress can be found, from the experimental 

results figure 4.20 . 	Working back from this the flow stress can 

be used to predict the deformation load and hence the temperature rise 

can be calculated for a known billet length. The position of the 

minimum load has to be assumed but this will only lead to a small error. 

Subtracting the temperature rise from the maximum temperature gives the 

initial billet temperature for that particular set of conditions. 

Repeating this the limiting lines can be drawn for different strain 

rates. Figures4.53 and 4.54 give the limit diagrams for alloys 

CE and DF respectively. The heat losses to the container at high 

temperatures mean that an initial billet temperature higher than the 

limiting temperature is predicted, at low strain rates. Obviously it 

is not possible to heat the billet above the melting point of any of its 

constituents, although the time at the temperature will be important. 

Therfore the limiting line at these low strain rates is indentical to the 
critical temperature for hot shortness: 
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The diagrams are drawn with three limiting temperature lines, 

each corresponding to a different strain rate. The diagram could 

therfore be drawn in a three dimensional form with the axes log R, 

initial billet temperature, and strain rate. The two surfaces obtained 

would be the limiting boundaries for the press capacity and hot shortness 

but other surfaces could be added for the limiting condition of complex 

shape extrusion, tube extrusion, or even other defects. At the present 

stage these other boundary surfaces would have to be found by 

experimental means, but the result would be a useful method of selecting 

the optimum production conditions. The use of video display units 

connected to a computer would be a possible means of examining and storing 

these diagrams. 

5. 24 	A Criticism of the Present Work. 

No discussion is complete unless a criticism of the whole 

work is included. There are several criticisms that can be made. 

1. The temperature model used was not verified experimentally. 

Although the integral profile method has been shown to give 

a reasonable estimate of the temperature rise, the suggested 

method of allowing for temperature losses to the container 

has to be tested. 

2. A mean flow stress and , mean strain rate was used to 

correlate thexesults from extrusion. No analysis was made 

of the, variations in these parameters throughout the 

deformation. 

3. No account was made of the temperature rise in the hot working 

and tensile tests and it was shown that these will effect the 

constants calcualted for the hot working equations. 

4. Only one billet size was studied, except for a few experiments 

at different lengths. Although the dinensions_of the billet 

were larger than those usually used in experiments of this 

kind. It remains to be seen whether results obtained can be 

applied to the size of billets used in industry. 

5. Alloys similar to the ones studied are heat treated before use. 

The relationship between the properties after beat treatment 

to the extrusion parameters was not studied. 

6. For ease of experimentaion only one homogenization treatment 

was used. The heat treatment before extrusion will have some 

influence on the behaviour during extrusion. 
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7. The structure of the alloys before and after extrusion was 

not studied in great detail. It should be possible to 

determine the true nature of the precipitates, their original 

orientation, and their orientation after extrusion by using 

standard techniques. 

8. The variation instructure and mechanical properties across 

the extrude and throughout its length was not studied in great 

detail. 

5.25 	The Industrial Relevance of the Present Work. 

Extrusion is one the major methods of metal fabrication in use 

to-day and consequently experimental work of this nature should have 

some industrial relevance. 

The scale of the experiments was more akin to industrial 

practise than is the usual case, although there is still a big difference 

between the experimental 511N press and the 501X3 presses common in 

industry. 

It has been shown that the empirical hot working equations can 

be applied to extrusions on this scale, and that the presence of the 

impurities usually found in aluminium alloys can have a significant effect 

on the hot working behaviour. It is not possible to gain more than a 

qualitative idea of the relative extrusion properties of the two alloys 

by the usual laboratory testing techniques. A useful idea is the 

application of correction factors to log Z when correlating data for 

different shapes and reduction ratios. 

The capacity of a press limits the initial load that can be 

applied to a billet. The,dependence of this peak load on theextrusion 

parameters and the structural hhanges was studied in more detail, and 

more important, the height of the peak seen at the dtart of extrusion 

was shown to depend on the alloy and the structural changes taking place 

at the s tart of extrusion. The peak load, as well as being linearly 

related to the logarithm of the reduction ratio, is practically 

independent of the ram speed and is related to the temperature through 

an Arrhenius type expression. By knowing the peak load at a given 

temperature the maximum reduCtion ratio or billet length for a given 

press can be calculated. A knowledge of the latter can increase the 

output during each run and this will lead to a reduction in the volume 

of discard during a production run. 
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The defect known as hot shortness was only found above a 

critical temperature and, using this as the limiting temperature, limit 

diagrams were drawn for alloys CE and DP. From these diagrams the 

optimum conditions for extrusion can be found. A suggestion was also 

made to increase the usefulness of this diagram be extending them to 

three dimension and plotting the limiting lines for other shapes and 

defects. 
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CONCLUSIONS 

Within the accuracy of the experimental results the following 

conclusions can be drawn; 

1. The results from hot torsion and hot tensile tests have been 

correlated over a wide range of the temperature compensated 

strain rate by the general hot working equation 

Z= A(sinhoO)n  
2. The constants in the above equation depend on the alloy. The 

presence of manganese has a significant effect on the hot 

workability of an Al- 4g Cu alloy. 

3. The use of an activation energy of 160000 joules/mole is justified 

by a comparison of previous work and by the correlation faUnd 

in the present results. 

4. The mean flow stresses for single and multihole extrusion calculated 

from a simple minimized plane strain upper-bound solution gave 

a qualitative agreement with those measured in torsion and tensile 

tests. 

5 	Using the mean flow stress,  a man strain rate and the calculated 

mean deformation temperature a graph of logZ against the flow stress 

gave a series of parallebtraight lines, each corresponding to a 

different hole profile. The gradient of the lines was alley 

dependent. 

6. By applying a correction factor to logZ the results gave a 

linear correlation. The correction factor was only dependent on 

the die profile and not on the alloy. It is suggested that this 
approach may be utilised in the analysis of the extrusion of 

complex shapes 

7. - There was a considerable difference between the results from 

extrusion and those from the torsion and tensile tests. Although 

the general hot working equation could be applied to both sets 

of data the value of n was almost three times in the case of" 

extrusion,althaugh the ratios between the alloys were the same. 

This difference was not a result of neglecting the temperature 

rise in the torsion tests. It is due to the assumptions made in 

the extrusion theory. 

8. It is therefore not possible to correlate the results from 
the different methods of testing. 

9. The peak load is practically independent of the ram speed 

but is linearl related to 'ciao Its dependence on the temperature 
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is given by an Arrhenius type expression. 

11 	The height of the peak at the start of extrusion has a 
similar dependence on the ram speed and temperature as the 

peak load. There is almost a linear relationship between the 

peak height and the load necessary to cause extrusion. This 

line did not pass through the origin. The exact nature of 

the relationship depended on the alloy. 

12. The peak load may be associated with the formation of a 

steady state flow pattern, which is related to the microstructural 

changes occurring at the start of extrusion. 

13. The observed flow patterns for single hole extrusion , 

agreed with those predicted by a minimized plane strain upper 

bound solution. 

14 	Removing and reapplying the load midway through an extrusion 

had two effects. If the_load was completely removed a peak higher 

than the initial one was seen. Partial removal of the load led 

to a lower peak. these differences are related to the static 

structural changes occurring when extrusion stops 

15. 	The structures 	the as—extruded rod could be classified 

into three types, occurring at different levels of the flow 

stress. 

1. fibrous 

2. elongated recrystallized 

3. fully recrystallized 

More than one structure may be present in any extrude. The 

range over which each was found depended on the alloy content. 

The presence of manganese reduced the tendency for a recrystalliz ed 

structure to form. 

16. 

	

	Dynamic recrystallization does not occur in the extrusion 

of aluminium alloys. 

17 	The recrystallized structure had the highest mechanical 

properties. This can be attributed to precipitation in the fibrous 

structure. 

18. There was no significant variation in the mechanical properties 

of the extrudes from the multihole extrusions. 

19. The loads measured in the extrusion of simple shapes could not be 

correlated by the use of the peripheral ratio. 

20 	Hot shortness is due to incipient melting and is found above 

a critical temperature. At much higher temperatures an overheated 

structure is found. 

21 	the pressure lines on the limit diagrams are independent 

of the strain rate. The temperature lines are very dependent. 
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Appendix I 

The computer programs used are given below. 

1. The Conversion of the Torque Time Curves to Stress Strain Curves  

The torque was measured by a load cell with a millivolt output. 

The reading obtained from the U.V. recorder was related to the torque 
by 

T = U.V- / TANPEI CONSTANT 

where U.V is the reading on the U.V chart 

TANPHI and CONSTANT depend on the amplification used in the recorder 

The data required is; 

1. The radius of the specimen 

2. The gauge length 

3. The speed in R.P.M. 

4. The constants TANPHI and CONSTANT 

5. The time at which the torque was initially applied.This enables the 

time for each point on the curve to be conveniently measured from a 

chosen reference line. 

6. The initial temperature. 

7. The alloy identification code used. 

8. The millivolt reading U.V at a time T. 

9. The output is obtained by reading in U.V = 999.999 

2, The Elnimied Plane Strain Upper sound Solution for Single Hole  

Extrusion. 

This is a simple iteration program using the theory given in 

chapter two. The data needed is ; 

1. The billet diameter 

2. The extrusion ratio 

3. The assumed values of the angles and 

The program calculates the optimum values of x,Gj, andif,the 

latter being taken to an accuracy of 0.1 . Using these values the extrusion 

load and pressure are calculated. 

3 The Minimized Multihole Plane Strain Solution 
The theory used is given in chapter two and the program is a mod 

modified version of that given in section two. The program shown is that 

for the two hole solution. 
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4 

The required data is ; 

1. The billet diameter 

2. The extrusion ratio 

3. The estimated values of and 
The results are given for the range of eccentricities 0.1 to 0.9 

The three hole program is identical except for the following 

modifications; 

line 00160 B=D/3.0 x Eu 
00165 A= (d- 3.0 x 1) - ETA x (10- 3.0 x .a) 

00166 z=( ETA/ 2.0) x ( D - 3.0 x B) 

00538 TOTLD = ALOAD 4. 2.0 x A2LOAD 

4. The Simple Axisymmetric Solution 
Up to line 00600 the program is identical to that for the 

plane strain solution, i.e. it calculates the optimum values of x, t4, 
andt . Using these values the surface areas of the velocity discontinuities 

and the squares of the velocities are calculated. the load is then 
found from the theory given in chapter two. 

5. The. Complex Plane Strain Solution Used to Predict the Flow Patterns 
This program calculates the load for the complete range of 

the variables for a given billet length, radius, and extrusion ratio. 

It then selects the minimum. The data that must be supplied is 
1* The billet length 

2. The billet radius 
3. The extrusion ratio 

The output lists the values of the angles and the length x that 

gives the minimum load. 

6. A General Least Squares Program 
This calculates the best fit straight line thr ugh a set of 

data by the standard least squares formula. The variables X and Y are 

fed in as the data. At lines 00171 and 00172 it is possible to insert 

the functions of X and. Y that have to be correlated. In the example 

shown lines 00164 and 00166 calculate the value of sinh9 o). The best 
.fit straight line between logX and logsinh( o) is then found. The output 

lists X,Y,f(X),f(Y), the mean values of f(X)and f(Y), the equation of 

the line, and the regression coefficient. 
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41 

PROGRAM_ 1 

00100 PROGRAm TuHu0E(INPuT,ouTPun 
00110 UImENSIONuV(500).T(500) 
00120C BEAU IN H, LENGTH AL,R*P-M S, TANPHI, CONSTANT, TIME AT 
00130CZERU,TEmP,ALLOY,C =1,0 =2 
00140 PRINT 1 
0141 1 FORMAT (*ENTER H,AL,b,TPHI*) 
00142 READ 5,R,AL,S,TFHI 
00143 5 FuRmAT(F10-5,F10-5,F10-5.F10•5) 
00150 PRINT 2 

-00151 2 FuHmAT(*ENTER C.TO,TEMP.ALLOY*) 
00152 HERE) 4,C,TO,TEmP,J 

.00153 - 4 FuHmAT(F10-5,F10-5,F10-5,I1) 
00170CCALCALuATE OMEGA 
00180 OM = 2-0*3-142*5/60-0 
00190C CALCULATE SHEAR sTRAIN RATE, TRUE STRAIN RATE 
00200 bTR = 
00210 TbTH =sTh/SuRT(3•0) 
00220 PRINT 6.TLMP,J,STR,TSTR 
00230 b FuRMAT(5HTEMF=,F10-5,2X,6HALLOY ,I1,2X,4HSTR=,F12-6 
00240+.2X,5HTSTR=,F12-6) 
00280+TRUE STRESS*) 
00290C CALCuLATE. TORUUE 
00300 DO 100 1=1.500 
00310 HEAD 8,0V(I),T(I) 
00320 8 FURmAT(F10.5,X,F10•5) 
00330 IF(UV(I)-EW.999-999) GO TO 10 
00340 GO TO 100 
00350 10 N741.--0 
00360 GO TO 11 
00370 100 CONTINUE 
00375 11 PRINT 7 
00376 7 FOAmAT(* 	SgSTRAIN 	S-STRESS 	TSTRAIN 	TSTRESS 

00377+*) 
00360 Du 101 I=1.N 
00390 AM=(Uv(I)/TPHI)+C 
00400 THETA =(2.0*3-142*S/60•0)*(T(I)—TO) 
00410 GAM =R*THETA/AL 
00421 TUH =3* 0*Ak/(2-0*3-  142*(8**3)*( 10.0**8)) 
00430 bIGmA =SuRf(3-0)*TuR 
00440 ETA =GAmi(SuRT(3•0)) 
00450 PRINT 9, bAm,TuR,ETA,SIGmA 
00460 9 FURmAT( F12- 4,3X, F12-4,3X, F12- 4,3X,F12•5) 
00470 101 CONTINUE 
00480. STUD  
00490 END 
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PROGRANI 2 

- 	 - - - 

00140 PHu6Hrw, oPPEHG(INPuT,UuTPUT) 
00110 i PH.LNi 4 
ki,.,120 4 FLIKWAT(*hLAU IN Uitlar,LTEHO.EH,Oti..PHI*) 
44130 HaAU 5.0.LH.0m,PHI 
40144 5 FuHN.A1(4F14.4) 
00154 IF(J.E6,•9)6u Tu 105 
00160 tA=  

00170 0=U—A 
00164C OUNVLIIT OkE6A ANO PHI TU HADIAN6 
00194 h1OM =Um/57.29573 
04200 H11-HI =PhI/5?-29578 
O0210C CrALuuLATE DEPTH UF auHKING 
00220 15..; A1=A**2/(1•4+((A/b)*(bIN(h101))**2” 
40230 61--.64(1•0+C(AiG)*6ik(HIPHI))**2)) 
00244 FHIN1 u.A1,di 
w026o o FuHAAT(5A,3HA1=,F14-4,5X.3H01=,F14•4) 
00260 X=6uHT(A1+31) 
04274 N=N+1 
00264C CALLuLATL A;4D wRITL OuT WE'a ANGLE 
00294 L1J41=(4.4*A)/(3-0*A) 
00300 EPHI=(4-0*6)/(3•0*X) 
16,0310 H2U:,I=ATAN(L0041) 
O03a0 tleHI=AT,-64(LPHI) 
0033o PHINT 7012010,h2PHI 
O0344 7 FUHmii1(oX,bHUkE6A=.F10.4,5A.4HPHI=.F10.4) 
00354 DIF1=6uHT((57-29575*(1101,4—H201.4))**2) 
003c.)0 5IF2=6HT( (57•29578*( H1PHI—H2PHI) )**2) 
00370 PH1-NT 
• J i- UH,IAT(5A,5HUIF1=,F10.4.5X,OHDIF2=.F10-4,5X.2HX=.F10•4) 
00390 IF(DIF1•LT*0•1.AND.UIF2-LT*4.1) Gu T6 9 
04440 IF (N•LW.54) GO TO 101 
00410 H1Um =.62u0 
04420 ri1eHI=H2HHI 
00434 6U TU- 140 
00440C CiALL:uLATE LumD ubiku VALLJEG OF X.Om PHI 
00450 9L1=( 2• 4-k( A**2) 	( A* ( 6IN( H2Uivi) )**2) 
00464 (..2=(2•0*ii*d)/CA-h-( 6IN(A2PHI))**2 
04470 u3=(.3•0*A)/TAN(H2th 
0)460 C4=(3•0*A)/TAN(H2PHI) 
00490 PHINT 15 ,C1.02.C3,C4 
00500 15 FuHT(3HG1=,F10.4,2X,3HC2=,F14d4,2A.3HC3=,F10.4•2 
44514+X.3HC,4=,F14-4) 
00520 ALuAD=(2-0*A)+(2-akA*AW6-1-G1+02—C3-04 
00534 Prid66=AluAU/D 
00540 01,1=1,20,1*57.29575 
4J5.1 elli=1,2e11157 , 29576 
00560 PHINT 10.A.B,D,th,A,U6i,PHI.ALUAD,Pke5b 
0057W 10 FuHt.AT(2HA=.F10.4,2X.2HB=.F14-4.2X,2HU=.F10.4//16 
04564+HATHubiON HATIO=.F10•4/2HA=.F10-4.2X.3HO.d=,F10. 
00590+4.2A.4HPHI=,F10.4//6HALuAD=2K,F10•4ii12HPHE 
00604+660HE = K.F10-4) 
00610 Gu Tu 
o0b2o 1o1 PhINT 142 
04634 102 FUmota(*N=60*) 
00640 145 bTOP 
o0650 ENO. 
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00100 PrtuuHAM u(eLho(INPuT.uufPUT) 
00110 1 PAiNT 4 
001L0 4 Fuhi.iAT(*mAu IN DIAIAHD,EH.6;,:. 1 ) 
0o13o HEAD 5,0,EH,U.A.PHI 

J140 5 FUH,IAT(4r10*4) 
001o0 iF(J.Lw.:))uu TU 105 
00156 uu 150 itTA=1,9 
001E:.6 	1LJIILL=0,0 
O01b0 6=o/ (2o ib*L,h) 
00151 	1040 
00155 Ar.-(u-2•0*5)-(aTA*(u-2.05)) 
001uo L=LTA*(0-e•4*u) 
Wo1o7 (- HINT 25 A.Z.ECA 
00165 25 FUmmAT(2HA-- ,F10•4,2X.2HZ=,F10.4.2A,4HETA=.F10•4) 
0017o b=b-A 
00150G Cui4VEhT U.IEGA AND PHI TO hADIA45 
00190 H1u.; =0m/57•29578 
uu2o0 H1PHI =PHI/57-29575.  
021L LALCuLATt utPTH UF JHKING 

0022o 1oo A1=A**2/(1-0+((AiB)*(biN(R101,,))**2)) 
0o2j0  
• PhINT 6,A1.51 
Oo250 b FuH..4AT(5X,311A1=,F10-4,5X,3H51=.F10'4) 
0o26o A='0uHf(Ali-o1) 
o027o 
0028oC CALCULATE AND 0HITE uuT NE a ANOLEb 
i6J2L,0 c:um=(4.0*A)/(3.0*x) 
00300 L-PHI=( 	0A-4 
0o310 H2(j.=iT,N(EU) 
u432O H2eHI=ATAN(EPHI) 
0u33u PHIi4T 7.1=1201i,fi2PHI 
0034o 7 FuHHAT(5x.0HOMtGA=.F10.4.5X,4HPHI=.F1D*4) 
0035o L).11:1=buriT( ( 57* 2957b*( t-110,vr-1120m) )**0 
0035o OIF2=hT((5?.2957*(;1rHI-I2PHI)*3 2) 
00390 IF(5IF1- LT.0el-ANO-DiF2.LT-0.1) GU TO 9 
004o0 IF (Notu•50) 5u TO 101 
0041J HlOivi =H25W 
0042o 611-HI=1i2PHI 
0043o GU TO 100 	• 
00440C CALCULATE LUAU u5INO VALuES OF X.OM PHI 
00450 9 C1=(2* o*(A**2))/ X*( SIN( H2Ohil) )**2) 
0040w C2=-(2.0*A*5)/(A*(5I1.i(H21- HI))**2 
0047w U3=(3.0*A)jfAN(H2OW 
00400 04.-.(3.o*A)/TAN(H2FHI) 
0052o ALuAU=(2•0*A)+(2.0*A*A)/b+C1i-C2-C3-C4 
00530 U0 L0102=2.d9.2,  
00631 Cho2=LUL2 
0.1532 nUa2=01.2i57'29.576 
00633 G21=(2•0*(i**2))/(X*(5IN(1i5m2))*0 
00534 C22=(2•0*Z*d)/(X*(bIN(B2PHI))*2) 
00535 C23=(3.0*Z)/TAN(h0,.2) 
00530 C24--(3•0*Z)/TAN(h2PHI) 
00337 ALLuAu=(2•0*X)+2.0*L*Aiii)i-C21+C22-C23-024 
oob3u TuTLo=ALuAO-FA2LoAD 
00540 01,-,1i201.:*57.2576 
00550 PliI=i2PHI*57.2357S 
0.1o52 IF(5TuHtL-LE*0•0)uu Tu 2k 
00554 Gu is 201 
00555 201 IF (bTuREL.GE.TuTLD) (35- Tu 200 
w05-5d 

 
Us Tu 14i 

0056w 20o 5TuHEL=TuTLO 
00552 bi0m=UM 
O0554 6TeHI=PHI 
O0555 bilj1•2=Um2 
00505 140 GUijiimUE 
00bb8 PALbo=ofutiLLiO 
00570 PHINT 1o.t.TA,Eh,U,G.A.X.21.5T0iii,STPHI,5TO12,STuHEL,PRESS 
00.572 10 FDA.AAT( 4A= T A=.1.710* 4.2X. 3HEli=, 	F10.4 

,2A5=J- 1.J.4/i2HA=, 
/i3A0o,=,2A,4hehi=. 
AL Lund = K.F10.4. 
4,2X,4HPHI=,F10•4/ 
Thu LUNTINut 
uu TO 1 
101 PHINT 102 
102 FUrvoAT(*N=50*) 
105 uTuP 
LAO 

PROGRAM 3 

0o57u+ 
00578+ 
Wi..5uo+ 
00590+ 
00500 
00510 
00620 
O063o 
00540 
WoOtiO 

F10•4,2X,2hX=.F10* 
F10.4.2X.4H0F1 
2A, 12t1 Euilt= K 
/6AALUAD=2K,F10•41 

4.2A.211G=.F10.4 
0•4//14HTOT 
.F10.4) 
/12M-tit 
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40104 enuutiA..i ut'PEAuiiNPui.u.afPu0 
oo110 1 rA.,..) 
,120 4 Fuill,A1(*Aur,o .14 iJIAkLiLhU,LA,...,L,PAI*) 

4 00140 	 Program  
001 40 if- k,Ptzu.t.,)uu TU 105 
40100 A= u—(u/LA) 
0017)) b=0—A 
4o1u0C uuN.A.Ai umc.uA ANU 	TQ hAUIANo 
o0190 ml u. =ual/u7.29578 
O,.e0.4 1.11,A1 
o4410u LALUuLATu uuPTH OF auhKING 
0022o 140 Al.-.A..*2/(1-0+(iA, L))*(0:1401104)**'2D 
4o230 ui=u*A/(1-0+((A,6)*uiN(AIPHI))**2)) 
4o24o PAiNf 
002E0 b FUr1l,A1(5A,3AA1=.F10-4.5A.3Hb1m.F14-4) 
• A=GullT(A1+01) 
0w274 N=Ni-1 
402GOG CALCuLATt Awu 	uuT WE.) ANuLE5 
• cU-1=( 4• 0*A)/(3'0*X) 
0o5oo tHA:=(4.o*J)/(3-0*X) 
01,J1«, A2u.)i=ATAN(LW 

nePAZ=ATAN(GPAI) 
Wo33o PAINT 7.H20Wi.ri2PHI 
04340 7 Futio,AT(5,...eAU,ALGA=.F10-4,5A.4HeAl=.F10•4) 
00350 u.7.1- 1=GATi(57.29570*(A1u,i,—)120,4,))**2) 
40300 LIF2=u1..AT((57.2957(1*(A1eAl—m2eA1))**2) 
o...1370 rhINT 5,b1F- 1,u1h2.A 
443bo a FuAmAT(5A.bAuIF1=.1-1J-4,oA,fyiuiF2=,)-14.4.5A.2AA=.)-10,4) 
ow3J0 ,:F(LJIF1-LT-$0.1.tmu.u,A-2-L1 ,0-1) Gu TI 9 
0o400 iF (N-uw-50) bU TU 101 
40410 hiliwl 
0042o A1PAI=A2PAI 
044J4 Gu TU 100 
004400 CALLuLATE LuAU u5ING VALUE:.) OF X.Om PHI 
4445o 9 01,-(2.0*(A**2))/(A*(0.7.1(m2014)**2) 
44404 C2=(2'W- A*o)/(X*(0.7-14(H2PAI))**2 
04470 L.3---(3.4*A)/TAN(412014t) 
444b0 L4=(3.O*A)/TAN(A2PHI) 
00494 PAINT 15 .C1.C2.C3.04 
40500 15 FuAmmT(3AG1=,F14.4.2X.3AG2=.F14.4.2X,3HC3=.F10.4.2 
40614-..A,3AC4=.F10.4) 
0452o ALuAU=(2-0*,04-(2•0*A*A)/b+C1+C2—C3—C4 
00530 PALG=ALuAU'D 
00540 ul4=A24,4*57.2957b 
Oo560 PAI=A2PAI*57.29528 
40560 PAINT 10,A,b,D.LA,A.uN,PHI,ALuAU,PALGb 
4..1570 10 FuRmAT(2AA.,F10.4.2X.2HA=.F14J.4,2X.2HD=,F10.4//16 
44500+AEATAuGIUN hATIL...F1J•4/2AX=.F14.4.2h.3HU!o=.F1).-1' 
04590+4,2A.4APHI=.F10.4//uNALUA0=2K.F10.4/i12APAE 
44640ToGuAL = K,F10•4) 
04505 AU=!... IN(H2oW 
0061w uC=8/GIN(A2FH.T.) 
40620 Bu=x 
40530 AO=36i1TMA*fr2)/(biN(A20b0)**2)+(x**2)—(5*A*X*Cu 
44640+0-120.,1) 4 SIN(A24) 
0455o di.=GuHT(((b**2)/(6IN(APHI))**2)+(A**2)—(2• 0*A*B*A*  
446bo+C.05(A2PAi),oIN(A2PHI))) 
00670 A13=A/(A*oiW(h21,14 
00GBO A54=A/(A*GIN(A2PHI)) 
04otY0 A23=(1.0/A)*AU 
44704 A24=(Ai(Altp))*dC 
00710 .434=1 , 0-)-(Aid)—(A/X)*((CUG(A201.0iii4( 1120141))+(Cu5  
44724+(;-.PA1)45IN(A2PHI))) 
4o7UOG LALuLAIL AA2uYmmtfA1C LUAU ANO Frit.5At 
1,4.17:Yo AAO=AU*3.141o*(uTb) 
40300 GAP=2.4*3•1616'..uU*a 
OodlO OAC=uL*3.141oVi) 
vi0u20 AAu=AG*3.141o*(U+B) 
04&:.14 BAL=u0i-3•141°*5 
40G44 Al3=(A13)**2 
oU050 A54=A54**2 
Ouidboi Ad3=A23**2 
O0c.74 A24=A24**2 
oocio0 A34=A34** 
0495w AALuAU=(iu1UieA13)+(oA0*A34)+(uA0*X54)*(AAG*A23)+(b%.0* 
Ow960+A24) 
60974 GAH=(u**2)/(8**2) 
049u4 eAuGoA=AALUmul(3•1416*(U**2)) 
00990 PAINT 4,..i.c.i.A.AALOAD.PmEGGA 
O1000 4o Fult.:AT(1:niAXItATAuGIUN hATIL)=,F10.4// 
w1410+JAAALUAu=K.):14.4//141.AAIPAL5uh =K.F1o.4) 
OlkJ24 GU TU 1 
41'0313 101 PAINT 1J2 
41040 102 FuA.A1(*W=5w*) 
0450 105 uruP 
41).100 uNU 
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PROGRAM 5 

PROGRAM UBM2(INPuT,OuTPuT.TAPES=INPUT.TAPE6=OUTPUT) 
200 RFAD(9.2)L_,RR,ER 

F0RMAT(15.E10.7.E13.7) 
1F(L.FQ.0) GO TO 201 
D=SORT((PR**2)/E(7) 
A=PB-n 
wpITE(6.4)1tA+D 

4 FoRMAT(3HL= .15.1X.3HA= ,E/0.4,3X.3HD= .F10.4) 
ALOAD= 0.0 
00 100 NX=1,L.1 
X=FLOAT(NX) 

C CONVECT L TO REAL VARIABLE 
AL=FLOAT((_) 
Ir(AL.LF.X) GO TO 11 
AOMAX=ATAN(A/X) 
AOM/N = ATAN(A/Al ) 
IOMAX = A0mAX4(180.0/9.1425 
TOMIN = A0mIN*180.0/1.1415 . 
00 101 IOM= 10mIN.I0mAX.2 

C CONVErT 10m TO REAL VAR1ARLE 
AO = FLOAT(IOm)*1.1419/180.0 
GAM=CATAN((A-(X*TANIA0)))/(AL-X)1) 
IF(GAm.GE.A0.0R.r.AM.LE.0.0) GO TO 101 

C CALCULATE ALPHA 
ALF =((ATAN(A/(AL-X)))-GAM) 
R=ATAN((A/X)/(((A+D)/D)-1.0)) 
C =ALF+GAM 
IE(r.LT.R) GO TO 101 
JR = R*180.0/3.1415 
JC = r*1R0.0/3.1415 
DO 102 JRT =JR+Jr,2 
BETA = FLOAT(JRT)*3.1415/1e0.0 
XT.X-(o/TAN(RFTA) ) 
IF(XT.LT.0.0)G0 TO 102 
OXT=O/XT 
IF(DXT.LT.O.O.OR.0XT.GT.1.0) GO TO 102 
RO =AO 
RT= ARSIN(DXT) 

C CALCULATE EXPRESSION FOR LOAD 
Ro=o/S1N(RT) 

Ar=X/TAN(RO) 
nr=(AL-x)/r0S(GAm) 
DA=A/(SIN(ALE+GAm)) 
co=x/r0S(RO) 
AR=SORT((n**?)+((X-o/TAN(RT))**2)) 
AEO=A/(X*SIN(RT)) 
Ap9=((A+D)/0)-(A/(X*TAN(R0)))-(A/(X*TAN(RT))) 
IF(A25.LT.O.0) GO TO 102 
A23=(A/X)-(SIN(GAm)/SIN(ALF))*(SIN(GAM+ALF)) 
IF(423.LT.0.0) GO TO 102 	' 
A47=SIN(GAm)/SIN(ALE) 
A13=SINCIR0.0-(ALm-+GAm))/SIN(ALF) 
1E(A13.LT.0.0) GO To 102 
p4E=(((((A+D)/O)-1.0)**2)+((A/(X*siN(RT)))**2)-2.0*(((A+D)/D)-1.0 

1)*(A/(X*STN(RT)))*C0F(RT)) 
1F(R4E.LT.0.0) GO TO 102 
A4F=SoPT(R4E) 
Al2=A/(X*(SIN(R0))) 
BLOAD=(BO*A90)+(X*A2F)+(AC*A23)+(OA*A43)+CDC*A13)+(AB*A45)+(CO*Al2 
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1) 

IF(ALOAD.E0.0.0) GO TO 10 
1E(RLOAD.L.T.ALOA0) GO TO 10 
cn TO 10P 

C STORE VALUFF OF L40M=0A.THETA.X.GAMMA.ALPAH.LOAD 
10 AtO/No=9LOAO 

Ar)O=PC) 
APT=PT 
AX=X 
At;AM=GAm 
AALF=ALF 
XA90=1)50 
XA29=A29 
XA23=A23 
XA43=A41 

XA11=A13 
Xn49=A49 

YA12=AIP 
Xq0=E0 
XAC=AC 
Xr4C=or 
XnA=0A 
Xc0=CO 
XA9=AB 

10? CONTINUE 

101 CONTINUE 
100 CONTINUE 

C CONVFOT ANGLES TO OFGREFS 
11 4PO=ARO*180.0/3.1415 

APT=ART*180.0/3.1415 
Ar,Am=AGPM*180.0/7.1419 
AALF=AALF*160.0/1.1419 

WPITE(643)ER,ALOAn44X.ARO.ART,AGAM.AALF 	• 
3 FORMAT(3X418HEXTRuSION RATIO = ,F10.448HALOAD = 4F/0.4.5X,4HX = .F 
11^44//3X48HOMEGA = .F10.4.3X48HTHETA = 4F10.4.3X,8HGAMMA = ,F10.44 
28H4LPHA = 4E10.4) 
PpESS=LLOAO/(A+D) 
WpITE(6.25)PRESS 

25 FOIWAT(10HDRESSURE =4E10.4) 

XtkLOAOr(1.1416*XmO*D*(XAE0**2))+(AX*3.1416*2.0*D*(XA29**2))+((((X4 
1C+0)**2)-(o**2)*1.1416]*(XA21**2)1+((X0A*(R9+D)*--;.1416)*(XA43**2)/ 
24-((XOr*(PP+XAC+D)*3.1416)*(XA13**2)1+((XAE*3.1416*D)*(XA4E**?))+(( 
3X00*(XAC+O+O)*3.1416)*(XA12**2)) 
XmPFFS=YALOAO/(1.1416*(PP**2)) 
WPITE(6,9)YE,O,XAc.XDc.YDA.XCO.XAB.AX,XA500(A25,XA234XA434XA13.X445 

U.XA124XALOAO.XRPFSS 

9 EORMAT(7F10.4//7E1044//7HXALOAD=4F10.4.PX47HXPRESS=.F10.4) 
GO TO 200 

201 STOP 
ENO 
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PROGRAM 6 

00100 FHOGHAM FuDGE(INPUT,OUTPUT) 
00105 DIMENSION X(200).Y(200),AX(200).AY(200) 
00110 DU 1011=1.100 
00120 BEAD 5,X(I),Y(I) 
00130 S FuhmAT(F10.7,F10•5) 
00140 IF(X(I)*EW•999.999)00 TO 10 
00150 101 CONTINUE 
00160 10 N=1-1 
00161 PAINT 20 
00162 20 FORMAT(*X = LOG(ETAD) Y= SINH(A*SIGMA)*) 
04163 00 102 I=1,N 

( 00164 bA =0.324* (Y(I)) 
1. 00166 SINSA =(EXP(bA)—ExP(—SA))/2•0 
00171 AX(I)=ALOO(X(I)) 
00172 AY(I)=ALOU(SINSA)- 
00173 PAINT 21,h(I),AX(I),Y(I),AY(I) 
00174 21 FuHmAT(F10-4,1X,F10.4.1X.F10.4,1X,F10.4) 
00175 h(i) =AX(I) 
00176 Y(I) =AY(I) 
00160 AN=N 
00190 SX=SX+X(I) 
00200 SY=sY+Y(I) 
00220 AVX=SX/AN 
00230 AVY=SY/AN 
00240 SumXY=5uMXY 1-(X(I),*Y(1)) 
00250 6uMA2=SuMX2 +X(1)**2 
J0255 SUMY2 =buMY2+Y(I)**2 
00260 102 CONTINUE 
00270 Al =(SuMXY—(AN*AVX*AVY))/(SUMX2—(AN*AVX**2)) 
00260 AO =AVY—(A1*AVX) 
00282 h1=(SumAY—(tiA*SY/AN)) 
00264 H2=(bumx2—((SA**2)/AN))*(SuMY2—((SY**2)/AN)) 
00266 H=H1/suhT(P2) 
00290 PAINT 6,AvX,AVY,A0,A1,11 
00300 6 FOHMAT(4HAvX=,F10-4,3X,4HAVY=,F10•4/2HY=,F10.4,1H+, 
00310+ F10-4,1HX.4X.7HC0RHEL=,F10•6) 
00320 STOP 	 • 	• 
00330 END 
745•0 	0.12 

CP 	0.001 SECS• 
HEADY* 



267 

APPENDIX II 

The Constants Used in the Analysis of the Extrusion Resultd 
1. Strain Rates 

R 
.; 
b 
sec -1 

10:1 0.641 

30:1 1.59V 
50:1 2.40V 
60:1 2.77? 
70:1 3.14V 
80:1 3.48V 
90:1 3.80V 
100:1 4.16? 

R. C 

10:1 4.70 
30:1 8.44 
50:1 10.97 
60:1 12.04 
70:1 13.02 
80:1 13.93 
90:1 14.79 
100:1 15.59 

2. The Load Constants, 

Single Hole 

Two Hole  

Three Hole  

R C 
30:1 0.156 10.18 
50:1 0.189 12.7 0 
60:1 0.195 13.33 
70:1 0.200 14.8 
80:1 0.204 15.85 
90:1 0.207 16.8 
100:1 0.210 17.74 	1  

, 
I 	A C 

30:1 0.183 9.78 
50:1 0.228 12.24 
60:1 	. 0.239 13.35 
70:1 0.248 14.25 
80:1 0.255 15.24 
90:1 0.260 16.05 
100;1 0.265 16.98 
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3. Temperature Rise 
Graphs of Ctot against time are given for the different 

extrusion ratios used. 
These curves were calculated using the specific heats 

and thermal conductivities for the container steel given below. 

Specific heat = 0.117 cal/gm/ C 

Thermal conductivity K 

T 
C 

K 

200 0.077 
250 0.078 
300 ' 0.078 
350 0.079 
400 0.077 

450 0.076 

500 0.075 
550 0.073 
600 . 0.072 

• 

p 
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APPENDIX III, 

Calibration curves 

The following calibration curves are given in graphical 

form; 

1. The voltage output from the linear potentiometer used to measure 

the ram displacement and speed 

2. The millivolt output from the load cell 

3. The cooling curve for the billet in the container 

4. The cooling curve for the billet in the induction heater 
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-APPLNDIXIV 
Die Dimensions  
1 Single Role Dies  

With reference to figure 3.2 

R a (mm) b (mm 
10:1 23.72 27.0 
30:1 13.69 17.78 
50:1 10.62 12.70 
60:1 9.68 12.70 
70:1 8.97 12.70 
80:1 8.38 12.70 
90:1 7.90 10.16 
100:1 7.49 10.16 

2. Two Hole Dies 
With reference to figure 3.3 

R C a (mm) b(mm) 
30:1 0.381 9.68 12.70 
50:1 0.296 7.52 10.16 
60:1 0.270 6.86 10.16 
70;1 0.250 6.35 10.16 
80:1 0.233 5.92 7.62 
90:1 0.220 5.59 7.62 

100:1 0.209 5.31 7.62 

3. Three Hole Dies 
With reference to figure 3.3 

H C 	ia (mm) b (mm) 
30:1 0.311 7.90 10.16 
50:1 0.241 6.12 7.62 
60:1 0.220 5.59 7.62 
70:1 0.204 5.18 7.62 
80:1 0.190 4.83 7.62 
90;1 0.180 4.57 7.62 

100:1 0.170 4.32 7.62 
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R V 
mm/s 

T.1  . 
°K 

T - 
07, 

Lp 

.2i 

Lm 

LIU 

Q L 

134 
-1 sec 

0-  
2 

N/mm 
10g21 0.2'/: 

J/12  

U.T.S 

kg/mm 

Rxd 
g.s 

pm 
50:1 11.6 611 738 4.58 3.32 0.55 27.9 61.4 12.77 150 
(3) 256 

259 
12.2 693 806 3.23 3.06 0.24 29.3 56.6 11.84 13.6 27.7 81 

59 
81 

12.0 773 865 2.10 2.58 0.08 29.8 47.7 11.14 189 
299 
381 

ALLOY B 
30:1 
(s) 13.9 693 800 3.04 2.77 0.12 22.1 74.3 11.75 13.7 27.6 

14.5 651 763 3.75 3.04 0.42 23.1 81.6 12.32 14.5 28.3 
14.6 611 743 4.55 3.21 0.52 22.3 86.1 12.60 14.3 27.6 
4.3 693 740 4.26 2.58 0.21 6.8 69.2 12.13 13.4 26.9 
4.3 651 714 4.27 2.96 0.27 6.8 79.4 12.54 12.9 26.5 
5.0 611 691 4.5 3.05 0.54 8.0 81.8 13.00 14.5 28.6 

30:1 
(2) 14.0 651 739 4.29 3.21 0.50 22.3 71.4 12.66 13.9 28.3 

13.0 27.6 
12.7 773 861 2.29 2.5o 0.03 20.3 55.6 11.01 14.9 30.1 42 

14.5 30.1 41 

12.7 693 792 2.85 2.68 0.15 20.2 59.6 11.86 8.9 23.9 
10.2 24.7 

30:1 

(3) 11.1 693  759 3.13 2.92 0.14 17.7 67.6 12.26 12.6 23.7 
13.7 27.6 
12.9 26.2 

12.7 773 868 2.32 2.73 0.06 19.1 63.2 10.9 15.7 30.4 71 
15.5 30.4 90 
15.6 30.4 124 

14.o 651 740 4.26 3.22 0.5 23.3 74.5 12.70 11.0 26.3 
12.7 28,2 
13.3 28.2 

12.1 773 857 1.91 2.43 0.00 19.2 52.3 11.04 11.5 30.9 
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V 
nun/s 

T. '  
°K °K 

L 
P 

1,11.T 
LM 
10 

P L 
.L1T 

' 
s e 

cr 
141/44 

loPV, 

ficej 

0.2;' 
P.S 

If T S 

kg/mm2 

Rxd 
g•s 

p in 

1 
50:1 12.0 773 865 2.24 2.66 0.00 28.7 54.8 11.12 13.9 28.6 

50:1 12.0 773 865 2.21 2.64 0.03 28.7 48.0 11.12 13.7 29.1 59 

(a) 14.1 29.7 87 

11.7' 693 811 3.55 3.26 0. 0 28.1 58.1 1176 18.2 23.8 

11.8 611 743 4.28 3.40 0.54 28.4 60.7 12.70 18.8 24.1 65 
7.1 23.1 58 

50:1 

(s) 11.8 693 801 3.24 3.02 0.18 28.4 55.8 11.8° 

11.0 773 111  861 2.19 2.71 0.00 26.4 50.1 11.13 

12.1 651 735 4.23 3.15 0.54 29.0 58.2 12.8 
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R V 

mm/s 

Ti  

°K 

T 

°K 

Lp 

MN 

Lm 

lal 

AL 

LT 

-6 

se61  

o 

NAm? 

pg Z lAsr 
sink .  

0.2r,  
P.S 	2 
kg/MM1C3/11171 g % 

U.T.S 
2 

Rxd 

12.8 747 849 2.63 2.95 0.05 35.5 50.0 11.39 0.385 

12.0 705 802 3.27 2.80 0.36 40.0 47.5 12.02 0.347 
12.5 633 751 4.30 3.28 0.6 34.5 55.6 12.67 0.469 

4.82 755 801 2.30 2.67 0.04 13.4 45.3 11.56 0.312 15.2 28.9 76 

14.3 27,9 83 

4.9 706 765 3.05 2.89 0.18 13.5 49.0 12.06 0.370 12.7 28.7 

i?.9 280 

13.2 767 858 2.15 2.64 0.08 36.7 44.8 11.31 0.305 14.3 28.8 43 

11.6 28.8 40 

12.5 637 751 3.95 3.19 0.48 34.6 54.1 12.70 0.447 11.2 26.4 

13.0 27.3 

60:1 

(3) 5.0 626 700 4.47 3.19 	0.55 13.9 54.1 13.08 0.447 

4.9 693 752 3.38 2.98 o.29 13.5 50.5 12.24 0.386 41 

57 

99 
12.2 756 848 2.77 2.72 	0.06 33.8 46.1 11.38 0.325 55 

47 
49 i  

5.0 754 802 2.37 2.70 	0.07 13.8 45.8 11.56 0.321 12.5 30.4 

8011 

(s) 6.5 664 749 3.66 2.89 0.27 22.5 47.0 12.52 0.339 

90:1 

(s) 7.8 663 766 3.61 3.25 0.21 29.5 49.8 12.40 0.382 

100:1 . 

(s) 12.7 751 861 2.81 3.17 0.08 52.6 46.0 11.43 0.324 12.7 27.8 

12.5 719 825 3.13 3.01 	0.14 51.8 43.7 11.85 52 

10.3 665 771 3.79 3.19 	0.04 42.8 46.3 12.48 0.328 

2.8 732 756 .97 3.20 	0.00 11.6 46.5 12.12 0.331 

2.6 661 697 3.82 3.21 0.26 10.8 46.6 13.03 0.332 

2.5 661 697 4.47 3.29 0.40 10.5 47.8 13.02 0. 
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55L*o 1.51TI. L*5L e*oz gvo 09'3 44.4 65L 599 4*54 (be) 

4:0g 
o'c3 g'tt.  
t''4 8°44 465.0 94*Z4 6*59 4°9 43°0 42.' Og'g Oa 659 1.*g 

495°0 L3°Z4 8'49 9°64 4c*0 L9*Z gc'c- 492. 599 c'zi. 

49540 17C'EL 8'49 1774 04*0 L9°3 Oc'g ctL t99 ErL (c) 

I.:0c 

655*o Og'ZI. 4'49 94:0 t3*0 gi..*Z 2'3 49L 659 6sZ4 
555'0 -PZ*Z4 V*49 6*61. 6z*o 9L*3 LL'g V9L 599 5*34 (z) 

L:o5 
569*o zt*zi, L*LL L*61. c4'0 59°Z t6'Z 1.5L 599 f1 (s) 

L:o5 
55*I. 55*54 (rat. z*5 55*o 517*z 85*V 459 5eg o*5 (9) 

366* gzez o*z6 5*5 ocro 46*4 46°3 9zL 599 c'e 4:04 

wit gm/mil um/231.  
• ' S' .1 WIT. 

wmAl 
Z 

OeS 
I.-, 

nW .!IN T1 Yo M0 s/ 
px_ s'Iril /:,E*0 So T zRoq .0 '..) 'IV wq al I Tx, A xr 

AOTIV 

tez 
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ALLOY DP 

R V
mm/s 

i  
6% 

T 
0K 

LP 
YIN 

m 
PST 

L 
MY sec 

o-  
104 

logZ log 	0.2;': 
sink P.S2  

Icernri 

U.T. S 
2 kera 

Rxd 
g's  ri) m 

3.5 664 729 1.96 1.93 0.05 5.5 92.9 12.21 0.216 
(s) 5.0 481 567 4.59 2.58 0.60 3.2 124.2 15.26 0.423 

5.5 483 566 4.29 1.29 0.55 3.6 93.1 15.32 0.416 
30:1 
(s) 13.0 665 759 2.76 2.42 0.11 20.7 64.9 12.33 0.005 
30:1 

(2) 12.3 665 763 3.03 ►.60 0.18 19.5 57.8 12.25 -.057 
30:1 

(3) 8.4 663 746 3.08 2.58 0.25 13.4 59.7 12.33 -.040 

50:1 

s) .7.9 745 820 3.12 2.64 0.21 19.0 54.5 11.47 -.087 

50:1 

(2) 8.6 659 758 3.63 3.07 0.36 20.7 54.7 12.35-.085 
60:1 
(s) 3.0 	733 760 2.4. 2.63 0.06 8.2 49.5 11.92 -.139 

2.6 	662 702 3.09 2.99 0.06 7.2 56.2 12.55 -.072 

12.6 	763 881 2.43 2.34 0.06 35.0 44.0 11.03 -.194 
9.8 	665 730 3.17 2.80 0.14 27.0 52.6 12.88 -.105 14.6 28.9 38 

429 703 762 3.15 2.88 0.09 13.5 54.1 12.15 -.091 13.9 29.0 

14.8 	573 687 4.61 2.93 0.60 41.1 55.5 13.78 -.078 12.4 28.6 27 
13.1 	751 836 2.46 2.74 0.03 36.2 51.5 11.56 -.116 12.1 27.9 40 
12.6 720 824 2.94 3.00 0.08 34.9 56.4 11.65 -.069 

12.6 	635 751 3.68 3.18 0.36 34.9 56.4 11.65 -.069 12.1 29.2 

60:1 
(2) 4.9 	706 761 3.19 2.80 0.24 13.6 47.5 12.12 -.156 

12.4 	720 827 3.21 3.10 0.18 34.4 52.6 11.64 -.105 
12.6 	629 749 4.20 3.37 0.42 34.8 57.2 12.70 -.062 
4.9 	754 805 2.45 2.92 0.06 13.4 49.6 11.51 -.135 13.4 29.2 71 

14.0 30.1 50 
4.9 	703 761 2.93 2.88 0.14 13.5 46.9 12.11 -.142 14.4 28.8 

12.3 27,7 
12.9 	755 866 2.21 2.91 0.05 35.6 49.4 10.90  -.137 16.4 30.2 62 

i 
12.4 	720 827 2.89 3.00 0.13 34.3 50.9 11.60-. 122 10.8 26.8 

11.2 27.1 
12.2 	628 743 3.72 3.14 0.35 33.7 53.3 12.76 .098 
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lo ~ ·r . I IO ' ~· TIi. V T. T L L I
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l P In

1 ~ ' /~'~i j ? G. S! OK oK - ,2 I s i.nhrr:m/ s LJ·~ l ; ~ 1..., St3C l:j rr::1;

12 .991:-.072
!\oJ J . Il . . ~ iir n : fJ m

60 : 1 I . I .
( 3) 5.0 62 6 705 4.2 9 3.3 1 0. 50 13.8 D6 . 1 I

4. 9 710 770 3.2 9 3·07 0. 16 13 ·4 52. 1 11 . 98 - .1 10
4.8 742 798 2.81 3· 11 0. 07 13. 3 52 .7 '11 ~ 601-.104

13 ·4 745 839 2. 80 2.70 0.10 37 . 3 45.8 11.53 - .174
10. 85 770 844 2· 31 2.76 0.10 30.1 46.8 11. 38 - .164-

80:1
(8) g I

75 6
I I I

664 3.45 3.20 0.1 6 21.5 52.0 12.3 9 - . 11 1
90:1
(3) 7. 2 664- 758 3.54 3. 26 0.1 9 27 .3 49. 9 12. 47 - .132

-100: ..

(8) 8.5 664 774 3. 97 3. 14 0. 46 35 . 2 45. 6 12.34 - .. 176
2.5 725 744 3·08 3. 32 u.oo 10.4 4 e ~ 2 12. 25 - . 149

2. 6 65 9 698 3·79 3· 33 0.27 10 .. 9 48, 3 13~ 10 -" 148
2.7 619 671 4 .41 3.44 0. 42 11. 10 49.. 9 13 · 0 .. . 132
12.2 713 823 3. 15 3.13 0. 06 50.7 45.4 11 . 87 - . 178 12. 1 27 .6 45

----_.
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1:( V Ill . T L L I1L S1
cr ' l og Z

rr.m/ s e c
p m

oK oK T " . ; L', " kt.: -1 E/mm2
J' d ;

60 ; oj
.- s ec

J

(8) 12.7 665 759 2.48 2.75 0.48 :.tr. 1 51.8 12.56
2. 5

,f ) . I

"662 688 2.69 2. 94 0. 00 7~0 55.2 12.99
4.8 664 7110 2.51 2.71 0 .00 13·3 50. 8 12.8 9

13.9 624 738 2,,90 2~96 0.11 38.5 ' 55.6 12 .91
4.8 623, 680 2.10 2.8 1 0.05 13·5 52.8 13. 39
2.5 ~24 657 2.66 2.94 0.00 6.8 55·3 13.5 6
9<:6 6 24~ 1 0 •00723 2~ 9"1 2s 76 28.6 51 .7 13.02

10.5 6.65 748 2.46 2.88 0.00 28.9 54.1 12.64
7.0 622 704 2. 76 2.74 0. 01 19.4 51 .5 13.17

' 266n

60:1 I --13. 7 664 765 2.60 2.54 0.07 37.9 47 .7 12. 51
(s ) 4 .8 667 724 2.64 2,72 0.11 13·2 51 .2 12.67

4. 0 662 713 2.66 2. 79 0.07 11 •1 52.5 12.77

13.6 624 768 2. 94 3·00 0.13 3708 56.4 12.4 6

4 .. 9 624 691 2.96 2. 60 0. 14 13·6 48.9 13. 3

2.7 620 666 2.98 2.72 0.14 7,5 51 . 1 13,43

10. 1 623 721 2.89 2.82 0.07 28.1 , 53.0 13.05

10.. 2 669 763 2.48 2.78 0.09 28· 3 52.2 12.4 1

7 J 1 622 690 2.77 2.48 0.16 19.7 46. 6 ' 13.4-I

272D

60:1 13.3 667 814 3· 77 3·47 0.24 38.9 65.2 11. 86

(8 )
4.7 663 163 3·7 0 3.. 45 0.23 13.0 64 .. 9 12.07

3·9 656 758 4.00 3.51 0.26 10.8 66.0 12.06

13. 6 623 766 4 .43 3·77 0 .49 37.8 70.9 12.4 9

4.8 623 714 4 .42 3. 65 0 .45 13· 3 68. 6 1 2~. n t

2.5 61 7 669 4 .40 3·53 0.46 6.9 66.4 13. 33

10.6 623 748 4.24 3· 47 0. 44 28.5 65.2 12. ,:)3

10.2 669 756 3·79 3· 42 0.25 28.4 65 .2 12.51

7.3 623 726 4 .46 3·41 0. 45 20.2 64. -\ 1 2. 8 ~
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ACCUMULATOR RESULTS 

I 	Alloy R 1 
T r  
z_ 

I, 
2  
MT 

0.2gp 
P.S 
k-6-/mna

2 

U. 

icts/in,i
2 

Rxd 
g.s 

A 30:1 

(8) 693 2.60 15.8 28.4 44 
611 4.02 
651 3.20 15.5 29.4 99 

B 30:1 
(8)  611 3.45 74 

651 3.01 6.51 22.9 37 
30:1 651 3.13 7.2 23.3 50 
(s) 7.3 23.4 59 

CE 60:1 739 - 2.72 
(3) 625 4.09 

770 2.12 
100:1 665 3.79 
(s) 729 3.04 

669 2.74 
613 4.54 

60;1 663 3.04 
(s) 678 5.08 

729 2.58 
10:1 581 4.88 

(s) 

10:1 

483 4.89 
(s) 
60:1 
( 5) 662 3.39 

628 2.84 
60:1 713 3.00 
(2) 

6(3) 745 2.58 
769 2.57 
632 4.06 

100:1 664 3.13 
(s) 619 4.41 
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The Effect of Different Billet Lengths 

AlloyCE, extrusion ratio 60:1 , ram speed 8.0 mol/see 

length 

mm 

I 	Ti. 

K 
Li, 

MN 

 Lm 
MN 

L 
,MN 

30 693 2.89 3.16 0.00 
60 703 2.70 0.12 
90 706 2.84 2.93 0.03 
120  700 3.18 2.75 0.20 

Hot Torsion and Tensile Results 
Alloy CE 

T 
K sec 1  alm2  
673 0.0589 32.5 

5.89 63.0 
0.0589 11.0 
8.84 67.0 
29.5 54.5 

653 5.19x10-3  26.0 
663 5.19x10'4' 18.1 

573 0.0589 98.0 
5.89 105.5 
0.0589 82.0 
5.19x1074 67.2 
5.19x102 90.2 

773 5.89 44.5 
0.0589 35.5 

793 5.89 41.0 

473 5.89 182.5 

1.04x10-  3. 151.0 

5.19x103 155.0 

0.311 172.0 
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Alloy DF 

T 

K sec-1  
o 
n/62 

573 0.0589 93.0 

0.589 102.0 

5.89 119.5 

5.19x10-4  69.0 

5.19x103  64.6 

5.19x102 92.9 

673 5.89 58.0 
0.0589 37.0 

0.589 45.5 
2.95 58.0 

8.84 66.0 

663 5.19x 10-4  25.3 

653 5.19x10 37.8 

773 5.89 55.5 
0.0589 37.8 

0.589 39.5 

793 5.89 50.5 

473 5.19x103  161.5 

0.311 174.0 

a 
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,  

Appendix VI s  

The Stress Strain Curves For Alloys CE and DF derived 

from the Torsion Tests. 

The curves were calculated using the theory given in 

chapter two. ?or clarity the strain is only given to approlcimPtely 

2.0. 
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160 0 

140.0 

120-0 

100.0 

E 
E 
z  80.0 
u-1 
tn 
1_ 
;71 

60-0 

40.0 

20.0 

0 
	

1.0 
	

2.0 

1 

* 

strain 
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NOMENCLATURE 

A,A1,A2, 3,A4 	hot working constants 

AllAo„ 	billet and extrude area 
Al 	 constant 
a 	 constant; radius of torsion specimen 
b 	 constant; burgers vector 

B effl.cency factor 
B1 	 constant 

01,Ca, i.";31,C4, 	heat losses from the billet 

c1 cAL' cST 	specific heat(Al, steel) 

ACC 	 heat accumulated 

cRAD 	 radial heat flow 
subgrain size 

Dg 	 billet diameter 
DE 	 extrude ft

D 	 diameter of the deformation zone 

D1 	 diffusion coefficient 

dp 	 displacement to peak load 
H 	activation energy 

h jog height 

J polar moment of inertia 
1, 	 jog spacing 

L
B 	

billet length 

L m 	 load at the end of extrusion 

peak load 

L 	peak height 

• kl, k2 	constants 

k 	 shear yield stress 

k 	 mean n 	u 

K thermal conductivity 

constant 

MT 	 torque 

n4r 	 hot working exponents 
p 	 constant 

extrusion pressure 

total " 

P extrusion pressure for homogenous deformation 

P pressure expended in redundant work 
r 

 

pf 	pressure to overcome friction 

Q, 4110 QCR 	
activation energies(hot working, creep) 
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constant 

R 

Rxd gss 

rl' 2 
S 

As 
T 
l' 	2 
T. T i' 0 
Tf 
A T 
T 

V 
TJra 

billet radius 

extrude" 

gas constant 

recrystallized grain size 
inner and outer radii of the container 

depth of penetration of the heatfront 

activation entropy 

inner and outer temperatures of the container 

initial temperature 

final temperature 

temperature rise 

mean deformation temperature 

melting point 

ram speed 

VB 	 volume of the billet 

x 	 depth of the deformation zone 
xf 	 alrial distance from the die 

yield stress 

mean 

temperature compensated strain rate 

oc 	 hot working constant; angle in upper bound 

hot working constant 

strain rate 
mean " " 

'ERMP 	 root mean power strain rate 

constant 

coefficient of friction 

i) 	
dislocation density ; material 

flow stress 
crp 	 back stress 

0; 	 constant 

°P.S. 	
proof stress 

T 	shear stress 

attempt freluency 

angle in upper bound solution 
";angular velocity 

.94 	 structure factor,  

0/' 	 angle of twist 

)( 	 shear strain - ;angle in upper bound 

)( 	 shear strain rate 
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