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ABSTRACT

The extrusion of seven different aluminium alloys through
single, multihele and simple shape dies has been studied over a wide
rarge of temperatures and strain rates. Hot torsion and tensile tests
wexe also carried out on two of the alloys. '

The flow stress in extrusion was calculated from minimized
Plane strain sclutions and the mean deformation temperature from a
modified integral profile model. Hot working tﬁenry 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 sirain rate before the theory could be uwsed to correlate
the results from 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.

y The dependence of the peak load and the peak heighit on the
extmsionpatio&f ram speed and temperature has been investigated. Also
the development of the macrostructure and the microstrueture 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 reasoﬁable agreement with those predicted by a minimised
Plane strain upper bound sclution. ‘the flow patterns developed during
milti hole extrusion were also investigated.

The structures of the as e xtruded rod have been examined
using both optical and 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 precipitation,during quenching, onto the sub
grain boundaries in the la.tte:é.

No evidence of dynagic recrystallization was found and it is
concluded that the static restoration process must have occurred in
the time between leaving the die and ente:;ing the quench. . =

Hot shortness was found above a critical ’temperature and the -
defect was studied in the scanning electron micros}:opg. A comparison
between a good surface finish and am 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 »omparative newcomer, but it is now recognised as being the most
effi¢ient method of producing complex shapes from a cast billet.

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

any other method.
The first record of extrusion'
.Joseph Bramah in 1797 for 'A press designed to extirude lead pipe'.

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

is in a patent granted to

the nineteenth century the lead extrusion.ipdustry was well established.
Many of the practises in use to-day, such as bridge-dies, fixed and
floating mandrels, heated containers, and accumlator drive, were
developed on these early presses. At first the process was restricted
to lead, becguse of the difficulty in constructing 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 GKH-E) 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 2luminium 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 severdl distinct categories.

The early work1 was concerned with empiriczl relationships
between the extrusion parametefs 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.
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The next important development in the research was the
2,3,

slip~line field and upper~bound solutions have been obtained for a

appliczation of the plasticity theory Using this approach
variety of conditions. These methods enable reasonably accurate
values for the extrusioh pressure to be obitained but they are limited
by the assumptions that have to be miyde. Tne slip-line field can only
be applied to plane~siminconditions 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 vzry limited,
Following on from this work the importance of the temperature

changes occurring during exirusion was recognized, Thisshig been studied

+« The

results have shown the importance of the temperature rise, especially

by a variety of methods both theoretical and experimental

when working near the melting-point of the alloy being used, or close
to a phase change boundary.
The most recent develooment has been in the application of

hot-working theory to extrusiont417,

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
admitted 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 zre still many practical
problems that have to be solved and here research can assist the
industrialist. Examples ares;- _

1. To attain the optimum operating conditions a knowledge is
required of the behaviour of an alloy under different combinations
of ram-speed, tempersture, reduction ratio. )

2. The properties of the extrude can be related to the exirusion
conditions and correlation is needed between the resulis obtained

- by other testing methods and those by extrusion.

2. There is still no accuraie means of predicting the load developed

during extrusion. It can be said that, with to-day's presses,
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the load is not important when compared with other factors.
This ignores the fact that greater reductions can be achieved

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

on a given press, leading to increamed 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 paraﬁeters;

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, znd 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 Smi’ch18 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,l’ls‘
This appears analogous to‘the eritical strain for recrystallization
in cold-worked metals but, as pointed out by ?éarsonl, 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 critieal
- 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
sﬁsceptibility to stress-corrosionls’zz' The addition of zirconium
and manganese can retard its occurrence 22. Where complex shapes are
being produced the problemcan be intensified18'23.
- Apart from the heavily worked outer region, the structure -

can be fully reerystallized, fibrous, or a combination of both. The



type of structure found depends on the alloy used, the pre~ext;usion
heat treatment, the extrusion parameters, and the post-extrusion
treatment29’30. The fibrous siructure has the best mechgnieal
properties and Unckel, as reported by Pearsonl, attributed this to

the preferred orientation found in this structure. Hardy19 agreed
with this view and recent work by Althoff°' has shown how the
anisotropic properties can be reduced by the presence of a coarse
precipitate of Mgz Si. They aiso noticed long particles of

Al(¥nFe)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 retentionle’zz’zg
Comparing mechanical properties obtained for similer alloys, except for the
presence of manganese, there can be a difference of up to 25% after
heat.treatment and this is associated with the meneficial effect of

18,19,20,22: Chromium

manganese in retainingafibrous structure
has a similar but less pronounced effect.’

In the case of multi-hole extrusion, which is used to increase
production rates, the prescncg 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 macrostructure. Segregation has been found near
the periphery in the zone of radial flow, leading to poor mechanical
properties 1,18,51,
The surface finish of the product is important to both the
customer and the producer and the defects thal 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 ig a deciding
factor in meny production problems. It is doosbtfrl if lubrication
is of any use in aluminium extrusion, a good surface finish being
obtained by shear at the die faéezs. Blisters on the surface occurr
if any lubricant, or other foreign matter, on the side of the billet
is dragzed between the flowing metal and the dead metal zonelo*2C
to becore trapped Jjust under the surface. 0ften a Prace of lubricant
is appliedlietween the front of the billet and the die but, in view of
the problems of lubrication im cold~extrusion®®’?T, it is unlikely
that this has any other effect other than easing the mind of the

operaior.



Yany of the stiffer alloys, such aslthe Al~Zn-~Mg range,
18’22. Limited on the one hand
by the press capacity and on the other by the onset of hot-shortness,

have a very limited extrusion range

where the melting point of one of the phases is reached. It is in the
extrusion of these alloys that limit diagrams 2 —54, 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.c. 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.

‘1.5, Hot Working

It has been the practise for centuries to work metals

at high temperatures. The reason for this is shown in fig.l.l
At low temperatures the stress to deform 2 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 temp-ratures the flow 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 workinng. An examination
of stres=s strain curves at different temperatures and strainrrate335'4l
shows that the rate of deformation is also very important, the higher
the strain rate, at a given temperature, the higher the flow-stiress.
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 prac%icél 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 siress,

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 recrysg%%%%%%%e 18, 35.
There are slso many similarities between the hot-worked
struqture and those obtained in creep, a process associated

35

‘with much lower strain-rates.

3. Theoretical: the similarities between creep and hot-working
structures has led to the examination of creep theories to see R
if they can be applied to the higher‘strainyratesl4’35’42’43.

- 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 knovledge 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 IOOSec"1 48.

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

Compression Tests,
These can be performed to true strains of more than 0.7.

3

The range of strain-rates possible is from 5 x 1073 t0 2 x 10 sec—l,

49

Constant strain
40,41, 50
rate tests can be carrled out using a cam-plastometer
With this equipment it should be possible to use programmed stralnrrates,

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

using a modified Hopkinson pressure bhar technique

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 specimen sumfaces,

but it is never certain how successful this method is,



Torsion Testing. .
This is one of the most popular means of testing

36,39,50-55

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 strain-rate varies from zero at the centre tora
maximum at the edge, Testing is usuzlly carried out with axial
constraint on the specimen, to maintain specimen geometry at the expense
of axial 1oad56. By modifying the equipment it is possible to do
programmed experiments, similulating rolling or forging schedulessz.
This method is also open to variable strain-rate expzriments as well as
investigation into the effect of sudden ch:nges 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 g 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 torsionsl testing57.

There has been some attention to the examination 6f industrial
processes 14’15’16, but the complex deforﬁation involved entails many
assumptions in the analysis. Névertheless 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 where true strains
greater than 5 can be produced in one operation at mean strain-rates
of up to 100 sec™L. By the very nature of thé 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 hoteworking data>?+38+ 39,40,41,50
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Por low stresses at a constant temperaturs
S Ny
€= A0 1.1
where n, is a temperature dependent constant that approaches a value
n
of about 5 at . high temperatures3”’38’39’41‘

For high stresses at a constant temperature

4

=Aqexp ( B o) 1.2
§=4 B 56,41,

where B isa temperature dependent constant
)

These relationships arevery similar to those found in creep
experiments, supporting the idea that creep amd hot-working are two
extremes of the same phenomena. Garofalo o8 has shown how these two
equations for the €freep case, can be combined to give

€ = Ay(simh(eco )° 1.3
where A3 is a temperature dependent constant.
It can be shown that

of = -g- 1.4
The validity of this equation can be shown by considering the value
of of T A
If o¢o . 1.2
‘t = _é% exp (noC o) : 1.5

which ié’of the same form aseguation 1.2.

f (o {o.8 .

é - Aizn & 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 (Al-3.19Mg).

The similarity between steady-state creep and steady-state
hot-workiné‘ l’ed' Sellars and Tega.rtfg to propose the relationship

¢ = A sinh @&)"exp RT 1.7
where A s oC ) and n are temperature independent constants and Q
can be referred to as the activation energy of the hot-working process.
i The expression is more applicable if it is written in the
form z = éexp-% = A (sinh{«o})" 1.8
Z is the temperature compensated parameter originally proposed by
Zener and Hollomen for low tempprature tests but it has been shown to

apply to hot-working da,‘t'.za.5 9.
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The presence of the Arrhenius term exp ii? in equation 1.8

implies that hot-working is athermally activated process and Q
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 mst
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 a110y316’56’39’59’61_65
and the values obtained fall into two classes 55545559

1. Quw = Qcn - —

2, Quw ¥ Qcr

In the fﬁrmer 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, fetals with high stacking
fault energies, such as alupinium and its alloys fall. into the first
classlé'35’59’49. 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 close
together are the partials. For dislocation rearrancement the partials
mst come together, under the wction of the applied energy, before
climb can occury and so dislocation blimb is easier in high stacking
fault energy metals 66. Whore QHw and QcR &re approximately
equal, it is,possible to correlate data over ganzlorders of magnitude
9,

of the temperature compensated strain-rate Most work in
this field igmores the temperature rise that occurs during the test and,
in the case of extrusion, where temperature rises of over 200°C can
occur, this leadshka difference of 2055 in the calculated value of the
" activation energy62’67. A constant value of Q is only attained

at tempevatures above 0.5 Tm 68’69, below this range it is very
temperature depemient and decreases with a fall in temperature.
The values of A 5 Po o }and n ) in equation 1.7 are temperature

independent constants, but they are functions of the siructure 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.
4s a result it is not always certain of the accuracy of the quoted

values., More work is needed in this field but 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 gre usually made are needadtoc obtain

reliable results,

1.3.3. Structural Aépects of Hot=Working.
As the schematic stress-strain curve in fig.llshows,

the flow stress in hot-working rises to 2 maximum snd levels out to
a steady value, there is often a peak before the éteady state is . .7 =
reached. The ptesence of a steady stale 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 :till be active to
effect the plastic flow. By analysing the resulis of many workers
Jonas et.2§ 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‘HW’ mentioned previously. Aluminium and its alloys
fall into the first class, where the hot-worked structure consists of
small equiaxed subgrains of 1ow 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
43,65,70-753 ‘A similar structure
has been observed in iron and ferritic alloy335’74’75.
marked similarity between these siructures and those developed during the

been destroyed by large deformations
There is a

creep of these metals.ss. Also a similarity witlk E?e structure
developed during the heat-treatment of cold—workeéﬁgas been mentioned44'

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
65,72,76,77.

strains they develop equiaxed recrystallized grains
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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 rapld quenching immediately after deformation, the
more rapid the quench the gre-ter the likelihood of the hot~worked
structure being retained. A delay will always occur between testing
‘and quenching and it is in this region that rapid structural changes
will,éccur. For this reason there is always the possibility that
the structure being examlned is not the hot-worked structure but a
transition one. It is important therefore, to know what statie
restoration processes can occur. One point that is often overlooked

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

l1.3.4. Static Restoration Processes.

Metals that have been deforzed 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.

o Recovery is brought about by chanses in the number and
distribution of point defects and dislocations and Byrne Es.llsts the _
processes involved gcecording 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 disloetions, 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 then: ... the matrix grains66.)

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 cecurs 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 cccurs by dislocation interaction during
working.

Recrystallization involves the replaéement of the cold-worked
structure by a new dislocation free one. This is echieved by high angle
boundaries sweeping throuzh the' structure. It is known that
78 but there are

Most of these

differences of opinion are caused by comparisons heiween specimens

recrysitallization is a nucleation and growth mechanism

8till arguments over the process of nucleation79’8o.

prepared from bulk samples and those prepared for in-situ
experiments in the eleciron microscope, The possible mechanisms have

recently been reviewed by Doherty and Cohn81

and can be summarized ass

1. The growth of a polyganized subgrain to a grester size and increased
misorientation, with respeet to its durroundings, by subgrain
cOgiescenceao. |

2. The sirain 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 ﬁorked metal, If the metal can
lower its energy by recovery there is less available for
recrystallization, which has a mucleation time, and below g eritical
value of the stored energy recrystallization cannot occur. Therafoxe
in metals where dislocation ¢limb and polyganization is relativelyﬂeasy,
the pdssibility of recrystallization is reduced.

Of importance in hot-working studies are the changes that can
occur at high temperatures after deformation. It has been shown that
the time for static recrystallization to occur decreases’ with an
increase in the holding and working temperaturesz’71’75’82’83.

Rossard and Blain75 have also demonstrated that the time for
recyrstallization to occur depends on the strain-rate, which is related
to the flow ztress or the stored energy. The amount of strain can also
have an effectYl, expecially at low temperatures where the flow siress
depends on the strain. The time for recrystallization to be initiajed
decreased with strain in aluminium deformed in torsion at a sirain rate
of 2 sec™* 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 aluminium’?,

It is usually considered that static sPuctural changes can

83

has shown that static recrystallization can occur and they use this

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

observation to explain the presence of the recrystallized stxructure in
aluminium exiruded above 450°C, followed by rapid quenching.

1.3.5.Development. - of the Hot Worked S3tructure

There has been a linmited amount of research into the
structural chamges during the initial part of the stress-strain cﬁrve‘
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 déeformation accumlate into tangles
and, by a strain of about 0,2, form into rough cells outlined by the

intersecting dislocation337’72’84’85.
caused by the increase in the dislocation density. At the same time

The increase in flow stress is

thermal activation assists the dislocations tocross-zlip 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-stéte flow stress indicates that a position is
reached where the rate of dislocation prodﬁctiqy is equal to the rate
of softening. This region is reached at strains of about 0.3, the
actual value depending on the étrain.rate35’86. The steady state
region is characterized by a steady-state cell sizéBS. In creep a
ateady-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
decreases with an increase in the steain-rate 14’38’70’74’84.

At temperatures less than O.5I‘n1 the subgrains outlined by the
dislocation cells are slightly elongated but above this temperature
they are eguiaxed. This happens even at the strains encountered in
extrusionl4. Theréfore 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 recrystallizationse.
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The variation in subgrain size with strain-rate end temperature can be
related to the value of Z, indicating the pessibility of controlling
the structure by keeping 2 constant, and varying the strainmte and
temperature to obtain the most efficient operating conditions, combined
with the maximum structural propertiesl4’16’88’51.

In aluminium and its alloys the nature of the sub-grains
consists of very sharp boundsries with equilibrium dislocation networks
within the subgrains. The misorientation between the subgrainsg is
very small but the quoted valies vary considerably, from less than
1° to 7 °, This can be atiributed to the insensitive techniques

used to measure the miscrientation7o’43’73’89’65’84. Smaller cell
43’84. Raybould

and Sheppard associated them with both the remnants of subgrains that

structures have been observed within these grains

have amnealed out by rotation, and the formation of the subgrains during
deformation. The former mechanism occurwming 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 bstween
deformation and gquenching. These micro-cells arewry similar to those

observed by Hu§5§ which he associated with sub-grain coalescence,.
84,717,172

At higher strains the quenched structure shows recrystallized grains,

In copper the cell structure is less well defined at low strains

often with an internal subgtructure. It is still not clear whether
static recrystallization occurs. prior to quenching72’77’84.

The structural changes oublined above are known as dynamic
recovery because of the similarities with the changes occurring during
static recovery. This softening mechanism is widely accepted but,
ag 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
temperatures?2’77’ 84’88’85. 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 mucleation of new grains
can occur during high strain deformation. The tendency would be
for subgrain formation by dynamic recovery55’9o'93. The most recent

- 4
review of dynamic recrystallization has been by Honeycombe and Pethen9 .
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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
95-97

softening by dynamic recrystallization occurs Similar

oscillations are ohserved in torsion tesis on copper, nickel, and

36,98

and some steels These oscillations could be caused by
recrystallization, resulting in the original non-worked structure,
followed by a rise in the flow stress as a subsiructure forms.

At a critical value of the strain recrystallization reoccurs. When

the strain taking place during reérystallization 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 s tress-strain curves but the
micleation of the recrystallized grains still has to be explained.
There;is metallographic evidence that nmucleatian occurs at grain
boundaries that have become serrated during deformation36’72’98.
Honeycombe and Pethen94

critical strain, btul ging of a serrated grain boundary becomes

suggest that nmucleation occurs when, after a

energetically more favourable than the locajized sharpening of
sub-grain boundaries. Once formed the bulge will expand to form
micleii, In metals wheré subgrain- formation is relitively 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 ocdur, 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 &ynamic recrystallization
has been proposed 99. This is based on the mucleation of a
recrystallized grain followed by deformation within the grain, and
enables the oscillatiohs in the stress-strain curve to be predicted,

but the validity of the theory has not been experimentally verified.
A mmber of models have been proposed to explain dynamic recovery, mosf
of these are based oncreep theory.

Gitbsi®® derived a general equation for the strain rate

. Q.-
§ = gIubY exp o7 1.9
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where ¢ is a factor to replace the shear strain rate byé

N =  the density of actvatable sites

A = the ares swept out per activated event

b =  the burgers vector

v = the attempt freguenmcy

q = the activation energy
Jonas rewrotethis as

€= o exp( ) exp( ) 1.10

where B¢ is a structure factor '

AH=the activation enthalpy
V- the activation volume _
The activation volume is a measture 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 dislocgtion in a single
activated event. ’
' The different models proposed are similar to the basic rate

equétions 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 vacencies.
The rate of diffusion of these vacencies will control the movement of
the dislocation and the rate of vaceacy emission will depend on the

local vacgney concentration.

Using this approach, and treating the retarding force due to
the vacancy concentration as a chemical force, Hirsch and WérringtonIOI
derived the equation

g = Nljbzzvexpék—sexp l't;'T ' 1.11
Here the structure factor ¢ = NI J&V exp _Qk_S

12
and the activation volume = -L%L

Barrett and Nixloz found that the density of mobile screw dislocations
was related to the flow stress by

p=21x 10%%m? 1,12
Using this experimental observation they obtained
¢ = 12:5 x 10804230 3sinh (ZE2)) 1.13

2kT



26

This predicts that
Q OCO’L at low stresses
and 8 K< exp o at high stresses
These equations imply that specimens of increasing
dislocation density should have higher initial strain-rates,

103

Jonas recognised this problem and, using an approach developed

by Seeger(l%ewrote the general rate equation in the form

g bsexp( )exp(Z(.Q'_-__Q‘_B)__ 1.14

The back-stress ¢B depends on the structure and can
be correlated with the steady-state stress O required to maintain
this structure. Possible sources of the back-stress are the
dislocation networks within the subm&rains, the sub-boundaries ¢

themselves or the dong 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. TUnder high stress

. conditions this approach gives

€ & ND’3oZexp(1£kb§¢‘) 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

pocN 032

which is stress dependent

b 352

and the activation volume by D'2

This model again predicta an increase in the strain-rate
with an increase in the dislocation density. Both the jog screw
diislocation model snd 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 observationslo7.

1.3.6.3. Three Dimensional Network Model

: This was proposed by Mbleanlos, 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 . ' 9

During steady-~state working the strain rate is given by
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. 1.16
&=
where I is wa> rateof 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. Prom experimental work Mclean was
able to Justify

é:AO‘l"SD' 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 addition335

, an exact analysis has yet to be made.

The network model includes the climp of edge dislocations
and the migration of jogs along the dislocations. By combining
the other possible recovery mechanism the non-conserwstive motion of
Jjogs on screw dislocations, a more useful theory should be obtained,
A theory along these lines has been suggested by Raybould and Sh.eppard45
and they arrived at the equation

AH
, kT
Comparing this with equation 1.7 it was shown that

AO'.C(OteXp—I%-%g! 1.19

€=A0'2exp expoeg’ 1.18

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 itransmission electron microscope. Of the dislocations that
are seen it is difficult to deduce which ones are mobile and which
are séssile. 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 siress

consideratiorsare being studied65’86‘
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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—ratg and témperature.
This is especially true in extrusion where mean values have to be used.
The experimentay%ctivatioq energy Q is obtajined from

- aln€y ~ .
Q"k(’é‘lﬂ:‘)o-~ AH 1.20

Taking the natural logarithm of 4,10 and d}fferentiating gives
(iéﬂf-)o. - -ﬁ-{'i . (Bilil:ﬂ)c»,-lg-{v*%(ﬁ)ol 1‘.21

The experimental activation energy is close to that of the meéhanism

operating only when the micro-structure is independent ;f temperature

at constant stress, i.e. when the terms of the right-hand side of the )

equation are negligible.t If the structure is téﬁperature 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 suv-grain size and flow-siress with a change

in strain-rate and temperature. zxperimentally it has been found that
o= 0 Kd™™ 1.22

where O, is usunﬂ7ﬁﬂa§;}g;cxtu and m has values in the range

1 to 2. The value of K’ increases with alloying contentBs. The
different valnes for k/ and m obtained for the same alloy.can be
atkributed to the different methods used to measure the sub-grain size.
The three methods available are; transmission electron micrOSCOpy;
X~-ray microbeam technigues, and optical microscopy. The first two
give consistent values but the first is limited by the very small
specimen area that can be examiﬁed, 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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35 has suggested other

sub-grains of low misoriention, Jonas
relationships between & and d

d'= a+b log(sinh(x0)) 1.23
and 1.2
d'= p{sinh(aa))d 4

where a,b,p, and q are constants.,

These equations signify a relatlonship tet tween the subgrain and Z.
The fibrous stnucture observed in many hot-worked metals

has higher longitudinal mechanical properties than a recrystallized

siructure 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 proﬁf stress can be related

to d by 16,52,14.

PS_0‘+k db 1.25

This equation is very similar to the atandard Hall-Petch
relationship but the implication is that the strength depends on the
subgrains and not on the grains themselves. Abson and Jonasn1 .

found that
O = Op+ k2d-;/4 " ’ 1.26 o

gave a better fit to,the data. The difference between this and the .
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 conjrolled by varying he value of
Z being used, a constant Z glving the same mechanical properties

regardless of the sirain-rate or temperature used.

. 1.3.8. A Summary of Hot-Working.
Hot-working is a very complex phenomensninvolving 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 ahould be used but the methods of calculating the resulis
usually involve extensive ijterations This, combined with the low

mumber of experimental results usually consilered, and the approzimations
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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 tha
calculated constanis. Thid must always be remembered when comparing
different sets of data, There is a need for a comprehensive anmlysis
of results obtained by the different testing methods available, This
will involve 5 very large nusber of tests on the sgme material’, slight
variations in composition will effect the zesults. If creep testé are
also carried out the applicability of the empirical equations to

a wide range of strain rates may be verified. Correlation betweén
creep tests and data from extrusion must be treated with some sceptism
because of the assumptions made in the strain-rates and flow-stiresses

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.
Botn empirical and theoretical approaches are used and bave been

1’3’112’113. Tt is doubtful whether an exact prediction

reviewed
6£ the extrusion pressure is required for press design, unless the
cold extrusion of the stiffer metals is being contemplated, Hoxever,
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 t2 Extrusion Pressures.

Assuming homogenous deformation it can easily be shown that
P :Yln(%’o) 1.27

However, the deformation in extrusion is far from
homogenous, as can be seen from experimental flow patterns. Pearson1
has compared this equation with experimental values and shown that the

error anreasesﬁés the extrusion ratio increases andcan be as much as

50% at reductions of 10:1. These ohservations can be expressed as
P =BYlog A1 1.28
A0

where B is an efficiency factor.
In this form this equation has some practical use when

predicting the load to extrude different metals under identiecal

conditionsll5, although care must be taken when comparing metals of

Sl“) lme {ne\é\ ("'\9073 3WCS a Aec«reasf-’
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completely different charactistics,
Using the slab method of analysis it can be shown that the

total pressure, including a friction term muay be expressed as

P= YlogRs Y_“Dti. 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 fleld solution dueto H1112 ’

2. the upper bound technique due to Johnsontr“A °“k°vs

l.4.1.2. Slip~Line Field Techniques.
This is a powerful method of solving complex plastic flow

problems by establishing the meximum shear-line field, but it can only
be applled 1o conditions of plane-straing a rigid perfectly plastic
material ’5. Slip line field solutions have been developed for a
variety of frictions conditions ranging from perfectly lubricated to
perfectly rough and for a variety of die shapes., These include square,
wedge-shaped, and concave die3116’118’122. The czlculated pressures
are usually given as graphs of pressure against reduction and Johnson

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

119

range of reduction ratios by

£ 1.30
2k' A+BlnR 3

the constants A and B’ belng determined by the frictional boundary
conditons,.
\ A proﬁiem 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 theosry, has B constant value of k .
This is far from the truth in real miterials except at high temperatures.
Dodeja and Johnson12 suggested that a mean value, k , should be used
when ealculating extrusion pressures for work-hardening materials. The
value of k is the mean value of K found from plane-strain compression
tests:to a strain of A+Bln R (by comparison with equation 1.27 the
effective strain can be considered to be ggmal to A+BlN R 113)
More 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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consideredhzs a very limited applicatiodé’ 15 y & criticism that

can be made to most of the theoretical solutions., The slip-line field
theory is mathematically correct but the pompu%ation of a solution can be
very tedious. The method that hss to be used has been|summarised by
Johnson and Kndos,

1. Construct the slip-line field or net which satisfies all
the given boundary conditions iﬁ‘tpe 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 wbrk in the deforﬁation
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 mast be redrawn, .The process is therefore a very tedious and
skilled one and in viéw 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 problems by this method, Johnson117 developed the

upperbound.method of analysis.

1.,4.1.3 TUpper Bound Techniques,

The upper bound solution gives loads in excess of those
predicted by siip-line fields, which can themselves be considered as
upper boundsa;. 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 cpnditionsthat have to be made the upper bound solution is
accurate enough in the majoriiy of cases,

This approach is simpler because it only considers velocity

and boundary conditions and the incompressibility of the material.



]

33

By assuming the material to deform as blocks of rigid plastic material,
which removes the necessity of consi&ering 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 sguare 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 solutions 20, Tt 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 mterial 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 Khdo3 and can be compared with those given

in section 1.4,12,

1., Assume a welocity field for the body of the material,
which is restricted only by the need to fonform to the
velocity boundary conditions and the law of constant
density.

2. Calcy&até 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 eitrusion 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

smail and there is an obvious need for 2 simple axi-symmeiric 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 cage of axi-symmetric problems the governing
equations are not hyperbolic and so cannot be solved so readily.

Solulre

It is possible though to deriwve an axi~symmetric using upper-bound
technique3127. * ‘

Here the idea of unit~deforming regions is extended to unit
deforming rings and cylinders, and to finding z velocity field to
satisfy the velocity boundary conditions., The pressures predicted by
this method are slightly higher than those from the plane—straih approach.
This to be expected because of the more complex flow being considered.
Kudol28 found}a qualitative agreement with his experimental results
but the extrusion ratios considered were low, less than 10:1. The
velocity fields used by Kudo were very simple, Kobayashi assumed
curved discontiniuty surfaces for the velocity fields and ohtained better
solutions, i.e. lower loads,

Other axi-symmetric solutions have been given bygmﬁtzurliq,
and by Halling and Mitchel1131s132
optimized double triangle pattern of velocity discontinuities. This
solution included the work done by circumferential straining and'can be

The latter authors using an

extended to incorporate the strain-hirdening characteristics of the

material, l
One interesting solution to the axi-symmetiric problem has

veen given by Sheppard and Raybouldl’:

observations of Thomsen129 that

Using the experimental

1. The material flow 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 bound by first calculating a
plane strain minimized solution. The areas of the discontinuity
suifaces 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 féund by summing the products of the areas ani 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-gpréin
size measurements, This method relies on a large number of measurements
and the position of the velocity discontimuities is somewhat arbitrayy.
This brief description of the analytical methods of solving
extrusion problems shows how difficult the subject is. %hen considering
the claims 1o 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 prediet
the load at the start of the extrusion. By assuning shear to occur
along the interface a term 7TDBle has to be added. The
mathematical form of the expression obtained from these solutions for

a given reduction is
P= 2kc 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 thatl 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 egpression to relate the yield stress in tension

or compression to the pressure developed in extrusion.

l.4.2. Empirical Approaches to Extrusion Pressure Determination,.

Johnson133 extruded lead and aluminium under conditions of
plane-sirain and compared the resulté with those predicted by slip-line
field theory. He determined the value of kK from true-siress

logarithmic strain curves, The results obtained suggest that the
theory is largely correcﬁéﬁd'is a.considerable improvement on the
earlier expressions derived from assumpiions 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 lsad, through a square die, under plane-strain
conditions compared very well with those found by Pearson1 for

axi-symmetric extrusions of similar reduction. Other experimental

work has shown the applicability of the following equationslzo’134
: ¥ = 0-8+15[nR
; 1.32
for lubricated extrusion 2:1<SR<1641

and

-YE = 0-6 +1-8(nR
for unlubricated extrusion A41<R<16:1

In this work it is poinied 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-hsrdening
material. The agreement that Purchase and Tupper155 found,betweeﬂ
plane-strain and axi-symmetric results shows the need for caution in

113

experimental results can be made to agree by &hoosing a suitable value

these experiments. As Alexander pointed out, theory and
of V’, the mean flow stress.

These eguations 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 rsductions. 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

__FY_E:(0.9_1-6cotw)+'**5+0;8C0f°°)[nR ' 1.33

This applies to die angles 30°%90°

and extrusion ratios

51<R<150:1
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This equation covers a far wider range of conrditions than
the previous ones and the authors claim an accuracy of 6%. Again
the preblem of determining the value of % has to be overcome.
Hirst and Ursell used an equation obtained by Johnson138
for plane-strain extrusion and, by using a slab method of analysis to
include the effect o friction, arrived at the equstion

P (04Ta1
£=0 l.7+120(nR)exp—l'c-)“;L°— 1.34

This implies that P
== 047+1.20nR
Y
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 I;B should then be
less than the billet length .

A useful comparison of theoretical and empirical results
has been given by Thomsoq%@él 139 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 50% %20 high, Ehe
same {zalue of the flow siress being used in eochcase .

Most theoretical and esperimental 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 theextrus%on pressure

113

is
£
Y
This implies a straight line relationship between Pand Ls for billets

of the s.ame length and this has been verified by Ashcroft and Lawsom140

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

=a+blnR+cls 1.55

temperature dependent.

l.4.3. Pressure for Multihole and Complex Shape Extrusiom.

The bulk of experimental extrusions have been coneerned with

fthe plane strain or'axi-symmetric extrusion of sheet or rod. 1In
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 bridge 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 Jo‘nn.sonlzo, although Johnson has

mentioned an upper bound solution te the problem]'l?. Slip~line field
!

golution were obitained for smooth and rough container wall conditions

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

in the form

P o AP

2ROL7+1-2(nR+ 7K 1.36
for a smooth container 2:I<R<12:1

L _o. . AP
and ZE'O 82+12InR+ 5F -
for a rough container. 2:1SR<12:1 o

These can be compared with the expressions for single sheet extrusion

P._q . ' 1.38
e 0:47+12InR 3
P

and , - = 082+12[(nR

By plotting -%—E- against the eccentricity- € it was
found that % varied considerably with £ and that a minimum
occured. The position devended on the number of holes and frictional
conditions , -é—l; was positive for all values of & for smooth
containers and negative for some valuez of* § for rough conditions.
The predictions indicate that the extrusion pressure can be reduced
by choosing the most suitable value of £ but other factors, such as
the non-mniform flow may be more important. Comparison with their

experimental values shows several interesting pointss

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 proﬁortion to the
absolute size of the hole.

- 2. The value of f%? increéses as the number of holes increases

for any given reduction ratio and that the discrepency
between the theoretical and experimental value increases

a3 both the reduction and number of holes increases.
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3., A qualitative agreement was cbt;ined between the flow
pattern and that predicted from the theory.
It was expected that as the number of sheets increased the
difference netween ~é¥; for single hole extrusion amd that for
multi hole extrusion should decreasge, The emperimental ohservation
led to a contrary conclusion and it was suggested that this was due to
flashing.

Some empirical work on the multi-hole extrusion of rod has been
1, 120,141

done The general conclusion is that the load increases
as the number of holes increases., By comparing the axi-symmetric resulis
with those from plane-~sirain 120 it has been ghown that the plane-strain

pressure is always the lower. The theory failed to give more than a
gqualitative correlation with plane-strain results and so only a very
approximate solution can be obtained by predicting the axi-symmetric
pressure from the plane-gstrain theory.

The resuits also show thut 1%? increéses as the mumber of
holes increases; and that three holes in a line produce lover 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 Valer and Heillgznesultg
that have shown that the shape has little effect on the pressure have
probably been obtained on shapes of a very simple paturg 143,144.
Other worters have shown that the deformation resistance is very
dependent on the section shape, increasing sharply with complexity.

A problem in comparing résults 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 8f equivalent area, which can be as high as 16,
The experimental results showed that the peripheral ratio c»n 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 large. They also found that the
different land 1lengths used in different die shapes had no
measurable effect on the load, more detailed experimenis have shown

the converse to be truel48



1.4.4. Flow Patterns Developed During Extrusion.
Extrusion involves forcing a metal through 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 inhomogemous the working. It is not surprising therefore-
that many workers have studied this aspect of extrusion. There are
several methods availables-

1. Using moiel materials such as plasticine.

2. Mzero=-etching a part extruded billet,

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

extrusion. —_

Pearson and Parkins! 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 - BSimilar to'type A except that no lgbricgnt is used
and shear occurs between the billet and the container
surface. '

c - A more complexr form found in meny industrial exirusiong,
where 2 £airly thick rim of dead material extends
down the sides of the stagnant zone, unier the
shoulder of the diz, to the back of the billet.

The material at the back is gathered into the centre
and eventually forms the back end defect.

Tn aluminium extrusion the shape of the shear region between
the deforming billet and the dead metal region has been described as

8

approximately eliptical by Smith1 ‘although a semd-circular

approximation can be made as well. Chadwickzs, in his review paper,
has shown how the flow pattern developad 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 shecrring of the

mnetal at the die.



41

Flow in multi~hole extrusioa has also heen studied; both in
31 120,149
and depends on the distribution of the holes. This can have important
consequences on subsequent heat treatment. Véter142 has also
published some flow patterns for more complex shapes, The nature of

plasticine , and motals The flow. that occurs is asymmetrical

the flow pattern in multi-hole extrusion was clearly shown by Dodeja
and Johnsonlzo. By extruding two billets, one behind the other, and
then sep@rating them, the complex shape of the zone in the billet
could be seen.

Cne method of considerable importance, it represents a major
advance in experimental techniques, is the visioplastic technique
developed by Thomson and his co-workerslBg. 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'locity of a material particle can bz found. By applyine: basic
plasticity theory the stress and strain variation in the material can
be studied. s ‘

lore recently Hinesley and Conrad have studied the dependence
of the flow pattern oh temperature ani ram speed of an aluminium
alloy using a visioplasiic technique. The applicability is limited
by the low extrusion ratio of 6:1 used and by the die angle of 60°.
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 #his was Drgdicted by

152 £ir certain conditions of die angle and

Zimmermen anl Autzur
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 fwom theory, apart from
the slip-line field and upper bound approaches. These can only give
approximate patterms 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 uppsybound and
g8lip-line field, makes no provision for the effects of variations in
Yam 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 1little attention given to it. Pearson

ani Parkin give the equation
V=bPQ 1.40

where a and b are constants depending on the temperature and the
material, The index a can be consilered approxjamtely constant and
its value is such that over the industrial range of speeds the variations
caused by changes in speed are very slight. Thése slight changes in
pressure were verified by Ashcroft and Lawson14o for speeds of

15 to 75cm/min. They did notice that below 15 cm/min the pressure
varied considerably. At 20°¢ a decrease in the speed caused an
increése in the mazimum pressure, but at 300°C a similar decrease in

the speed causzed 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. Asheroft and Lawsonl4o
found a linear relationship hetween the maximum pressure and the
temperature of working for the extrusion of aluminium and an
Al=Zn-Ng-Cu alloy. Hughes found a similar relationship for steels.

However Pearson quotes tre equation

P= Ae™ 1.41

where A depends on the material and for an Al-5Cu alloy A= 0.6064
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 cen be approximsted by

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

as w2ll as a straight line.
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1.4.7. The Temperature Rise During Extrusion,

The two previous sections have shown how the pressure in
extrusion can bereclsted to the speed and temperature. It is a common
obgervation that metals heat up dufing deformation and it has been
estimated that up to 95% of the work done reappears as heat, the rest

152

being stored in the deformed structurs This temperature rise

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

ignoréd because of the difficuléy 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

Bishop6, who calculated the temperrature rise due—fo the work done at

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

solution also allowed for conduction within the material, Bishop

acdmits that the process involves a considerable amount of labourllz’

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

different set of conditions, An obvious simplification is to

substitute an upper-bound solution for the slip-line fiel&. " 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 Scm/sec, This approach has been extended by Johnson and Knd0154

to axi-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.

155,156

Work at the National Engineering ILaboratory 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 sxtrusion, direct or
indirect, a2nd the u:ze of a lubricant had little effect on the .
tempsrature 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, léad, and

tin, by means of a two~-prong thermo-couple situated Just below the die,
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This was the first atiempt to measure the tempefature of the emergent
extrude. Their work was later extinded to include a simple theory to
explain the results,

The resulté 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 shownll. 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 contaiﬂér, a reasonable assumption
when the pressures involved are considered, an approximation of the
heat lossesto the tooling was made. ¥hilst this theory predicts a
linear relationship-between AT and log V, except at hich and low
speeds where adiabatic and isothermal comdition respectively are
operating, there was only qualitative agreement with the experimental
" results for aluminium. \

Akeret12
results by dividing the billet into cells and calculating the heat flow
froa cell to cell, He also allowed for the temperature gradient between

w07

obtained a reasonable agreement with experimental

the billet and the container. Altan and Kobayas , sed 2 more
rigorous approach which entailed analysing the flow by .the visioplastic
method and then calculating the temperature rise, The results obtained
were expérimentally 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

ﬁhis, for practical extrusion ratios, is to insert thermocouples into
the dead metal zone of the billet. Using this technique Sheppard and
Raybouldl3 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
Johnsonlsa, and on an integral profile solution. The integral profile

method gave good agreement with the experimental results, although



slightly lower, and the accurac§ improved a%éghe ram speed decreased.
Their resulte 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 higﬁer the temperature rise, ag adiabgti
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 $wo 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 inseriisg
thermocouples into the dead metal zone.

From an industrial viewpoint, the methods of temperature
measurement outlined above are mot practical. A two-prong '
thermo~couple will mar the surfece 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 itemperature, and cannot predict any sudden change.

To date the only really practisal 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 extrudes surface. In aluminium extrusion
the problems thi; %ﬁYe 1o be overcome have been discussed by Woolvet
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 accumlation of he=t 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 gsection on hot-working shows that the flow- stress of

a msial depends on the temperature and the srain-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 predicteéﬁ-
with a reasonable degree of accuracy, but that the mggnitude of the
temperature rise can be considerable. The strazin-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 1i.e,

€= (InRV) 1.42

or ~ {=flla+blnRY) 1.43

depending on the definition of strain used. The function will reflect
the variation in deformation that occurs. o

The first method of obtaining ; numberical value for ?E '
was suggested by PFeltham 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

T _ BVInR | |
¢ By 1.44

Alexander ‘13 pointed out that the work done per unit volume is given
by Y(a+b(nR) and so the mean effective strain-rate should be

¢ . 6V({as+b)InR
De : ' 1.45

Wilcox and Whitton 136 pointed out that the core of deformation does -
not usually contain an angle of 450 and so equation 1.44 should be
multiplied by tanco , where ¢«» is the effective angle formed by the
deaéﬁmetal zone or conical die surface. Even this is an
épproximation as the cone of deformakion 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

éx: LVDg2tancs 1.46

D3

is<given by

with reference to fig. 1.2.
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deformation zone.
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Fig.12  The variation in the strain rate in the
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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 =lso gave three possible mean strain-rates

(nR

‘gg = TL 6d€ 1.47
& .1 Xfﬂ-},
Ex = 32?./0 £ dx 1.48
- ts .
&t = ?}‘fofﬁdf 1.49

depending on whether the mean is taken with respect to strain, axial
distance, or time, within the Jdeformation zone.

Usually és > €X> gt , but in the case of a constant

strain-rate die * €.8 = Sx St 5 this only holds_for
homogenous deformation. .

The equation derived by Feltham gives ét and it was
concluded that this should only be applied to small reduction§. ~ By

considering the extrusion of a rate sensitive material, where

o=k 'am 1,50

the}proved that the extrusion pressure is proportionad to the mean
pover strain-rate 8 £ and so the mean strain-rate that should be used

is Eane = (£ 0 1.51

This gives a mean strain-rate of
= 2 1 1
£=4 Vthcnwm [(-D-;FI'(—D%P"]} m 1,52

Comparison with that 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 varified by the homogenous indirect extrusion of ice.

A more recent approach by Farag and Sellé.rs 17 has developed
this approach to materials that obey equation 1.7

Z :é‘.epr—QT: AexpBo

This approach gives a mean value of Z for extrusion

7 = 4D& tanw eynQ (1 i
(Do x DB PR Ty Tfl 1.55

where TO and Tf are the initial billet temperature and the
emergent extrude temperature respectively .
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Equation 1.53 can be used to give the pressure for homogenous

extrusion Ph

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 range 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 time, 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 exfrusion but this
method is difficult to apply to shapes. Any strain rate value mist 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 ". . volume of the cone of deformation. This will have a
direct dependence on the,shapg of the extrude.’ Therefore the
1l

original approach by Felthaml 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 Ioads Developed in Extrusion.

For direct extrusion the pressure displacement diagram is of

the form showvn in figh 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 steady-state
extrusion starts. A gradual fall in pressure is usually
geen in this region and this can be attributed to the
decreasing billet length and the change in flow stress

due to the temperature rise.
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Fig.1-3. Schematic (oad 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

1,3, 130 but there is no agreemént on its cause.

recognized many times
Johnson and Kudos- 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 formztion of a dead metal zone, According
taAvitzur 130 the possible cauges are :-~

1. The formation of a dead metal zone.

2. The difference between static and dynamic friction, or

shear by hydrodynamic lubrication,

3., Inertia.

Asheroft and Lawsonl4o observed the occurrence of a-peak above a
certain temperature in an Al-Zn-Mg- alloy, and load displacement
curves published by Farag and Sgllarsl7 for aluminjium exirusion show
that peaks occurred with die semi-angles less than 900, at reduction
ratios greater than 36:1. In steel extrusion the peak loads have
been attributed to the cooling of the billet at the diel®? .
Substantial peaks have alsoc been seen in indirect extrusion166 and
are a well known feature of torsion ani compression test535’75’167.
The general conclusions appear 1o 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 pesak appears to hweebeen made.
The peak heights can be very high, up to 15% ®f the total load in

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

phosphor bronze powders 168.
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Structural changes occurring at the start of deformation
have only been briefly studied35’36’72.

The flow siress first increases as the dislocation density mcreases
and a sub-siructure begins to form, and has achieved a steady state by
1 The height and the

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

strain of 0.2 to 0.3 at strain rates 0f0.05-1.0sec”

rate increases, or the temperature decreases, and the magnitude of the
peak depends on the metal being studied. Nickel has a large pesak,
copper a smaller oneé, and commercial purity aluminium a ver; small one.

72

By quenching the speciment at the peak torque the different structure
in these metals have been studied, Aluminium had s 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 siructure and small recrystallized grains.
Nickel had an intermediate structure. From these resulis Hardwick
concluded that the peak in torsion can be associzted 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 unier certain conditions. It can be argued that the presence of
a peak is of little industrial importancc, especially in the aluminium
industry, where the surface finish is the important factor and presses
usually operate well within their capacities. Tiis 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 load:or at best
the load at the beginning of the steady state region, which is not
the peak load. The actual “load at the start of extrusion can be
maich higher. Apsrt from the uncfulness 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 iwo methods that
14
have been used. The first™" assumes that the total extrusion

pressure Pt consists of three independent parts

Pt= P+ B+ P
where Ph = the ﬁressure for homogenous deformation .
Pr = the pressure expended in redundent work -
the pressure to overcome friction,
Pt " including die land  friction.

Ph is given by
Py = fod€ 1.55

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

pressure with the billet length during extrusion.

-Ds dP
H*F dx 1.56
where x is the axial distance along the container.
This gives
= - 1.
F;‘; -Po(exp(l.pl/DB) 1) 57
where | is the length up to the coring point
and Py is the pressure at the coring point.
The pressure for redundent deformation wag estimated from
Pr.o R 1.58

o o

An estimate of %;- was made from a study of the literature and the

flow stress was dbtained from

o= _ab'lﬂ—"_ef N 1.59
c O O

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 Pp can be treagted as separate functions,
as the very presence of redundent deformation prevents homogenous

deformation.



The second method involves using a slip line field or upper
bound approach15’17. The flow stress calculated will depend on the
golution used. As the upper bound solution gives an over estimate
of the load then any value of the flow stress calculated will be an
under 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 that the 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 inductry is the control of the
surface finish &f the product. This is of importance in its own rightg
and if subsequent heat-treatment or anodizing processes are to be

24,25

carried out. The usual defects have been mentioned in section 132
but there has been very little work of a quaﬁgtive nature published
on this subject. Asheroft and Lawson14o mention the oceurrence
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 riséé. 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 Pearron and Parkinl. inother problem
occurs from the tendenoy of aluminium to stick to the die surface and
this accumalation gives heavy scoring on the surface of the product.

‘ The only extensive Work available on the subjeet is by

169

Williams who examined several defects and arrived at the following
conclusionss= .
1. The pick up defect is characterized by drag marks on
the surface of the extruded section andi appears above
a gsurface temperature of 52500 in an Al-Mg-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

oceurrence of this defect.
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2, Hot shoriness 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 rature of extrusion
theory, makes it very difficult to predict the limiting conditions
of the process. This problem was recognized by Hirst gnd UrsellBZ
who developed a graphical method of representing all the factors,
fag. 1.4 . The maximum value pf R that can be extruded with a given
press capacity increases as the temperature increases. By using the

equation

P = ¥(0-47+1-2 [NR)exp Ab”;“—

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

- a line of log R versus temperature was drawn.

rate of 30sec
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 resulis 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 Cutler53 improved the original method
used by Hirst and Ursell. The limiting pressure line was calculated
from the same expression for the load, obiaining the yield stress
from cam~p1a£tdmetry work, but used the equation derived by Singer and

11

Al-Sammarrai: to predict the temperature rise.
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The diagrams in these forms are limited in their application. The
method of obtaining the flow-stress is somewhat zrbitrary and Singer's
equation for the temperature rise has been shown to 5e in errorla.

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 sitrain rate curves were
plotted. The flow stresses used in the Jerivation were obtained from
hot working theory, and the maximum value of R the reduction fatio found
from a minimized upper bound solution,

The temperature rise was predictued from a derived equation
that has beeﬁ proved to be more accurate thannSinger4513. By drawing
lines of constant strain rate the form of the diagram fig.1.5, was
notiegably differentfvamthe earlier ones, with a  crest omcurring.

This indicates the possibility of exiruding at much higher reduction
ratios, by seleciting optimum values of temperature and strain rate.

The difficulty in con.rolling these limits will lower the meXimum value
of R possible.

There was no experimental confirmaiion of the upper parts of -
the diagrams. Experimental results demonsirated that recrystallization
occurred below a critical value of Z , depending on the material
and the rate of coolingl6. This value of Z was found from a plot of
log sinh (o) versus d‘1 . The critical value being the intercept
when d"; 0o . The value of 7 obtained was somewhat arbitrary
because the experimental points showed consilerable scatter and the
connecting line was assumed to be a zurve at low values of d"1 .
Accepting this idea of a critical value of Z, a value of the
recrystallization temperature at a given sirain rate can be calculated.
Thus a line may be constructed to show the limiting value for a
recrystallized structure. A similar dependemce of the subgrain size
on 2 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 expsrimental confirmation but they should be
applicable to industrial conditions.

The diagrams can be plotted with the tempecrature 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.
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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 fronm
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
115 in 1962 as

1. To predict the forces

by Alexander
2. To predict the behaviour of the mzterial.

This excellent summary still holds today as no adequate
theory has yet been found. Hot working theory gives empirical equations
that can be used to relate the variahles of strain-rate and temperature
for a given material, the theoreilcal. 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 tempsrature of working. Plasticity theory
enableg the loads developed to be predicted.but the values obtained all
require a value for'the‘mean flow siress, which can only be approximated
by resulis 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 énd
predicted by theory but there is still no method of accurately measuring
the temperature of the emergent extrude.. Whoi the theory can do is to
correlate data obtained from controlled extrusion experiments and
- these results can be applied with care, tc large scale indusirial practise.

Ther are still many problems to be studied and these can be solved
by planned research, preferably on a semi-industrial scale press. The
relation between small scale experimental wotk and large scale

industrial practise has not been tested.
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CHAPTER TWOQ

THEORY

2.1 Derivation of Stress Strain Curves from Torsion Testa.

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

Y=1T 2.1

Equating the twisting moment to the resisting moment

2.2,
M-r: ':rt‘/oe‘sz = ‘rﬂ

where J is the polar moment of inertia.

In the elastic region the shear stress varies linearly
across the cross-séction. This is not the case wren large plastic
strains are being considered. However, it isstill possivle to derive a

shear stress - shear sitrain diasgram from the experimental torque—twi%f
curve by using the approach developed by MNadai, and given in Dieter.

Thus we may write

= ‘ "d'MIi- v, ‘ e

This can be rewritten in the form

2
Fr-i;EjBC+3CD)

where BC and CD are shown in figure 2.1,
In hot working experiments the value of BC is mmall, a steady state

usually being reached. Therefore

_ M
T = 27a3 . 2.4
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By using von Mises yield criterion, the shear stress may be

replaced by the equivalent stress in tension.
O':J?T' 2.5
The strain is then given
€ . _R® )
J3L - 2.6
and the strain rate by

i

2.7
where w is the angular speed of the test specimen.
Equation 2,7 may be rewritten as

é - _Re> ‘ 2
J3L 8

The experimental results were in the form of torgue~time
curves. The borgue was measured at known time intervals and the true
stress-true strain curves calculated by means of the computer program
given in appendix I.. 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
gtrain rate used, 5.89 sec"l, it is doubtful whether adiabatic conditions

can be assumed,

2.2 Upper Bound Solutions for the Zxtrusion Pressure.

For reasons of simplicity the theoreticalextrusion 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

KIS ¥ dV+/vds] 2.
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where k is the shear yield stress in plane strain
i’ is the maximum shear strain rate in an element of volume 4V,
vis 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 f’ 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 veloeity discontinuities. '

In figure?2 2 the defor-ation zone is divided into tweo rigid
triangles. From 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 discontimiities and the corresponding line discontimities

are needed. By simple geometry

: 20 = <0
o = sI:?nEt,:
BO = X
AB = (5—,%%; xz-zdxcotw)l’l
BC = (gﬁﬁﬁiﬁo&ixz-‘zee»:cow)%

The triangles in the hodograph are similar to those in the

agsumed discontinuity patterm. The relative velocities are then given by
= —9 __
3 = Tene

= -. @
54 =" X=iny

— 2
23 = -—%—- { gﬁ’z—a + Xz- 2(1xcotc.>)y2

. .
54 = -s(%( sl?rf v +x2-2Rechtw)
Q.
1+RE

34 = -SHcoto+coty)
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The load over half the billet is then given by
k{AOT3+0C 5+B034+AB23+BC24)

k(2x+28%, 202, 20Re__ 3qc0te-3acoty)
Re xsifo xsin'y

= kC - 2410

L

it

where C is a constant depeﬁding on the extrusion rztio being considered,
Before equation 2.10 can be used, the values of

@, y, and x, that give the minimum load have to be found.
If a6y and Y are assumed to be independent of x

d load . k(2.2a. _2a2 _2aRe ,

dx Re x2sn2o x2sinly

*

This expression will equal zero at the minimum value of the load.

Equating to zero and rearranging gives

x2- 6;’0? | . %Re.' 5
{l+ gR-E—)smzc.) (l+—§E-)srn y

2. 11

The values of ¢ and \1) can be found in a similar manner

Forcd - -4a2cose , 3a_ _
xsinde sinZes”

. - 3x 2.12
;o coto Za

For y —I.QZRgcgsg 3a .
xsindy . sinly - 0

. , 2.13
..COtl,J = Z%-E .

Expressions 2. 11 - 2, 13 were derived on the supposition that

X, and \p are independent of each other. Thi= is obviously not the
case and an interative technique has to be used. A value of x is
selected and the angles ¢ and Y calculated. Using these angles

a new value for x is calculated. This process is repeated until
consistent values of the wariables are realized. The computer
program in appendix I was used to calculate these values.

Bquation 2. 10 only gives the load on half of the billet. The total

load is
L= 2Ck ' 2. 14
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and the pressure

p _2Ck _Ck

enpian "™

2Rs R.a 2. 15

Van Mises yield criterion enables the shear yield stre=s
K to be replaced by & , the uniaxial yield stress. The results

from this simple minimuzed solution are given in figure 2,3, and

¢an 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 ¥ to be equal, which implies the
equality ofp and v~ . The Location of the holes may be defined by

((::'CTPF ' 2. 16

When b is zero 8 is 2€¥°and when a is z:ro 8 is unity. From
equation 2J0 , for the single hole s>lution, the load over half the
billet is

the eccentricity

L = k{2ax+28X, 202, 2afe _ 3acottp-3acotto+
Re xsinZey xsinly

1 Reb C2bx? b2 ‘. ;
% SimY * 2 +RE x’smz‘ﬂ' 3bc°tv 3bc°t0) 21

The load was obtained by finding the values of #,x,andyy , that make
‘the load over region A a mini&num. ' This is jidentical to the
single hole solution. Using these values the lozd in eguation 2, 17
was calculated, @) being varied and the minimum lozd selected, a
modified form of the single hole program being used. Figure 2.5
shows the variation in pressure witl eccentricity for a range of
reduction ratios. Also shown is the result obtained. by qua,ja and.

‘Johnson for a rough container using a slip-line tield approach.

2.2.3, Piane Strain Solution for Three Hole Extrusion,

A simple solution can be lerived by extending the approach
developed for two hole extrusion. The velocity discontinuity field
is given in figure 2.4 , where ib can be compared with that for the

two hole case. The eccentricity is defined as
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€ = 2z .
a+2z 2, 18

which is zero when z is zero and unity when a is zero.

By ma<ing the following assumptions

T

1. x = Xy = X2

2. Y zy1= Y

3. Q]: Oz )
a minimized solution can be found as before. The values of w and
X are obtained by treating region A as a single hole extrusicn.
The minimum load is then calculated by varying the value of Wy ,

using a modification of the program developed in section 2.2.1.
The load over half the billet is

L =k(2x+2°x+ 2a 2aRe

- 3acote -3
Re  xsinZo  xsindy . cot>-3acoty

+2(2x+ ZZ—).‘r_z%_,r 2z2R= _ 3z7cotey - 3zcoty)) 2+19
XSIN4W Xsinéy )

The variation in the pressure with the eccentricity is given in

fiure 2.6 , for a range of reduction ratios. Dodejaand Johnson's

result is also given for comparison. .

2.2.4. An Uppsr 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 assumad that the flow pattern
in axi-symmetric extrusion is identical to that for plane strain
extrusion, at the same geometric reluction. 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 the
velocities from, the plane strain holograph. The use of the latter
is based on the experimental observations of Thomsen.
Using this approach, the values of ¢, Y and 2 in figure
2.2 are calculated for the appropriate geometric reduction.

The surface areas of the velogity discontinuities are

20 = ardRe+ Rg)

- SING®

ReZ7y

CO = “Siny
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BO = 2nxRe

o 82 , 2. 2axcosw
AB 'T‘(sm?m"x SN ’}?(DNU

2 .

and the relative velocities are
— a 2
13 = (gaine!

(-8)2
Xsing

23 --X-z—(Sln 7z + X 2axcotw) B
a2 2
(xd) (ﬁﬁ v +x2-Rexcoty)

¥
=l
i

N
1

- a ._a 2
57 = (“Rz x(cotawcotv))

The load over the half billet is given by eqﬁation 230 . 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 lowér, the discrepency increasing as the reduction

ratio increases.

2.3. The Prediction of Flow 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 changes occurring
during extrusion. Tpom 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 ob.erved shear region down
the sides of the billet in unlubricated extrusion., The theoretical
flow pattern, for different billet lengths, can be obtained by

galculating the field that gives the minimized plene strain pressure.
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With reference to figure2,7

AQ & X

. Rs
0B = 3Zine

- X ___
oc Costo
AC = xtan o

DA = smahﬁoci
AB = \ (R52+‘(X - %JZ)VZ
G le- x

cos{

The velocities are found from the hodograph
sin{180-(c< + ¥ ))

13 = Sinec

12 = xs?nca

50 = zahe

25 = —g— —43(sin(ec+ Y))

3= {(“,;TRE- - 1P (8= 2-2(92Re 18 co501%2
5 e e

The plane strain load over half of the billet

= k(AO 25+ 0B50+0CT2 + ACZ3 + DAZ3 + ABZ5+ DCT3) 2,20

If this field is to be used to predict a theoretical flow

pattern then the values of x,(Q, h, o and ¥ , that minimize
egquation 2, 20 , lLave to be found. The simplest method is to calaulate

the plane strain load for all possible combinations of the variables
and to selet the minimum., There are various geomet#ical boundary
conditions.that limit the range that has to be considered.
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1. The maximuam value of ¢) is
1
= Fam —?(-

and the minimum by
) :taﬁkfﬁj

2. AO <lg

4. If @ 'is assumed to be always less than 90° then the

minirmum value of ZAOB is —
"LAOB = tan(£/ (98 1)) | ,
The upper limit is set at (¥ +oC). ‘
5. The angle ¥ must be less than 6
Y= tan"(A-(xtano}/(la-x))

and oK = tan ﬁg§ -3
o

A computer program to calculate the minimum load,
incorporating these'boundarYaconditions was used, appendix T.
The sesultant flow patterns for various billet lengths, and a diameter
of 37.5mm, are shown in figureZ.8

2.4, The Variation in Toad with the Billet Length.

The theoretical flow patterns derived in section 2.% are
for an axisymmetric reduction of 60;l. Ideally a value of the
change in load should also be given. Howkver a plane sirain solution
for a 60:1 reducition would necessitate redrawing the field, and it is
difficult to see what the corresponling billet length in plane strain
would be. To compare the relative change in load with billet length,
the load for plane strain extrusion through é reduction geometrically
similar to that shown i.e. a reduction of 7.7% to 1 was calculated.

The results are given in figure 2.9
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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
Billet diameter = 37-5mm.
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2.5 The lethod Used to Calculate the Flow.Stress from the
Experimental Results,

As discussed in gection1,4.10 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 ahd 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 sinple 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 itc use.. : o

Also the simple field was the one used in the multi-hole
extrusion solutions. For a valid chpérison between single and
multi-hole resul’s the same field must be used. The valuzs of the load

constants C are given in appendix IT .

2.6. The Integrsl 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 modei 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 integral profile approach. To simplify the model the
heat generated by friction between the billet ani the container is
ignored. Approximately half of this heat will be lost to the container
and work by Watkins et al’99919%ndicated that friction had no effect

on the overall temperature rise in the deformation zone.

2.6.1 Assumptions Made in the IntegralProfile Molel,
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. TFriction is ignored for the reasons given above.

%, Uniform deformation occurs in the deformation zone. This

is not found during extrusion, but any solution involving



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 uniform 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 Temperature Rise.

With reference to figure2,1p,the heat flow from the

deformation zone can be equated to the work done.

work done = C1+ C2+ C3+ C[’ + CS 2, 21

Under adiabatic conditions

Ioad x distance = AT QCN.V(S
J .

or rearranging

Calculation of (5. '
Volume of metalat the surface temperature

= volume of the billet —volume of the dead metal zone
C5 =  volume of metal at ATXQCAL

Assuming the temperature rise pt the end of extrusion is being
calculated
Volume of the dead metal zone -
= 7itan g 2§ 2-R52Rs +—%‘£)
therfore 3 ) 3
05 = pCaulAlg-Titany(-252-REReEE) 2. 22

Calculation of Cl1 to C4
The temperature profile in the conti'ner, tool and

billet have to be calculated before Cl to C4 can be found. The

v
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temperature profile around a heat source is assumed to be represented by
AT (x4t) = agr X +ayx?

where AT (x4t) is the temperature at a point distance x from the

heat source and at a time .
From the boundary conditions the constants ao, 31 , a2 , can be found

At x = 0
AT [xyt) =AT
s Clo - AT

At a distancg S, the maximum penetration distance of the heat front

AT(X|t)=0 .
and
dATixgt) - o
dx
= 01+ 2(123
s ay = 2098
L0 = AT+S(028—2028)
- 02: Agg
and ay = -'%l

substituting these values gives

_ AT o 20Tx . ATx2
AT (xat) = AT st g2

- aT(1-%2 2. 23

If it is assumed that heat only flows in the x direction, then the

heat accumulated can be calculated

- [SAr _Xy2
Cacc_j;)AcQATU -é-) dx

Ac QT—?— , 2. 24

Differentiating with respect to time

AcQAT ds 2.25
3 dt

Cacc/sec =



[

From the Fourier equation

gH

dt

-, Cacc/sec

-KAdT
T

X
-KA[%%I])(: 0

equating 2., 25 and 227 gives

This expression is valid only when the area of contact A does not

vary with x,

Here

Proceeding

to t

s.:ﬁ..éTéi

This is not the case for G2 and (3.

. .
Cacc = /027v<quAT (1--é-12dx

. miSeaTs?
6 “

dc
dt

- nlSedl ds?
6 dt

equating with 2, 27

S = 3A
J_ﬂ(SP

The heat losses frpm the control

¢l
The surface area of the core = AON(‘D-%'-D!)
R A & (1232’ [héi
= Tosy 2
Cacc = AcgAT £
from = 12/t
where o< = K
Q¢
Cacc = AcoAl J12ect
3 ,
.n_QnZ:_D.JA AT T2
and  Cy = B [FR5R] Acg 10t st

2.26

2.27

2.28

2.

29

2. 30

volume can now be calculated,

2431

82

as before and differentiating equation 2.29 with respect
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The suffix 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

(ﬁ—é&)tan 45

A= D‘ij(tan 45 - tany)
Cradial = -TGII.rcpTS2

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 = -glrcT(S+RE)2

This includes the heat gstored in the material, which is

-g-l re QATRBZ

subtracting gives

Crad = & lrcgypgy AT(S% 2SRs)
= Tlrce AT(S% SDy)
€2 HlregypqdT (12K At pBkstAt B3y
micgt Ost lCst st -

This heat loss occurring through the steel of the container,
Similarly

6 L ) 2.32
s%st st oCst€st
C4, the heat losses by back conduction are ignored. The errors
caused by this assumption will be slight, except-at 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
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AT (a + btl2. ¢33, cty3)

Work done

A%t . very high ram speeds the terms invelving ¢+ in 2,32 will be
low and adiabatic conditions are approached. To facilitate the
calculation of AT, graphs of Crg T against time were prepared for

each reduction ratio considered and are given in appendixII .

2.7 An Approximaté Method of Allowing for Additional Heat losses

t¢ .2 Cooler Container.

The values of £§T' calculated above assume that the billet

and container are it the same temperature. 1In 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 , ,
external radius r length 1 , and inner and outer temperatures
Tz‘ and T1

surface of the container is at the temperature of the billet and that

2 b
respectively. This model assumes that the inner

the outer surface is at a temperature of 30000.
The rate of heat loss per unit length is given by

21K(H - T9)

) 2 2,33
in
2
The value of the surface area, 27rlgRs y is changing

at a uniform rate during an extrusion.
The rate of hegt loss at the start of extrusion is

ln-rﬁ;z-

Assuming extrusion to be stopped at the dead metal zone, the rate of

heat losg at the end is given\by
2rKAB(T1-To)

. ln-":—?- 2.55

The length AB being given in figure 2.10 .
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Therefore the mean rate of heat loss is

2nK(Ti-To) Let AB
Z 2
inLy

This occurs in a time ¢t , given by

_Ls - AB
- v

V being the ram speed.
The total heat loss is then

27vK( Ty —Tz_) ( Ly ABHLB - AB )
ln"{_?' 2 \

2.36.

The mean heat content of the billet Iuring extrusion is

7t02 , Ly + AB

_I.——E (_.B._Z__)Qcﬁ 2. 37

Subtracting equation 2.356 from 237 gives the mean heat content,

after allowing for heat losses

D2 Ly + AB 7K (Ty -To) (7-2+ AB)(7:2-AB)

| C = 7 { 5 kcﬁ- o 2 v 2.38
T T

the mean temperature T can then be found Ey

z _ _C
T_Vaec

2. 39

where Vg is the mean volume of the billet during extrusion.

2.8 A Summary of the Method Used to Caleulate 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 temperzture 1f is then calculated using
equation .38 and 2.39 .



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 a2 lower temperature.

2.9 The Temperature Rise at the Peak Losd.

At the start of extrusion there is almost a linear rise in the
epplied 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 6alculated.

The work done is the ares under the load displacement curve.

Work done = LP x dp
2

where LP is the peak load
dp 1is the distance moved.

The temperature is therefore found from

Lpxdp _ VapcAT

2J 240

The peak load is reached in a relatively short time and the
magnitude of the temperature rise is low, less than 3000 for a peak
load of 5 MN -, Therefore any heat losses may be neglected.

2.10 The Strain Rate.

As discussed in sectionnt4.8the most difficull verameter

to measure in extrusion is the mean strain rate. The simplest approach
is an extension of the idea originally dsveloped by Feltha}§1 .
The mean strain rate is given by

- _ total strain 2.41

t = the time to effect the stmin

The extrusion pressure can be expressed as

P =YBInR = YC

.where C is the load constant for a given extrusion ratio.
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By analagy with -

work done = sf;ess X strain
the mean strain is given by the constant C.
The time to effect this strain can.be‘found by assuming
the deformetion to occur in a cone of semi-angle @ , figure 1.,2.

The volume of this cone is

V = l‘( DB3— DE3) )
-
24 tan )

~

The time ¢ Vv

volume of metal extruded per unit time

The volume of metal extruded_ﬁer unit time = TLQ§2V

which gives 3 %
D3 - D3
D6 tan WV
Substituting into equation 2 .41 ;
2
- 6CtanV Dg 242

D3— D3
The values of ¢ and ¢ 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 comstruct a model of the obsewrved
flow patterns. Accordingly the strain rates calculated for single hole
extrusion were used, any discrepencies between the two would be observed

in the results. The strain rates used are tabulated in appendix IT.

2,11 The Calculation of the Constants in the Hot Vorking Equation.

At high stress levels the strain rate and stress are related by
£ = Aqexp(B0) : 1.2

at a constant temperature,
Taking natural logarithm

lnE = lnA2+ BG‘
The values of A and B can be obtained from a graph ofin€against o at

constant temperature,



At low stresses

£z Aro™ 1.1

tng = InAgyenylno _\

at a constant temperature.
A and n can be found by a graphical method.

The more general hot-working relationship is

Q
RT Y4

Before the activation energy Q can be calculated the

£= A:sinh(oc 0')’}:xp

value of o€ must be obtained. At high stress levels and a

constant temperature equation 1-+ can be rewritien as

€ = Asinhfco)"
which approximates to

é: -g—n exp(n«< o)

comparing with equation 1.2
nxo = Bo
« - —;L 1o4

If n is equal to ny in equation4,2 , the gradients of the
graphs of (n§ against ¢ and (ng against (ng can be used
té give the value of oL . .

Usding this derived value of oK , the activation energy Q
can be found. A graph of lné against (n sinh(ccor)

at a constant temperature, is first plotted. From this a second

1
graph of ln sinhlco) against [~ at a constant strain rate,
is drawn. The activation energy is given by
(ng dlnsinhlxal . . X
N Q :"'R é - 204)
(c\lnsmh(occr))T( k) -%_ Ig
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The accuracy of the derived activation erergy will depend -

on ;the accuracy of the terms in the brackets in this equation.

i
2.12 The Method of lfeasuring The Peak Ioad.

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 AL is small, and these must be allowed for when

correlating the data,
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CHAPTER THREE .

Experimental

3.1 The Press

The experimental work was carried out on a direct
operating SMN ENEFCO 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 guench and the billet
preheating system. .

3.1.1. Load Measurement

The load was measured by a Mayes load cell situaied directly
above the ram. The output from the cell being recorded on both a
Hewlett Packard 136A X.Y recorder and a iodulog 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 F10.500/12, 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 accurmlator bottles
for the higher speed, In the range 2.6 to 1l4mm/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
accurmlators were used the speed obtained could not be accurately
- predicied 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- II 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
Burotherm 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 300°3°C and a variation of less than 5 C
between the top and bottom of the container.

3.144. Billet Preheating
Billet preheating was carried out in a2 Banyard Metalheat

induction furnace, fig 3.1. 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 1l.6mm dia. stainless steel sheathed mineral insulated
thermécouple placed in a lcm deep hole in the centre of the billet.
Thié enabled the temperature to be conbrolled to 2 29C.

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 KEAl45 5 Cr- V Steel.

To investigate the effect of a more complex die geometry
than is usually studied in experimental extrusiog 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 appendixIV./ 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 1.2mn 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
aliow them to come inside the die~backer. The thermocouples could
then be passed through a hole in the die bolster. Some extrusions
were also cafried 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 3.5. 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 thé quench
could be positioned as close to the die as possible, To achieve a
rapid quench it is nexzessary to have as large a volume of water asg
possible dmpinging on the product at a high velocity. To obtain
these conditions holes 1.2mm diameter were drilled radiazlly in the
imer 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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Scale:Full size.
All dimensions in mm.

Fig.32 Single hole extrusion die showing the
location of the thermocouple holes.
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Two hole

Three hole

Scale: Full size.
All dimensions in mm.

Fig.3-3 Multi hole extrusion dies.



30:1square

30:1strip

Scale; Full size
All dimensions in mm.

~ Fig.3-4 Square and strip extrusion dies,
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3.3 Materials
The ¥aterial was supplied by Alcan International Iaboratories,

Banbury, in the form of contimuouslky 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
structure prior to extrusion. After the first homogenization
treatment the billets were machined to 73.5 mn diameter and 75mm
length, Some billets of alloys C and D were machined to lengths
of %,6,9,12, and 1l5cm.

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 minimim 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 sieady 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 a2 depth of lem, was then heated in the induction
heater to the preset temperature; ggme taken for this being less than
8ix minutes at 50000. The cycling time ,at temperature «of 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 tempsrature 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 Ie 4 ¥n Si Ti in Cr Heat Treatment

5671 [4.00 8 hr @ 500 C,
48 hr @ 500 C

569D |4.44 0431 "

752D 4,02 |0.21| 0.001 0,004 0.08| 0.003}0.006|0.001 "

753D |4.00 [0.18 |0.001] 0.30 | 0.08{0.003 |0.005|0.001 "

817D |3.92 |0.22 | 0.001 |0.002 j0.086]0.008 | 0.005|0.002 "

818D |3.80 [0.23 | 0.001 [0.32 [0.09 [0.008|0.007|0.002 " <

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 Dl4a.36 |0.40| 0.74 j0.70 | 0.77| ©0.02 | 0.01 | 0.01{48 hr @ 510 C

Table 3,T Alloy composition and heat treatment

.

In the text the following notations are used
Alloy A 567D '
Alloy B 569D

Alloy CE 752D and 817D
Alloy DE 753D and 818D
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After the ram had been withdrawn the container was raised
and the extrude cut -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 uged for most extrusions
exceptions being those whereapart-extruded billet was requiréd or during
an interrupted load test in peak load investigation. However, the
starting method was always the same.

3.5 Temperature leasurements

The flow stress of a material is temperature dependent
and so the temperature must be accurately known if a realistie
anglysis of the results._is to be made.

At*the start of the induction heater load cycle the power
was automatica}ly switched off; the billet was therefore cooling
throughcut 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 du;ing 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. IThe
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
tempefature, appendix I IT

It is also important to know the temperature of the

material during extrusion. Several methods were attempted.



all holes drilled for a 152mm dia. thermocouple,

Depth of holes Scale: full size
1 =5 all dimensions in mm
2 =15 Billet length: 75
3=30 ‘ Central hole: 10
L = 45
5= 50
6 = 65

Fig. 3-6 The location of the thermocouples used

in determining the cooling curves.
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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 uced as well. This was occasionally
successful but the resulis only served to confirm the initial billet
temperature obtained from the cooling curves.

2) Stainless steel sheathed mineral insulated thermocouples were
iositioned 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 upsetiing.
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% HN03, 36% HC1,
40% H,0.

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

S0lid 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 ' and temperaturss from 200°c to 520°C., The specimens
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were heated in situ by an inducfion 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 siecimen in position. Temperature variations in this
could be more easily monitored with a disappearing filament pyrometer
In the copper specinen at 750°C the temperature variation throughout
the gauge length was 2 5°C. After testing to failure, or to a
steady state in the more ductile specimens, the entire testing region
(enclosed in a gealed container) was flooded with water to achieve

a rapid quench.  The itorgue was measured by a lever arm operating

a load cell, the output being fed to the U.,V. recorder.

3.8 Hot Tensile Tests

Ho. 12 Hounsefigld specimens were prepared from éxtruded 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-l and temperatures from 20000
to 400°C. The specimens were placed in the {ensile machine, using
Nimonic 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

Because’ 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 of 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 Met Set,which has the
advantage of setting without any rise in temperature. The mounted
specimens were then polished in the usual way, finishing on -%F

diamond paste foliOWed by alumina. The polished specimens were
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examined in both the etched anl unetched condition using the stendard

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-gided
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% HKO3 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 gv fitted with a stage that could be tilted through

30°,

3.9.3 Scanning Electron Microscopy

The surface of the extrude isAof paramount. -importance in the
aluminium industry and some specimens were examined on a Cambridge
Stereoscan 600 scanning electron microscope. ILittle specimen
preparation was needed cther than careful cleaning. Some speciméns
were polished and etched in the modified Tuckers reagent to examine

the relation between the surface defects and the internél structure,

3.,9.4 Hardness Tests
These were carried out on the mounted specimens used for

optical microscopy. Some 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 dedermination 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 Insirom univerdal 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

RESJLTS

The fully tabulated resuits are listed in appendix v .
Where applicable, the best fit straight line was calculated, using a
least sguares 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, 2nd 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 wokking results

obtained at a constant temperature.
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At low stresses
é.: A!O’”’ 1.1

and at high stresses

é: AgexpBo 1.2

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 ny

and A{ Dbeing temperature dependent, especially in alloy CE ,
Egquation 1.2 could also be applied to the results for alloy DF.

In alloy CE & linear relationship was only seen &t the lower
temperatures.

Assuning 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

¢ = 8:0x10%12%0

= o

and

£ = 140 x 108expi 680
For alloy CE

) ¢-= 62 x 1065765

and ¢ = 248 x 107exp2 480 ,

These constants were calculated from the results at 5730
and 673o . Vore 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 < -and the activation energy Q have to be
determined. In Chaper Two, section 2.11 it was shown that a value

of o can be obtained from ny ani Fﬁ in equations 1.1 and 1.2.

_B ,
oLz
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Using the results obtained above
For alloy DF

K = 0-0137mm%N

and for alloy CE
« = 0:0324mm2/N

Knowing the value of ¢ 1t should be posgsible 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 Iné against Insinh{xco) . A peaningful
activation energy will only be obtained if a large mumber 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 2 against log:sinhes , figures 4.5 andd.6
Z being the temperature compensated strain rate. Reasonable straight =
lines were obtained for both alloys. From the gradient and

intercept the values of o€ and A in equation 1.7 were obtained.

For alloy DF
z = 199 x 10'2s1nh (0:0137¢)8°57

For alloy CE ‘
z = 141 x 100s;nh(0-03240733

At high stresses equation 1.7 can be rewritten in the form

Z= A exp(Bo) 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 relationéhips 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’ 4.1l graphs at constant
temperatures and at constant strain rates have to be plotted.

The preseﬁce: of the large temperature rise precludes the first and

. the number of results at the different strain rates will prevent
accurate results being achieved by the second. For the reason given
in section 4.1.’ an activation energy of 160000 Joules per mole was
assumed. Figuresd .%-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 P in equation 4.1, and these depend
on the alloy being considered. In these graphs a series of
approximately barallel straight lines is seen, eachk line being
associated with one reduction ratio and hole confliguration. If the
correct value of the flow stress and the strain rate had been used,
the resulis 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
orslower 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.I . 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 table4IT.

The effect of alloying is séen in the relative magnitudes of these

constants.



130
Q
(7]
3
o™
X
N
1201
-
X
o 50:1 single hole
+ 50:1 two hole
B 50:1 three hole
x 304 single hole
A 301 three hole
110F * 301 two hole

] | H
4L0-0 500 600 70-0 800 90-0 1000
flow stress (N /mm?3

Fig.4-9 The relationship between Z and the flow stress for
alloy A.



121

130

log Z

120
+ 50:1 two hole
& 50:1 three hole
x 30:1 single hole
s 30:1 three hole
o 30:1 two hole
110

1 | { A

70:0 800 90-0 1000
flow stress( N /mm?)

Fig.4-10 The relationship between Z and the flow stress for

alloy B.

400 500 600



122

130
120}
N
o
(o]
-l
110
x 60:1 single hole
o0 100:1 single hole
o 60:1two hole
4 60:1 three hole
100 i ‘ i i i |
300 400 500 600 700 800 900

tlow stress { N /mm?2).

Fig.4-11 The relationship between Z and the flow stress for
alloy CE.



13

OI_

+
120
N
o
S
nor _
x 60:1 single hole
o 100:1 single hole
e 60:1 two hole
8 6041 three hole
+ 10:1 single hole
100 i ] 1 A1 1 }

300 400 500 600 700 80-0 900
flow stress { N'/mm2)

Fig.412 The relationship between Z and the flow stress for
alloy DF.



130

120

Log Z

110

1

e alloy 265D
x alloy 266D
o alloy 272D

reduction ratio 60:1

10-0 L :
400 500 600

] 1

700 800
flow stress { N /mm?2)

"

900 1000

Fig.4-13 The relationship between Z and the flow stress
for alloys 266D, 265D,and 272D.



125

160

150

14:0

Log Zc

130

120

1 1 1 i i
400 500 60-0 700 800 90-0
flow stress (N /mmz)

Fig 414 The relationship between the corrected value of Z
and the flow stress for alloy A.



126

170

160

150

Log Zc

140

130

120

400 500 600 70-0 800 900
flow stress (N /mmd)

Fig.415 The relationship between the corrected value of Z
and the flow stress for alloy B.




b
DN

210F

200

190

180

170

160

Log Zc
o
QO
1

140

130

120

110

100

1 1 1 1 1 ]
300 500 70-0 90-0 110-0 130-0 150-0
flow stress ( N /mm?)
Fig.416 The relationship between the corrected value of Z
and the flow stress for alloy CE

~3



1128

210

200

190

180

170

160

150

Log Zc

1401
130
120 |
1y

100

[ i i 1 1 i

300 500 700 900 110-0 1300 1500
flow stress ( N /mm?2)

Fig.417 The relationship between the corrected value of Z
and the flow stress for alloy DF




129

R Correction
fact - 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(2) 1.5
50:1(3) 1.5

i

Table 4,1 Correction factors for logZ

Alloy A B

sec” ! mmz/l‘{'

272D 1.95x1o7 0.162

265D | 2.46x10° | 0.334

266D | 7.36x10° | 0.307

A 1.68x10° | 0.297

CE 1.25x10% | 0.333

: 1.43x10° | 0.366

R 1.85x102 0.418

Table 4,1IX
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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 sinheo plot for alloys C% and DF, The values
of oC being those obtained from the hot torsion and tensile results.
The graphs are giver in figures 4.18&4.19 , where the results for the
relevant hot-working tests are also given. The line representing

extusion agrees with the latier in the orders of magnitude of the
flow stress and strain rates, however the gradient, n in equation 1.7,
is much higher, Theory dictates that the two lines should coincide.

Hquation 1,7 for alloys CB and DF can be w,y,l'}(’m as

for alloy CE

-

Z = 62x107sinh(0-032407)1075

for alloy DF

7 = 159 % 10" sinh(0-0137 ¢ '420

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 same initial billet
temperature and ram speed, but sthrough 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 renge 10:1 to 100:1
a linear relationship -w®as 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 asj

for alloy CE

Ip = 0-325+ 1-725logR

for alloy DF ‘ -
Ip = 0-313 + 1-651logR

Here ILp is in MM,
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These expressions can be rewritten in termssof the extrusion pressure
Alloy CE \
Pp = 73:56 + 392:2log R

Alloy DF
Fy = 70-85 + 373-5logR
The pressure being in N/mm2 or MN/m2
\ The corresponding results for the mukti-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 Tempsrature 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 4.212nd4 .22 . It is not possidble
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 Toad,

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, conssquently a change in the ram speed.
should haxe an effect on the extrusion pressure, or load, This is not
seen in the peak 16ad, figure 423 , if anything there is a slight
decrease in the load as the ram speel increases. This is more
apparent at the high speeds, over 100mm/sec, obtained with the
accurmilators. These latter results are not plotted for reasons given

lafer.

4,2,4, The Effect of the Billet Length.
The results given shove are “or an initial billet length

of T5mm. Figu~e 4,24 gives the peak pressures needed to extrude
billets of wvarious initial lengths. Cver the range 120 to 60mm the

pressure falls as 1y decreases, Below 60mm the initial pressure

increases with a decrease in 1y .
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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 sirain rate to be used will be a Tunction 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 furdion, but it does mean that a value of the strainmte cannot
be given. Taking the logarithm of Z
log Z = log (éexp%)
.
= log § + exp 'RQT .
2-303
Tﬁe resiults suggest thgt the effect of é is small, therefore a

_graph of the peak load against log {exp 1%%—) should yield a atraight

line, if this type of expression can be applied, Figures 4.25 - 4.28 ..
indicate that this is the case, within the experimental error,
aﬁproximately 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 thé lines depends on the

alloy,
for alloy A
-m = 1,30
for alloy CE
m - 0.77
for alloy B
. n - 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 low 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 Ip and
T was observed, figures 4.30.31 The exact nature of the relationship
is masked by the experimental scatter, especially at low values

of AL. *

4.3.3. The Dependence of the Peak Height on the Pezk Load,

The similarity of the relationships between AL and the
ram speed, and initial billet temperaiure, with those found between
Ip and the same variables suggests that there should be a correlation
between the two. If AL is a function of the load to start
extrusion then the peak load can be consifered to consist of two

components.,

AL + Le /
Lp - AL 4.2

Lp
Le

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 AL is plotted
against Lp - AL in figuresg,32.36« A direct, almost linear
correlation is indicated with the exact relationship depending on the

alloy.

4.4. The RBffect of Removing the Ioad during Bxtrusion.

A peak in the load displacementcurve is seen at the
beginning of extrusion. To investigate whether this is peculiar
to the start of the deformation or not, the load was removed nidway
through some extrusions. A typical load displacement curve is given

in figure 4,37 After complete Temoval 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. Tn this case only a
slight peak was seen, its magnitude being lo:-er then the initial one.

4.5. The Effect of Section Shape on the ILoad.

Different shapes were extruded at the same reduction ratio,
initial billet temperature, and ram speed. The load time curves are
given in figure4.39. The peak load, and the height of the peak
depend on the shape being extruded. It is higheét for thé 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 Genepal Nature of the Ioad Displacement Curve.

. In figure 4.40 , schematic load displacement curves are
drawn.,  These sh&w the four types of curve seen. In the first,

T1; ’ the text bock 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,

To a peak load is still seen but no decrease in the load océurs
during extrasion. The third diagram shows the curwe seen at the
highest temperatures used. The load increased continously
throughout the extrusion and only a very slight peak was seen. The load
diéplacement curve for an accumulator run did not follow ény of these

typical curves.

4.7 The Relationship Between the “echanical Properties and the

Flow 3tress.

The tensile strengths and pioof stresses of the as extruded
rods are plotted against thecalcutited flow stress in figures4 41 -4.44,1
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 oceurred,
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and there appreared to be a definite change ocemring in the region where
the intermediate structure, between completely fibrous and fully
recrystallized, was seen. In the case of alloy Ba minimum in the

mechanical properties was indicated ia this region.

4.8, The Dependence of the Mechanical Properties on the Grain Size.

4

I£ was not possible t6 determine any relationship hetween
the sub grain size and either the mechanical propertiés 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 techniqué. In the
case of the elongated recrystallized structure the gize across the
grains was measured. The results are given in figures4.45-4.48. Tithinv
the scatter, which is always present in grain size determination, the
mechanical properties increase as the grain sise increases, This
differs from the expected result of a decrease in strengtﬁ‘with an
increase in the grain size, This effect is mofe 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 4 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 sitress increases.

Y
b

4,10. The Hardness Across the Extrude,

Pigure4.51 shows the variation in the hardness across an
extrude. The single hole product shows a uniform variation with anm
almost constant value across the eXtrude, except 2t 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 2 sgimilar pattern. A maximum occurs away from
the centre axis. The central rod of tue three hole extrusion had a
variation similar to that found for the single hole, igse. it
followed a symmetrical form, but a maximum at the cenire was usually

seen,

~
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4,11, The Variation in Hardness Across the Stop Mark in the

Load Removal Experimeuts.

When the load was removed and reapplied during extrusiom,
a stop mark was always seen., Hardness measurements were made along
the regions adjacent to these marks and the Tesilts are given in
figure4'52; In these 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 merk,
the hardness shoved a slight fall. \When the load was not compIgtely
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 figures4,5%3-4,54
were drawn for & press capacity of 5 I, and a billet 75mm in length
anl 73.5mm diameter. Only alloys CE and DF were considered, .because
of the limited number of results available for the other alioys.
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 alsc 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 2.8. At low strain rates the calculated temperature fell
abave 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
evidénce 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 e xtrusion 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
extrmude 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 c¢ast Togs and
the analys is azre given in table 3,T. Alloys A and B weré 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 slisht variations in the billet compesition. This is
especially true in alloys CE and DF, where two bhatches of material
were used. The long homogenization treatments used would have reduced
some of the compositional gradients but their presence should be noted.

Brrors 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 & maximum load was
reached, followed by a fall to a constant value, Examination of the
ram displacement-time curve showed that extrusion had ~topped 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; ¥he
measured load being that exerted on these rings. The ram speed
exhibited a continous fall throughout 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 experimenial cooling curves had to be uzed, the
readings from a thermocouple in the back end of the billet gave
reasonable agreement with the temp-ratures obtained “rom these curves.,
This method entailed measuiing the tine 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%, The
time for transfer could he measured with reasonable accuracy {0

5 seconds. The largest error would be in relating this measured
time to the temperature loszs, 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 experiménts
of this nature, however the dies were examined after each run and
cleaned when necessary, a étrong 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 a.luminium
alloys are very susceptible to the quenching rate, but the rate of
gquenching 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 guenching medium. ,

The structures observed in both the opticel and transmission
microscopes would be subject.to the usual errors of spemcimen selection.
The mechanical properties were measured using No.1l2 Hounsefield

gpecimens. The accuracy of these results will depend on the care in

their preparation, plus the usuval 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. Errors in the determination of the initial billet
temperature.

3. .Variations in the quenching rate.

4., Sampling errors in examining thestructures and

mechanical properties of the extrudel

5.2. The Structure of the Mterial Before Extrusion.,

No detailed examination of the initial strucfures was carried
out but they were examined under both the optical and transmission
electron microscopes.

Alloys A and CE had very similar structures, figure 5.1
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 Aly but the presence of iron and some silicon in alloy CE
would lead to the formation of complex intermetallic compéunds.

Alloys B and DF were also similar, figure 5.1. The
optical micrograph shows very heavy coring with the cast structure
still retained the degree 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 solwtion., This difference between the two pairs
of alloys can be attributed to the presence of manganese in alloys B
and DF, which contained  the same C u as - A and CE. In the super
purity base alloy the manganese will combire wi.n the aluminium and
the copper. When iron is present it will combine with the copper
and manganese in a complex Al-Fe~Mn~Cu phase. Sore 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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Pig 5.1 The billet structure after heat treatment
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up some of the other elements and furthér reduce the likelihood of
equilibrium being reached, even with the extensive heat treatments used
Sometimes equilibrium 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 wore 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 Constents 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 sizba. (The
term steady state ic 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 siress leading to fracture, if
the test was continued., The continuwus fall masked the true
nmagnitude 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 rise will 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 héat losses has already been mentioned. Any solution
mst allow for heat losses by radiatioﬁ 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 seme - copper content and no manganese,is more
resistant to deformation at high temperatures than is alloy DF.
The first 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

€= Ajom 1
and .

€ = AgexpBo 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 DF. The two empirical
equations apply to d;fferent stress ranges, but there is a region of
intermedizte 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,anci B obtained in the present work with those found
previously, because no similar work on these alloys appears to have
been published. Bailey 77 gave some results for the torsion of
several aluminium alloys and the values of PB,ny, Ay and Ay that he
found may be compared, on a qualitive basis, with the present work.
The exponent n4 , in equation 1.2 , varied from 35.1»at 200%
to 7.1 at 500°C in an Al-Cu-Mg-Yn alloy. The values obtained in
the present work are 12,3 and 7.65, for alloys DF and CE respectively
at 400°C. The order of magnitude agrees but obviously the absolute
value willdepend 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 sﬁrain rate in this alloy indicating a
fundamental difference in the ease of dislocation formation,
multiplication and movement beiween the alloys. The values of
A1 in equation 1.1 , obtained by Bailey, were very temperature
dependent. For the alloy mentioned previously, A1 ranged from
10.65 x 10 5ON/mm®/se at 200°C to 7-65 x 10°N/mm%/sec  at 500°C.
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At 400% A1q for'alloy DF was equal to ’ 8 + 1010N/mm2/sec,
and for allecy CE 6-08 x 10'7N /mmzlséc . Again esrphasizing the
difference between the two alloys; In the other equation Bailey
quotes a value of 0-204 mm¥N for B . For alloy DP B was
found to be 0:'168mmZ/Nand 0:248mmé/N for alloy CE. These
are of the same order of magnitude as Bailey's but the exact value of
B 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 thgrefore 2 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(ﬁ's for the Flow Stress in Torsion.

The constants given were caleculated 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 ,

56343 The Value of the.&ctimatﬁanﬁeggy .

The number of results obtained precluded the eszleulation 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 andi 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-l, and 161,000 J/mole for a dilute Al-Mg~Si alloys, three
alloys with‘very different behaviours.

The error in these quoted values was not given but an error
of only 1% 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 acfivation energy ﬁwa.s 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, usuzally the
initial temperature is the one quoted. A more general relationship
is that suggested by SellarsfTegart, equation 1.7.> The values of ol
were derived from n4 and ﬁ in equations 1.1 and 1.2 respectively,
and are of themme order of magnitude as those found in other work.
Using these values figures4.5 and4.6 show that equation 1.7 can be
applied to both alloys over a range of 2, the temperature compensated
strain rate, of many orders of magnitude. The scatter can be -
atiributed 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 thestrainmte, for alloy DF
is approximately double that found for the other alloy, ’agree"ing with.
the results given from equation. \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 >,< 1010 to 3-3x 10”5ec_1. These are similar to the present values ‘
of 199 x 102 and 1-41x 100 for alloys DF and CE respectively.

In this general equation, ©C can be related to the -
activation volume, which is a measure of the effect of thestress in -
aiding the dislocations to overcome the barriers. A can be called
a structure factor but, by comparison with various theories it also
inclules a term representing the frequency with which a dislocation
tries to overcome the barrier. In these alloys ol  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
i3 more dependent on the strain rate. In alloy DF the presence of
the precipitates, containing aluminium, copper, manganese, iron, amd

silicon, will tend to hinder dislocation motion,
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The effect of the stress in assistiing dislocation motion will therefore
be reduced and the stress will be less dependent on the strain rate.
, and P respectively.

Equation 1.7 is usually expressed in the form

£ = A(sinhoco)”exp-l%

This is reflected in the wvalues of n

which 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(sinhecg )N

and taking natural logarithms

inZ - InA = nsinhxo
or
X0 = sinhl(-AZ-)k‘

therefore 2 5¢1.
C o sknuRpten)

As oK increases the flow stresses decrease accordingly.
Az W decreases the logarithm increases, leading to a higher flow
gtress, 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 i§ obtained.

No linear dependence was foun@ between log 2 and the flow

stress, Therefore the equation
Z = AjexpByo

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 stud;ed 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”’ . 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 samer%lloy (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 eentre
. 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 i
mzgnitude of this rise must have been well over 16600. 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, TPhere is also the added -
complication of non-uniformity of deformation throughout the gauge
length., The final photograph (d) shows advanced hot shortness, the
temperature and strain rate were the same as in (c) but éaloy was .
different, alloy DF, which contained the manganese. The peak stresses
were almost iidentical and therefore the temperature rise must have
been similar;‘ The severe hot shortness in the latier specimen is'
an indication of & lower melting point phase or a higher volume of
such a phase, The volumefraction of 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. 1In
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 tempe;aﬁure, 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. _



a) Undeformed

b) Alloy CE,400°C, strain rate = 0.59 sec

¢) Alloy Cii , 400°C, strain rate =2.95 sec

d) Alloy DR, 400°C, strain rate = 2,95 sec

Fig 5.2 Torsion specimens
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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 caleulation of the flow stress; temperature, and the strain
rate.

5¢5.1. The ifean Flow Stress in Extrusion.
Two methods of deriving the flow stress were given in Chaplar

One, The first was based on an empirical approach, the second on the
upper bound method of solution. The empiiical method, used by Wong
and Jomas 4 y &ives a value for the flow stress but there is little
theoretical justification in the guoted figures. The agreement
between their results and those obtained by other methods is no
justification for its use. The value of the flow siress 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 1imitations, the major one being the assumption
of a constant value of the flow sgtreass. 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 mmlti hole
extrusion, the latter is not axisymmetric. For this reason a simple
minimized plane strain solution was derived and compared with previous
solutions,

The thearetical plane strain single hole extrusion pressure
is plotted against the fractional reduction in area in figure 2.3 .
It falle within the general range given by other theories, being less
at the lower reductions and increasing more repidly 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. Tt is not unusual to use extrusion ratios ofﬁ
over 100.1 in modern industrial practice énd 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 stresces 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 & 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%4. The difficulty
is in choosing which value to use. The plane strain solution agrees
reagonably well with the other work, but it is more a case of choosing
one solution;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 expressionsof the form

-.E:cublogR .
Y

to a limited range of reduction, especially at high values of log R .
If a graph of %% 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 & simple 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 anl the three hole configuxrations
a minimum load is predicted at a certain value of the eccentricity,
‘which is practically independentof R.For the two hole die, the
minimum is at an eccentricity of 0.45, which is almost isdentical
to the symmetrical position of a and b being egual in figure 2.4.

The minimum for the three hole extrusion pressure is at an ecceniricity
of 0.6 which again almost corresponds to the symmetrical configuration
of a and 2 Ybeing equal, The only other work published in this field
is by-Dodeja and Johnson$Owho derived a-8lip 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 yiéld
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. V The more exact, mathematically, is the slip line field

and the upper bound is only an approximation_to this. However, the
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s8lip line field theory undercstimated 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 flow
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 exirusion flow stress does not exist, all that can be obtained
is a mean relative value, which will depend on the method used to )
caleculate 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 shewring, 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 showi?%hat 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 expsrimental 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 z temperature
above fhat of the relatively undeformed immer zone. Experimentaliy
only the surface temperature was measured by a dead meial zone '
thermocouple. The majority of the present work was at high reduction.
ratios and slow ram speeds, Ié 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 coptainer, ignored in
the  integral profile model, were estimated by assuming the heat flow
to be the same as that through a cylinder of internai radius and
temperature equal to that of the billet, and external radius and
temperature equal to that of the container. Several zssumptions are
made in this model. The first is that the biliet is at a uniform
temperature throughout extruéion and that this is thesame as that
calculated by the intergral profile model. This is clearly not the
cage 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 tempsrature the rate
of heat loss at thestart of deformatibn 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 .
temperaturé of BOOQC. At the outside edge the heatersare operating
at a temperature of 700°C.  There is therefore a temperature gradient



190

throughout the container and this will have #n effect on the radial heat
losses. The tooling can 3156 be considered to be at 30090. 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
conductisn through the extrude. The problem of the heat losses could
be overcome by experimenta; means, measuring the temperature distribution
throughout the container and tooling, and its variztion during an
extrusion. 1In 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 laboiatory
experiments. In the latder the time between extrusions will ensble
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 hegt
losses, Cy, Cpp and G5 in figure 2,10 , will differ, c5' will be
almost the same, for the same total reduction in area. The contribution
of 05 to the total heat losses is very small and any difference in
the total land areas in the dies will have a negligible effeect.
3
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 03, will not differ from the axisymmetric surface area to

The values of C2f and C, depend on the surface areas of the

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 r easons 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. g
All of these involved the calculation of 2 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 emtruded.
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 distribation from the
upper bound solution. If s is the velocity of an element of material
normal to a velocity discontimuity and u is the velocity along the
discontinuity the strain is
é = A
S

The sirain rate can then be obtained by considering the time
taken to extrude a unit wolume of matsrial of unit area past each
discontinuity., This unit volume is moving at a speed V normal )
to the discontinuity. Therefore the strain.rate at each discontinuity
is

Q:UV ’ '5’.2

The méan 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 willstill only give a mean strain
rate. There does not appear to be any reason to justify the use of the
more complex app;oaohes when the relatively $imple approach of Feltham
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 Feltham'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 ackivation 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 2 and the flow stress
sugéest that extrusion involves working in the higher flow stress



region of hot working and that equation 4.1.
Z= AjexpBio ol

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 o©oC 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 atrain rate. Hence a complex interaction Setween'thefstfain 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,
assuning the mean flow stresses agree on a comparative basis, the graph
of log Z against ¢  should give a linear relationship, or a curve if

egquation 4.1 does not apply to the range of flow stresses considered.
What is seen is a series of almost parallel lines, each line correspondimg
to a’different reduction ratio, figures 4.9-13. The results were
made to fall gmibe one line by subtracting the average difference between
log % for the 60:1 single hole reduction and log Z for the other
reductions, at the same flow stress, to gi%e a corrected value log Zc.
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
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 flowstress depends not enly
on the instantaneocus values of the strain, strain rate, and temperature
but on the previous test history or structure. In alloys A and B, &
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 DF 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 struciures 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 :SEXD%

Taking logarithms

log Z = log€ + Z-j%——-m —
If the activation energy remains constant the cormection factor mmst
effect log é_ . However the magnitude of the correction factors
range from -2,1 at an extrusion ratio of loo:l 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 mesn 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 discreﬁency probably lies in the exponentél ternm,
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 yam speed .
30:1 single hole é = 222V

50:1 single hole § = 37:1V

60:1 single hole § = 498V
100:1 single hole ¢ = 684V

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 B in equation 4.1 can be compared, table 4,11 . The
experimental values all agree in their order of magnitude.,
Surprisingly FS for alloy DF is higher than that for alloy CE, the
opposite was found fow the constant B  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 épplied at a constant
temperature, Alloys 266D and 265D° have almost identical values
of A and ﬁ . They have an almost similar composition, 265D
having a slightly higher magnesium content and 0.37% 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 = Al(sinheco)? 1.7

gave a linear relationship.

| Using the values of o , 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 alloey CE,
and the orders of magnitude of 2 and sinhocO 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
%. The gradient of the graph will decrease if the temperature rise
is-included, as the errors in the temporature will be greater at the
lower temperatures, the discrepancy would therefore increase and so
there must be some other reasons for the observed difference.

*

e s v ST
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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 i
initial billet temperature, and that from the working temperature, in
the extrusion of zinec, 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 wag calculated from the theory derived by Singer. Raybould
proved that this theory leads to serious errors.

The value of O is calculated from

X = i%i
and n and [ are found from the gradients of graphs plotted at
a constant temperature. If the temperature rise is allowed for then®
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 2, oC, Ny, and o . The only solution
to this problem of obtaining results at a constant temperature is to
plot a three dimensional graph of é y 00, T . ° . Ir enough
points are obtained the values of thestrain rate and flow stress can
be obtained at a constant temperature from the surface.

The extrusion results were correlated using the mame values
of ©C , and activation energy, but included an estimation of the
temperature rise. It ig therefore not surprising that a large
discrepancy is seen between the two sets of data,

-

5.5.5 A Summary of the Application of Hot Working Theory. N

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 B in equation 4.1 Eiepend only on the alloy used but the
constant A , which can be related to the theoreticsl structure factor,
will depend on the method of calculating the strain rate, Using
Felthanm's appfoach it is possibie to ‘apply correction factors to the
data but, as an arbitrary datum liﬂe is used, the derived values
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of 4 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
fromother data, It would beruseful exercise to compare the aifferent
values for these constants obtained from 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 beeﬁ
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 2 studied is very limited. If the temperature range
extends below 0.5’C¥ﬂ the activation emergy reduces because the rate
controlling mechanism changes below the hot working range. Therefore.
the temperature range furthei limits the number of results that can

be obtained. Any conclusion drawn from such resulis can only be
applied to similar experimental conditions and cannot be compared

with other measurements, ’

The effect of neglecting the temperature rise in the pressnt
work caa 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 7 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 tempsrature rise is
ignored, a similar observation was found by Raybould although the -
value. of n found was about five times less, The results for.
extrusion agree with those for torsion in that alloy DF is less strain.
rate sensitive than is CE. Comparing the values of n  for tﬁe

two sets of results, in the hot torsion and tensile.tests

n

_-LF : 2 =
Nce
for extrusion
I n
-PE - 1.86
Nce .

Within the experimental error the strain rate semsitivity of alloy CE
is twice that of alloy DF. This is a direct result of the
compositional and struétural differances between fhe two alloys. In
alloy DF the presence of the precipitate will hinder dislocation
movement and this will decrease the strain rate gsensitivity, On the
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other hand the flow stressz 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 ILoad Developed During Extrusion, °

over & 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, .which 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 Ip 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= bPa

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 althoug&t@q

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 strainmte, i.e. non steady
state condition. At the same time the temperature will be risiﬁg,
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 a2lmost a constant during this initial period. By taking the
logarithm 2 the strain rate and temperature factors can be separated.
Figures /,2imshow the dependence of the initial load on the initial
billet temperature, the almost linear relationship does not give amy
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 Iawso%56 and the equation .
P=Ae N ,

quoted by Pearson, The value of A being of the order of

0.0064 in aluminium alloys. Plotting log exp Q/R’T , assuming an

activation energy of 150,000 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+ml09eRQT:A+ 2’:‘;03 -éQ’T-

rewriting

Q _ __2-303 2:303
RT ~ m A m Lp

which can be compared with equation 4.1
log Z = log A + 2301 p or log € +:L=2:303logA+Be

the values of B for extrusion can be compared with -

values of 2,303/m

for alloy A )

2:303 . qiy7mN7
e =

for alloy CE
2303 . 2.98MN*

m
for alloy B -
2-303 - 2.06MN? \ -
m
for alloy DF I
303 . 3.29MNT

m
Again the differences between the two groups of alloy are

emphasized. The difference beiween 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

B and m cannot be made, the former has the units of mm27ﬁ,

the latter MN . However the ratios of the constants can be
compared, if ILp was converted to the pressure or even the flow siress

the numerical value of m would not change but the units would

become mmz/N, agreeing with those of B .
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For alloys CE and DF

Mce

= 1.
Mor 12
and .
Boe 1.25
Bce
For Aand B
Mp
M = 1.16
Ba. . 1.m
Ba

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 mechanismsare in operation at the peak load,

ag well ags during the so called steady state region, and the linear
Q

dependence of Ip on loge RT

indicates the operation of a thermally
activated~process.

5. 1 The Height of the Peak at the Start of Extrusion.

ey

Comparing figure§4.21-23 &29-%1 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 IE and empirical expression of the type )

P (aiblnR)exp Ayle
Y Ds

are often quoted in calculating this value.
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However the load to initiate extrusion is usually higher
than LE by an amount = A L that is a peak in the load displacement
curve is observed. Figures4.32-36 show the dependence on the
relative magnitude of A7 on 1B, which is given by Ip- AL.

There iz almost a linear correlation and figured.36 for alloys 266D,
265D, and 272D, indicate that A1l also depends on the alloy
composition. The graphs for the other alloys are almost indentical
with no peak below about 2MN rising to almost 16% of the extrusion
load at 4MN., 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 inerease with
a linear relationship. The experimental observation of no peak being
found for L;E;below 2MN precludes this effect. - Another possible
source of the peak is the increased flow stiress 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 thenextruding. 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
suggestion can be made to its cause, it is necessary to examine the

structural changes at the start of extrusion.

5.8 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 subjec{ed
to a shear stress, this shear zone extends appromimately half the

length of the billet., This will be a direct effect of the removal of
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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 2 shear zone running slmost the full léngth
of the billet. Photograph (ii) is at a slightly later stage. The
load haé been increased but there has only been a2 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 gquarters of the billet length and the start of
a flow pattern can just be seen in the regibn 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 e xtrude shows the heavily worked fibrous zone., The
difference 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 ghear 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 deformztion 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. 1In (vi) shearing along the top of the billet is
visible, suggeéting 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 State 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 gection 5.8 the macro structures at different stages
of the load displacement curve were discussed., The flow patierns in
(1) and (iii) were studied in more detail. Sections were taken from

the regions given in figuresﬁ.é—? 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 aiter homogenization, ~
figure5,1 but some variation is seen thronghout the billet., The.
rapid billet heating achieved by the induction heater will have
influenced the structure but this was not examined. In (c) and ()
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
(v) being close to the shear zone and (a) being near the axis.
Micrograph (a) was similar to that seen in the Specimén taken from the
region adjacent to the die orifice, Figure 5,9 shows the same region
at a higher magnification. In (d) the disloqation density is low but
some precipitate dislocation interaction is geen, this corresponds to
micrographs ¢ and d in figure 5 49, In the areas where more
deformation occured a much higher dislocation density is visible,

(a), (), 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 (1ii), figures5.10 and
5.11 » ot low and high magnification respectively.  Figure 5.10 ,
{2) and €d) are typical of the bulk structure and are very similar to
those found in the previous billet section, with little evidendé 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 ) 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, figure5.11,
the dislocation structure can be examined, (a)_and (b) represent the -
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—5.8(a)

Fig 5.6 The location of the micrographs in figures 5.8 and 5.9
Alloy IF , 360°C
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_51(b)

510(b)
5-11(c)

"\5.10(d)
5.11(d)

Fig 5.7 The location cof the micrographs in figures 5.10 and 5,11

Alloy DF ,350°C ,extrusicn ratio 60:1, ram speed 5 mm/sec
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Fig 5.8 Transmission elecliron micrographs showing the structure
immediately after the application of the load. Specimens

taken from the billet in figures 5.6 and 5.5(i)
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Fig 5.9 Transmission electron micrographs showins the structure
immediately after the application of the load (higher
magnification). Specimens taken from the billet in figures

5.6 and 5.5(i)
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Fig 5.10 Transmission electron micrographs showing the stiructure at

the start of extrusion. Specimens taken from the billet in

figures 5.7 and 5.5(iii)
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'ig 5.11 lransmission 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. Adjecent to the die
orifice, agreeing with (b) figures,}ob ,asubgrain structure is yell
defined. The cells are almost dislocation free and the cell walls

are not uniquely assoceitted witﬁ 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 () 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 hani 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
precipitatea. As deformation continues the precipitates are elongated.
There is a 1%.it 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 subcells 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 thav5equired
a load higher than the press capacity. Figureb.12 shows micrographs
taken from such a sticker in alloy 272D, the complex Al-Cu-IRg-I¥n alloy.
41lso shown are the locations of these micrographs. A complex
dislocation cell structure between the precipitates is seen in (a) and
(b), showing that some deformation had occurred during upsetting, but
no well defined subgfains 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% Zan alloy, figure 5,13 . This
section was taken at a later stage of extrusion. Subgrains are seeén
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

N

direction.
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I'ig 5.12 Transmission electron micrographs from a "sticker".

Alloy 272D, extrusion ratio 60:1, initial temperature 305°C



Fig 5,13 Micro~-structure variation within the deformation zone
Al T/#Zn 4 log z/A = 4,60 , air cooled ( from Raybould)

L
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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 exceedéd,
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 material ean continue
to deform by extrusion. The deformation undergone in this region must
be intense, and to accomodate thestrain 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 therefore extends back
into the billet, the load increasing accordingly.. .Eventually a stage
is reached where extrusion can continue without any }urther 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 formationgmotion. Beyond the peak load the deformation
proceeds at a unifornm 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 termeng/RT . At higher temperatures the dislocations

are thermally assisted in ovgrcoming these energy barriers and the load
needed for the same'deformation will be reduced. The correlation
betweenex@Q/kﬂ and Ip in figures 42520 show the validity of this
explanation. The fall in load AL stil}'. has not been explained.



216

At high temperatures, abgve 0,5 Ta + dynamic restoration processes
can occur and the ratg 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 opeiate if the dislocations that are formed can migrate away.
Also once a dislocation has overcome the barrier it will require a
lower stiress 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 sase
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 Ashcrofti
and Iawson'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 és-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 éffect
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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.

Figures D+14 and 5.15 show 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
digtance of only 5mm from the very front of the extrusion, ‘
micrographs (a2), (b) shows the same region at a higher magnification.
A complex cell structure which is only found at atrains 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
gtrain, 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 extrpsion 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
hag improved in definition still more, and the subgrain walls have
reached a high degrée of perfection. Agsocizzted with the subgrain
region are itwo grains with a high angle boundary between them,indicated
by the difference in contvast, 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 intere
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 lorered 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 cbserved dislocation
networks. Further along the extrude, (c) and (d), the cell walls’



a) Sam from the front b) Smm from the front

¢) 35mm from the front d) 80mm from the front

Fig 5.14 Transmission electron micrographs of the structure at the
start of extrusion. Alloy DF, extrusion ratio 60:1 single,

initial temperature 350°C, ram speed Smm sec™!
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a) 5mm from the front b) 5mm from the front

.

c) 120 mm from the front d) 165 mn 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 55000, ram gpeed 9.5 mm sec™
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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' y 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,

As 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 véry front of the extrude.

5. 11 The Effect of the Rgmoval and Reapplication of the Ioad
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 %o that
gseen at the vary start of theextrusion, 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 thg load displacement
curve followed the expected extension of the original curve, figures
437 &4,38 « The difficulty in achieving this exp:rimentally
precluded any control over the magnitule of the load reductien. The
hardness variation across the stop mark in the two cases is given in
figures 4.52 . The stop mark consists of a sm2ll ridge in the
surface of the extrude. The reason for this merk is usually stated
ag being die deflection and relaxation on load removal. When the load
was completely removed and reapplied a rise in the hardness occurred
abo;t 5mm, which is the length of the die land, behind the stop mark
followed by a graduallfall. 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
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slight rise in the hardness behind the stop mark, these differences

in hardness may be correlated with the structures found., In figure
5;16 transmission electron micrographs from either side of the

gtop mark in the first case are given. B:th show regions of

subgrains with well defined walls but the dislocation.density 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, figures,17 . When the load

is removed thetendency will be for static restoration processes-to

occur throughout the billet, whether thet) ‘are 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 ammihilation

of dislocations, At the high deformation temperatures used these

regtoration processes will be extremely rapid. On reapplication of the

load the dislocation density will have to increase before deformation can

oeenr. ' and a process akin to that at the start of exbtrusion 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 pesk but does not explain the higher

peak, possibly the deformed structure after gstatic westoration in the

deformation 2Zone, has more barriers to dislocation motion than the

original homogenized structure, where there will be no regular s&%—

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. When 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 eéuilibrium positions, similar to the coils

of a compressed spring when the load is removed. Dislocations of thesame

‘7»
sign repel each other. Before deformation can occur the same
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c) 5mn in front of the d) 5mm in front of the
stop mark gtop mark

Pig 5.16 "Transmission electron micrographs from either side of the

stop mark, after complete load removal. Alloy272Dh extrusion

ratio 60:1 single,initial temperature SSODC, ram speed 10.4 mm sec™



a) Smm behind the stop mark b) Sum behind the stop mark

¢) 5mm in front of the d) 5mm in front of the

stop mark 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, initial temperature 356°C,ram speed T.3 mm 8954

223



dislocations have to be returned to their piled up configuration.

The observed differences between the ziructures 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
defermation. Behind the stop mark some deformation must occur.

5{ 12 The Effect of the Billet length on the Flow Pattern

and ILoad,

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
zone*with a region of intense shesr directly above . '(Macrographs

(b) and (c) are also depicted in figuré %,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,
figur95;5_7 s 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 oécurred and a fine grain homogenized structure is
seen, No deformation on the macro scale can be observed until § 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.
Fron 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 figure 2.8 . Below 2 billet length of 40mm the
theoretical flow patterns calculated from a minimised plane strain
analogue, agree very well with the experimental observations. The
shépe 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. 1In
practise the shear zones have a finite width. Above a billet length
of 40mm the theory predicts a much larger dead mstal zone than is
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Fig 5,18 The effect of the billet length on the flow pattern

extrusion ratio 60:1



observed, the difference increasing with the billet length, 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 bhetter 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 figure®8a the flow
pattern predicted by the simple plane strain theory shows only very
approximgte agreement with the experimental one, the location of the
dead metal zone boundaries are similar but, by reason of its simpliéity
this solution is not capable of predicting the rest of the deformation
field,

Billets -of different lengths were extruded and the peak load
plotted against the initial billet length, figure 4.24 A minimunm
is indicated between 60 and 30mm, followed by a rise. In the range
120mn 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 or the
length of the shear zone between the billet and the container and the
load to.pass the material through the d eformation zone. As the latter
is the same in all cases a linear relationship between Lp and Ly
might be expected. The experimental results show a slight deviation
from linearity. As well as the laad 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 1y increases, the longer the billet the greater the
deformation needed. There will thersfore be 2 nonlinear
relationship between the length and the initial load, and the gradient

g%P will increase as Ly increases. This is what is observed.

At Bhor% billet lengths no steady state is rezached.

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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This is depicted in figure?2.9 where the expected linear relationship,

(no account being made of AI;) 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 decreagses still further. A qualitative )
agreement is therefore seen between the experimental and theoretical
variations, \

5. 13 The Flow Patterns in Multihole Extrusion,

The flow patterns for the multihole extrusions were all
taken in the vertical plane containing all the holes and typical
examples are given in figure5l19 o Dead metal zones are seen in the
circumferental extremities and ¢can 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. 1In 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 thén 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) asxd (¢), different
reduction ratios, there is very little difference between the two
patterns as-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 a better correlation but the solution will involve

extensive computation.
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Fig 5.19 Flow 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 figures5.202&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 similariiy between
this structure, formed at high temperatures, and that prodmced 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 wag obtained by
working above a critical recrystallization temperature, the fibrous
gtructure 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 thab 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 s}ze 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



c) Alloy DF, 60:1 three hole, 468 C, 5 rm sec’

Fig 5.20(a) Optical micrographs of iypical structures found

in the asg extruded, rod
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e) Alloyas , 30:1 single, 378°C, 14 mm sec™'
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Fig 5.20(b) Optical micrographs of typical structures found in

the aa 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 theextrude 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 hetween 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 tha{ have not been attacked by the etchant, which was Xellars
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 maih structure is fibrous but the lines radiate from
cne point on the edge. 1In 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. 1In these extrusions the longitudiral
section observed under the optical mieroscope were not symmetrical about
the centre axis, where recrystallization had sccurred ho 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 sym@etry, where the
flow rates are equal, will be displaced towards the centre. The three
hole extrusions will be éimilar but more complex.

The last micrograph, figure 5,29 (b), is representative of
an overheated structure, and is the product of a combination of the
acéﬁmulator 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 thestructure consists of very
fine grains surrounded by a continuous intergramular 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 —

b) Overheated structure. Alloy Ck, 60:1 threehole, 497°C, accummlator

Fig 5.21 Optical micrographs of the as extruded rod, multihole transverse

gsection, and overheated structure



234

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 peint of one

or more of its constituents, The molten phase forms an intergranmular
network, and rapid gquenching 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 obaerved in the transmission electron
microscope, associated with the optical micrographs are depicted in
figure5.22 . '

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 struecture 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
depen&s 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 pinnéd by the precipitates present but there are as many
precipitaies that are not associated with any boundary., This
micfograph-is from a transverse section. In (B) a typical longitudiral
)sectioh is éiven. 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
agfeeg with thé work of Wong and Jonas on commercial purity aluminium,
who cﬁiy founﬁ aligned subgrains at the lower temperature range of the
hot working region. ‘Fhis led to the idea of repolyganisation during
hot.workiné, 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, 100:1 single,
486°C, 12.6 mm sec™

420°C¢,11.1 mm sec ~'

25pm

¢) Alloy CE, 60:1 single d) Alloy DF, 60:1 two hole
37300’ Nt sec” 440 C, accumulator

Fig 5.22{a) Transmission electron micrographs of the typical structures

found in the as extruded rod



e) Alloy 266D, 60:1 single f) Alloy CE, 60:1 single
2 . £5
330°C, 15.6 mm sec™! 43300, accumulator

g) Alloy B, 30:1 single h) Alloy B, 30:1 single
338°C, Smm sec 378°C, 14 mm sec '

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 precipifate
is much lower, Otherwise the basic features are similar to (a) with
well gefined 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 compe$€A 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 disloca?ion
density was low. The second micrograph shows no subgrains but instead
large grains are seen with dislocation cells within them. Comparimg
with the previous micrographs the size of these microcells is similar
to the gubgrain 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 figéwe .22, (g) and (h). 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 o lower their
energy by linking up with each other., This is the nearest approach
that was found to the contimuous 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 Beitween the Flow Stress and the As Extruded

Structure.

Figures4.41 to4.49 indicate that the structure can be
related to the theoretical mean flow stress and therefore presumably
to Z. In general the lower the flow stress the greater the tendency
for a recrystallized gbracku~@ ., As a Idwer flow stress is associated
with a higher working temperature'this is not surprising. The change
from the completely fibrous structurfe 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 gpecrystallization,

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 recrys{allized gtructure
started to appear at a flow stress of approximately 75N/mm2 and was
fully recrystallized by 6O/Nmm2. A completely fibrous structure was
only seen at the very high flow stresses as;ociated 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 7O/Nmm2 and no trace of a fully recrystallized structuxe
could be found above 56/Nmm2. Alloys CE and DF, 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 DF.

This correlation between thestructure and the flow stress was
found to apply to both single and multihole extrusion.  This proves that
theflow stresses calculated from the simple upﬁérbound 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 thanto &

in figuresd .14 -17.
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5. 16 The Occurrence of a Rgcrystallized 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 Smm/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 Dunst%% 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 de} ay time, the presence of precipitates can 4id 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 restoration
procéss 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.
Bowever, this high velocity wili.also reduce the time 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 ecan

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 recrystallizatéd grains and possibly some region
of subgrain heing consumed by a migrating high angle boundary.
Dislocations were seen in the recrystallized structure shown in
digure 5.22b, and subgrains surrounded by recrystallized grains in
figure5,oza(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 d¥namic
recrystallization. The dislocation in the recrystallized grains
were not always seen, none were visible in figure 5.224d&) 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 andfény 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 dieland region, and that these recrystallized grains
follow the preferred orientation found in extrusion. If the stored
energy is high enough then normal recrystallization occuré with no
preferred orientation. The presence of any precipitateiwill hinder
the migration of any grain boundary and recrystalliration will be
retarded, The precipitates formed by the Mn in alloys B and DF will
therefore retard recrystallization.

The possibility of dynamig-recrystallization cannot be ignored
but no conclusive evidence +td 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 gquench and the die, At one
end theextrude has been quenched to virtually room temperature, at the
other is a heait source pumping heat into the extrude because of the
thermal gradients.

The fibrous structure foundat the high flow stress is
indicative of the dynamie recovery that takes place during deformation.
This Qecovery 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 oﬁserved in
some of the elongated optical siructures is an indication of the method
of nucleation. This gtructure is associgted with a lower‘value of
Z and the therﬁal energy is Jjust sufficient to cause gome of the
subgrains to reduce their misorientation byrotation. The remaining
subgrain walls then commence to coalesce. Phis iz the stage at whiéh
the extrude from which micrograph figure5,22¢ was quenched. If
the stored energy is high enough the internal disloeations 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 nmucleation
of a recrystallized grain has taken place. This evidence of the
micleation of recrystallizaiion by subgrain coalesence agrees with that
given by Huas.

The possibility of dynamic recrystallization camnot be ignored
but no conclusive evidence to its existence was found. The possibility
of static recrystallization in'the short time at temperature prior to
gquenching is more likely, If dynamic recrystallization had occurred
then the use of a constant activation energy of 160,000 jéules/mole
would be incorrect, some evidence of this would be expected in the

analyses of the data. No such evidence was seen.’

5. 17 The Relationship of the Mechanical Properties with the

Structure and the Flow Stiress.

The mechanical properties of alloys 4,B,CE, and DF were
studied by tensile tests. All four had higher properties for the
recyrstallized structure than for the fibrous structure, figures‘?"¢1vﬁ“¢$
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 beiween
the alloys. The number of small precipitates present decreasedas 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 gubgrains,
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 wili occur,

It should be possible to control the extent of precipitation by controlling
the guenching 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~Petch
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 so0lid solubility and softening due

to an increased grain size.

5.18 The Variation in Mechanical Properties Across the Extrude,

Figure4¢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 figure5.18, 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 maxirmum 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 muliihoe 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 figure5,24 depicts non uniform
flow, the flow patterns also show this figure 5.1Q% 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 maximuﬁ
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 hardness variation followed thesame
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 wniform rate of deformation. woe

9419 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 ceniral rod and the outside rods in the multihole products, because
the higher degree of Geformation undergone by the two outer rods, The
diameters of the extrudes were relatively small, reduction watios 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 eccentriciiy and the diameter of the rods had been
larger the same 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. ?his variation instructure could not

be examined under transmission electron microscope because of the method
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used in preparing thin feils. In larger sections especially shapes,
the variation across the extrude as well as along its length must be

examined.

5. 20 Surface efecte in Aluminium Alloy Bxtrusion.

Only visual defects‘were studied and no anodizing treatments
were examined, HMany 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. Figure52%; 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 54060 in alloy CE and
560°C in alloy DF. These temperatures agree approximately with the
solidus lines on the appropriate phase diagrams. Williams zlso 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 (b) the view is along the surface, which
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a) Alloy 4, 30:1 single

accumilator

420°¢c,

378°C, accumulator

b) Alloy 4, 320:1 single,

Fig 5.23 Seanning electron and optical micrographs of hot shortness
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b)

Fig 5.24 Scanning electron micrographs of the surface appearance

of hot shortness cracks. Alloy A, 30:1 single ,42OOC, accumulator
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b) Alloy CE, 60:1 three hole, 49700, accumulator

Fig 5.25 scannirg 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 (@) the surface had been decp etched in Tuckers

reagent., The recrystallized graing forming the surface and the

¢

intergranular nodsgee of the arack are clearly visible,

Hot shoriness can be avoided by limiting the initial billet
temperature and theextusion speed, which lowers the production rate.
It was a very common defect in the extrusion produced with the
accunmlator 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 matedial bearing this
defect were comparable to the defect free s tructure. The depth of
penetration is a measure of the temperature rise associated with the
heavier working undergone by the outer éurface. The order of magnitude
of this depth agrees with that found for the fine grain gtructures
shown in figure 520¢ and the two may be related., ,

The quality of the surface finish is also important, from
a sales point of view., The appearance of 2 high quality surface in
the scamning electron microscope is shown in figure 5.25. The visual
appearance of the surfacewas very smooih, but fine lines along the
length of the extrude are still visible at high megnifications. 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 exirude, This is clearlx shown in figure 5.26 .
In the small gap between the extrude and the die lands some aluminium
tends te collect, Williams found that this pick up was not sevexre
below 52000, for an Al-}e-Si alloy, and this suggests that there is
some temperature dependent interaction between aluminium and the tool
steel. If the lcad is removed the material accumulated undex the
bearing entrance adheres to the billet and forms the stop mark when
extrusion is continued. If this is the cau-e of pick up then a
modification of the die entrance and angle of the die lands will
minimize its occurreunce. This was varified by Williams. The presence
of the pick up lines emphasizes the need for die cleaning, but there is
a limitation to the amount of cleaninz possible, some scoring was found
midway through an extrusion even when a ncw die was being used. At

very high temperatures a surface similar to that shown in (b) was found,
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Fig.5-26 Die deflection model for die pick-up.
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This is the surface of the extrude with the overheated structure given
in figures,21 . 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 =xtrude width andl
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 ¥ariation. In
extrusions with a very small diameter the temperature at the surface
will be the same as that in the interior. 4 small diameter #mplies
a2 high reduction leading to a higher temperétuxélrise. 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 shovn in figure 5210/, -
Providing that the exit temperature did notexceed the critical
value for hot shortness the gquality 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 theextrude was often observed, especially in the softer
alloys 266D and 265D. No explanation of this could be given. '

5214 The Load Displacement Curves.

Four differeﬁt 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 siress
decreases throughout the ram stroke. Raybodid&s experimental results
proved that the temperature rose very rapidly at the start of extrusiom,
but then only a slight rise was fourd. This slight rige throughout the

extrusion indicates that the decrease in flow giress is slight and this
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accounts for the observed almost linear relationship. At much higher
temperatures the billet is contimmally 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¢ 00 The Effect of Section Shape on the Extrusion Load.

In figure 4'.3% , 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 en the extrusion load.

One method of 6orrekﬁ»ing data for different shapes is to
compare the peripheral ratios?( These are given belvw 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
T™wo 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 m:=thod 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.

¥ *’L? rako ‘f} rLe C“"C“N,'e'/emce e “[‘c‘e %&Bﬁvaf‘gwa(qveq
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be applied. The flow siress 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 for 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 m significant effect on the peak
height, which again may be a direct result of the complex shape of the

deformation zone.

5-25% Limit Diagram

The Criginal 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 upperbound solﬁtion 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 depenient on the alloy, temperature and
reduction ratio. The temperature line is limited by the occurrence
of hot shoriness 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
minimam load has to be assumed but this will only lead to a small érror.
Subtracting the temperature rise fron the maximum temperature gives the
initial billet temperature for that particular set of conditioms. '
Repeating this the limiting linés can be drawn for different strain
rates. Pigures 4,53 and 4.54 give the limit diagrams for alloys
CE and DF respectively. The heat losses to the container at high
teﬁperatures 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 indentieal to the

eritical temperature for hot shortness.

1
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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 dould be added for the limiting condition of complex
shape extrusion, tube extrusion? or even other defects. At the present
atage 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 ezamining 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 theresults 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 wofking
and tensile tests and it was shown that these will effect the
constants calcualted for the hot working equations,

4. Ounly one billet size was studied, except for a few experiments
at different lengths. Although the dimensions_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 similer to the ones studied are heat treated before use.
The reiitionship between the properties after heat treatment
to the extrusion parameters was not studied.

6. Tor ease of experimentajoa only one homogenization treatment
was used, The heat treatment before extrusion will have some
influence on the behaviour during extrusion.



7. The gstructure 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 sxtrusion by using
standard technigues,

8. The variation instructure and mechanical properties aeross
the extrude and throughout its length was not studied in great
detail.

5.25 The Industrial Relevance of the Present VWork,

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 agkin to industrial
practi¢e than is the usual case, although there is still a big difference
between the experimental 5! press and the S0MN presses common in
industry.

It has been shown that dhe empirical hot working equations can
be applied 1o mxtrusions on this scale, and that the presence of the
impuritiss usually found in aluminium alloys can have a significant effect
on the hot working behaviour, It is not posasible 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 coxrelating 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 bthanges 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 thé structural changes taking piace
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,



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 DF. From these diagrams the
optimum conditions forettrusion 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(sinhao)™

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- 4% Cu alloy.

S mhe use eof an activation energy of 160000 joules/hole is justified
by a comparison of previous work and by the correlation found
in the present results. N

4. The mean flow stresses for single and miltihole 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 mean sirain rate and the calculated
mean deformation temperatyre 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 alloy
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

T. « . _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,although 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 linearly related to logR. Its dependence on the {emperature
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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, h
14 Removing and reapplying the load midway through an extrusion
had two effects. If the,léad‘was completely removed a peak higher
than the initial one was seen. Partial removal of the ioad led
to a lower peak. these differences are related to the static
structural changes occurring when extrusion st&ps
15. The structures t# ithe as-extruded rod could be classified
into three typés, oceurring at different levels of the flow
stress.

1. fibrous
2. elorgated recrystaliized
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 marnganese 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 ﬁad 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 thé 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
structuré 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 fTorgue Time Curves to Stress Strain Curves

The torque was measured by a load cell with a millivolt ocutput.
The reading obtained from the U,V. recorder was related to the torque
by
T = U.V / TANPHI + CONSTANT
where U.V is the reading on tﬂe U.V char‘!c
TANPHL and CONSTANT depend on the amplification used in the recorder
the data required is; )
1. The radius of the specimen
2. The gauge length
5. 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 Minimi?ed Plane Strain Upper Bound 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 (y and ()~
The program calculates the optimum values of x,( , andy’, the
latter being taken to an accuracy of 0.1 . Using these values the extrusion

load and pressure are calculated.

3 qhe 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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The required data is 3
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 6.9

The three hole program is identical except for the following
modifications;
line 00160 5=D/3.0 x Ei

00165 A=(d- 3.0 x B) - ETA x (D~ 3.0 x &)

00166  z=( ETA/ 2.0) x ( D~ 3.0 x B)

00538 TOTLD = ALOAD + 2.0 x A2I0AD

4. The Simple Axisymnmetric 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, w,

andy, . 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 Pprogram 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
% 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,£(X),£(¥), the mean values of f(X)and £(Y), the equation of

the line, and the regression coefficient.



PROGRAM. 1 . - - - -

Y3143 PROGAAM TUHWUE(INPUT, OUTRUT)

P11y GIMENSIORNUV(SEDB), T(508)

Ge129C BEAU IN H,LENGLTH AL,R*P-M S, TANPHI,CONSTANT,TIME AT
B3130CZERD, TEWP, ALLOY,.C =1,0 =2

P14 PRINT 1

V141 1 FURIBAT(*ENTER H,AL,5, TPHI*)

w142 BeAD 5,H,AL,S, TFHL

¥Y143 5 FURKAT{F10+5,F18+5,F14+5,F18*5)

U154 PHINT 2

.BW151 2 FUBWAT(*ENTEH C, TO, TEMP, ALLDYX)

W¥152 HEAU 4,C, 70, TEMP,J

V153 "4 FURMAT(F1B+5,F1P-5,F19-5,11) -
BE170LCALCALUATE OMEGA —

VB168U O = 2+ B+3°142%5/ 68+ 8

P5i98C CALCULATE SHEAR oTHAIN RATE, TRUE STRAIN RATE

Vhzup STR = ¥ U AL

Bu21G ToTH =oTH/ SuRT(3* D)

ww22i PRINT 6, TkwP,d,STR, TSTR

BY23u & FURMAT(SHTEMP=,F18+5, 2X,6HALLOY ,I1,2X,4H8TR=,F12-6
BU2474, 21, SHTSTH=,F12+6)

YPp2EH+ THUE SThESS*)

PpzoaC CALCULATE TORWUE

Pulpy 0O 16Y I=1,500

Y310 READ 8,0V(I),T(I)

BP320 8 FURMAT(F18+5,X,F18+5)

pP33y IF(LV(I) EQG-999-999) GU TO 1P

Bp34p GO Tu 199

Ba358 18 N=(I~1)

up3sB GO To 11

BB37H 10 CONTINWE

¥PE375 11 PHINT 7 ) ‘
VR376 7 FURMAT(* S«STRAIN S+ STRESS )TSTRAIN TSTRESS
BP377+%) -

p¥360 0U 191 I=1,N

¥n398 AM=(uv(I)/TPHI)+C

Pudpy THETA =(2+p%3* 142%5/620)*(T(I)-T70)
pa1d GAM =R*THETA/ AL

BEd21 TUR =3°0xakif (2+ 0% 3 425 (Ax%3) % ( 10+ 6%*6))
VYAsW SI6WA =SURT(3*2)*TWA

vpd4ay ETA =CA/ (LuRT(3°9))

BE4A5s FHINT 9, GAW, TUR,ETA, SIGHA

PBAGE Y FURWAT(F12+4,3X,F12+4,3X,F12+4,3X,F12+ 5
U478 181 CONTINWE

BR4BH. STUP

PBaA93 END



PROGRAM 2

e o e e RN R

Bwids PHusHAL UPPERE(InbPuT, DUTPUT)

wplte 1 rPaint 4 .

btza 4 FubisAT{*HecAl I, LIAWLTERD, EH, GO, FHI*)
Y13y beaAb 5,0, ctt, Ow, PHL

B1du 5 FuHmAT(aF18.4)

pu1sy ZF{(Jdebur9)Lu Tu 185

Ptod A= U—(G/Er)

Lid17y p=U~A

WB1BLC CUNVERT UEuA AND PHI Tu RAUIANS
19y 8104 =Uwf 5729578

Bbeuw bl =Fnil/57-29578

wo2lul CALLULATE UePTH UF JUBKING

wedy 103 Al=ar* 2/ (1 3+ ((A/bBI*(SIN(H1 D) Y=%2))
W30 Gi=u"A/ (1 o+ ({(A/B)20Ih{BIPHI) )*>2))
Vwe2dd PHINT o, A1, o1

W25y o FunaaT{5a,34A1=, F1J+-4, 5X, 3rti1=,F135+4)
BY2by A=ouHT(A1+01)

WaZ279 N=i+1

26550 CALLLLATE AND wRITE OuT NEW ANGLE®S

" UW298 BUM=(4. g% A) /(3 urX) .
w3ug EFHI=(4 g% 0) /(3 gxX)

L3148 hzUNM=ATAN(E0W)

b3z hebMI=ATain(erdl)

via3dy rhrin 7, n20w, R2PHI

weiddy 7 FUHMAT(:X,&HUMEGA:.F1D-4.5A.4HPHI=.F1Q-4)
U338 UIF1=0wHT{(57+29578%(h10n—R2014) ) ¥*2)
B30 UDIF2=0UHT((587+25578%{ n1PHI~HZPHI) )**2)
Wd378 PhInd 8,LiF1,UIF2, X

pb3sa o FUHMAT(5A.5quF1=.F1ﬁ-4.5X.GHDIF2=.F1G-4.5x.2HX=.F1ﬁ'4)
B398 LF(DIF1-LTeu 1 ARD DIF2LT*B*1) Gu TL 9

Budpy IF (k~EW*58) GU 70 1wt . -
Ydly [0 =[#20a

pgddy AMPHL=R2PHI

a3y sl T 1D .

P44l CALCULLATE LUAD UBING VALUES OF X, 0 PHL

w45y 9 L1=(Z [ (Anx2) )/ (Ax (0T h2Uid) ) **2)

Pudeu Ll=(2wxarp)/ (Ar{olu(A2rhni))*=2

Wdd 7w L3={3 LxA)/ TAN(H20M)

BP4uY Ca=(3* 2%A) / TAN(R2PHI)

vwudoy rPRINT 15 ,01,82,L3,C4

wkdwy 15 FUubRAT(OnCY=,F1w+4,2X, 3HC2=,F1u+4,2X, 3HC3=, F1@+ 42
BId1d+ A, 3rila=,F 13- 4)

budzy ALunu={2* ¥ X))+ (2 ¥ AxA) /B+C1+C2~C3~C4

B3P Prakoo=ALUAL/D

PB4 Gl=hauar 87 29578

JwSLY PHL=n2FHI*®H57+ 29570

VuSow FRINT 1b,A,B,D0,ct, X, U, PHI, ALOAD, PHEeSo

BuUS7W 1Y FurwAT(2rA=,F1B+4,2X%, 2HB=,F1-4,2X, 2HU=,F1+-4// 16
wBSBYHNEATHUL 10 RATIU=,F15+4/2HA=,F1lB- 4, 2A, 3HOw=, F 1l
BoSYE+d, 2A, 4HPAL=, F1y- 4/ / onALuAL=2K, F 11+ 4/ 124P8E
vubptooune = K,Flg+4)

BY61p Gu Tu 1

wdbew 141 rRIKT 1492

BIBO3w 12 FUHWAT (Fi.=5p%)

Upsdu 1ub5 oSTor

RSP END.



db i Pouubab LPrERs{TWPuT, uuiruT)
Udd1lo 1 PhinT 4

wutcw o FulthaT(FneAv ITiv DI Aue Tebsh, ER, die, brilx) PROGRAM 3

Veldy heal 5,0, e, U, FHE

waldn 5 FUHWAT(dr e 4)

a0y LF(Jdred Y ou TU 1U5
Butbs Uu 1ok leTn=1,Y%

BEu1SH STutitl=ywew

Wt B=uf (2 wrieh)

Wwwtod tTA=FLUATLIETA)Y/ 1823
Puloo As{u—2 u¥d)—{cTAX {(L=2 ,>xD)})
Vs lot Z=cTAF{U~c*3g>3)

Wulo? PHINT 23 A, Z,ETA .
bu16b 25 FUmbAT(eHA=, F18+4,2X, 2Hi=,F15 4, 24X, 4HETA=,F1d+4)
L 17w b=L-A

Wuloul CunvenT U4eBA AnD PHI TU RADIAND

wJ1Yy Hluwm =0/ 5725578

Wl nibkil =FHL/B7+29578

Sp21ul LALCULATE LePTH OF wuhkKING

b2y 1oy Al=A*2/ (1 i+ ((A7B)F (I R10m) ) x=2))

Buadi vil=oFA/ (1 or ((A B)*SIN(HIPHI) )**2))

ww2da PRINT 6,A1,81

pa25k o FuhmAT(5X,31A%=,Fiu+4,5X, 3HB1=,F 15 4)

Wo2Gy A=bdnT(Aal+ul)

wY27w N=i+1

w280l CALCULATE AKD whITe uul NEW ANGLEL

BA29Y wUm={d4-uxA)/ (3% x)

PB3PY ePHI=(4-2%g) /{3« % A)

Bu31y H20m=ATAN(EDW)

Wa320 h2rni=z=ATAN(EPHI)

wp3d3w FRINT 7,204, K2PHL

Bwids 7 FUHMHT(SA,DHDMtGHz.F1U'4,5X,4HPHI=,F1Q'4)

Wu3dBy DIF1=0dnT ({57 29578% ( R10n—=120Gi) ) ¥%2)
W36y UIFZ=ouhT((57 205765 { H1rdI-n2PHI) **2)
BB3Y3 IF(OUIFY-LT Y 1-ANL-DIF2+LT-0+1) GU TO 9
wldyo IF (*euWedy) SuL TO 104 :

P4 1d 10w =H204

wP42a n1kiiI=H2FHI

Wwd43s LU TO 1L .

wRdd4ul CALCULATE LUAD ubInG VALuta UOF &, Oid PHL
W45 Y CA=(20 > (A¥*2) )/ (X% (5IN( h20W) ) ¥*2) .
Wp4ow C2=(2« pxarg)/ (Ax (bIN(R2FHI) )*%2

BUWA7W L3=(3* wxA)/ TARN{R20W

WIA8Y Ca={(3+urA)/TAn( H2PHI)

W52 ALLDAU=( 2 ux )+ (2 Pr A% a) /1 B+ C1+C2-C3~C4
PUs3b LY LGwe=2, d9,2 -

wdHb31 Uwe=LUuLE

BASEZ nUWE=UL2] 5729575

BES33 C21=(2+Gx(x*2) )/ (Ar(vIN{HUu2) ) *2)
pPS34 C22=(2  xixg) [ (A% (SIN(H2PHI) ) *2)

BJ535 Ced3={(3+ o 2) /TAN(hUu2) _.

bwd36 Czd4=(3+p*x2)/ TA(R2FAI)

WJB37 ACLLAU= (2 URA)+ 2 ur2¥ X/ B1) +C21+C22-C23-C24
web38 TuTLu=ALunU+AZLULAD

Bebdl Ul=hd guid 872957

PS5 PHI=n2PHRI®S7-25575%

PJobz LF{oTunkl LE b dlbu Tu 2

VLS54 Gu Tu 2b1

L5560 2wt IF (LTURELGE«TULTLL) GU Tu 22
WRoSs Lu Tu 14

o6 2 oTuhbel=TuTLL

U562 ST0u=sLIA

Pasod4 HTrHI=rnl

LS sTume=umnme

wboo 14y CUNTINUE

bbbt Pnkvso=olTubiklsD

Wud7w PRINT 19, eTAER, U, B8,A, X, Z, 5TGia, STPHI, 5TGm2, STUREL, PRESS
U572 T FunaAT(4n=Ta=, Fia-d, 2X, 3HEf=, F1134,214)=, 13-4
Wb+, b=, Fla2 4/ 2tA=s, Figed, 2X,2hA=, F1.4,2X,2he=,F 18+ 4
PUS78+ /i Itas, 24, dRPhl=, F g+« 4, 24, dHOM2=, F 1w 4/ 14HTOT
Wudou+ AL Lual = K,F1Jd4,84, 181knesauiic = K, Fiu-4)

WobYB+d4, 25, 4iPAIl=, FA1g-4/ /8HALUAD=2K, F1u+* 4/7 121irnt

VOWY 1od LunTInw ‘ . )

o1 Ly TO 1

Prézd 1fut PrInT 1p2

wpb3P the FURWMAT(FiN=515%)

piiodd 1usn oTw

bwbSKW END

-
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Veldey rrbubiasg olFPElol Durul oulirol)

Butiu 1 rhand 4

vilab 4 Funeat{(¥hiau o LirckiLEL, th, U, PHLF)

[V FET !’\Ll"ir ..-.i).L:n.Um,r"!\;.

Gutak b Fuluend (ak 10+ 4) Program 4
Yuwlow 2FiJdredru)be TU U5 '

Wl 16w A= L~{uUs i)

Lul%u b=u—A

Ve obl Lunvinnd UacGA ARU Pl TR BALIAND

Wwwldu mitw =Laf 07+22578

Bucdy NWAPHL sirie 2729570

woeloL LALlolbnait welPTAd UF aubnkIib

bwece Aud mt=ATxz/ (1. e d+v{ {Ar pix{aiin{nldm) }=¥e))
waede Bl=oraf/ (1 d+( (A U)*‘J.:.h.(h_\.!“ﬁl) YE*x2)) .
Wweaw PHanl o,A%, 01 .

wilSuw 0 FUrenl (04, 3nA T2, Flu4,5A, 3db1=,Ftu-4)
Wdbw Az=duhT(A1+u1)

wwd 7o =i+

wuebdl CALLULATE Anw wdiTe uuT HEW ANLLES

Ueeds cbv={deorA) /(3 2% R}

Weldue EFHI=(drara) /{3 s% 8

Jus iy HZ2Um=AT Al EUK)

pedZd agFHi=AalAanltPRI)

Wu33g rHINT 7, 02w, 201

WaGaw 7 FulwAT (DA, sHUMELA=, F1Y+ 4,54, dHrhi=,F43+4)
w35y UIF1=0uhT ({57 29570* (11Uw—h20wm) ) **J)

Bu30d LiF2=soutT (5729570 (H1rni-n2rnl) ) **2)
w37 PRINT o,LiF1,uir2, A

W30k 8 FuhmaT{ba, SHulF1=,F1Jd+4, 54, 61LiF2=,F1,344,5A, 2HA=,F14+4)

Ydul JF{UIF1- LT -wrirAnb LF2+LT°8+1) Lvu TL 9

Puap It {(Weewenp) LU TU 11 -

widd 1Y 110 =hzUW

wddew nibPAlsnziPiul

wdddy GL Tu 1vu

pbaBl CALLULATE Luab JoINL VALUeL OF X,0m PRI

wadSw 9 CiA=(2-ax(ar>2) )/ (Ax(oZiu(n20m) ) »*2)

pvudos Le=(2-urarg)/(xax{(oTn(Harni) )»*2

Bhd78 L3=(3°wrn)/ Tad(i12um)

Shdow La=(3 uwrxn)/ Tan(h2FAl)

badvd PHINT 15 ,01,02,03,C4

WiBd 15 FUHMAT(JHC1—,F1U 4.2X,302=,F 14+ 4,2X,31C3=,F10- 42
WuStur X, 3ril 4=, F 19+ 4)

UUHBZY ALUAU=(2-uxA)+(2° d*A*A)/b+L1+C2—C3—L4

WWS3d Phcdo=mnLunAb/ D

Wdh4y Ll=H2mT 87« 2337

D0 PHI=HZrhi* 5729575

BPBS6L FrINT 10,A,b, D, Er, A, U, PHI, ALUAL, PHEDS

LA579 19 FURWAT (2Zia=,Flyed, 28, 2Hb=, F1W+4,2X, 2HU=,F15-4// 16
WISBB+HEATHULIUN RATIU=,F 14/ 20k=,F 13-4, 2x, 3tibw=, F12¢
PuSuu+d, 28, dnbkHi=, F194// GHALLAD=2K, F 13- 4/7 12nrFhE
YabgkrodUEe = K,F1we4) .

vgousd Al=SIN( nZ2am)

w1 UC=B/uiliN{n2FHI)

Butzu BUu=X

b3 AB=oHT ({ (Axx2) /(ST h20m) ) *%2) +(A**2) = (2 g¥A* 2% Cud
64w+ (H20) 7 SIN(h22W) .

L5y ol=burT (((B¥*2)/ (SI{BEPHI) ) ¥*2)+( X¥%2)~( 2 P*AXBX XX
WwAS6L+CUS{nzZPHI), oLih(H2FRI)))

U671 A13=A [ Ax ol h2L)

Lol Ab4= A/(A*aIN(HZPHIH

Uoww Azd3=(1+ 0/ A)*A8

P7ub Acd=(Af (A*B))*uC

W74 AB4=4r 0+ (A o)~ (A/ ) ({(Cun( H2Um) 7 oIn(R20id) }+ (Cus
””7:2&)1'( ud"’h.!.)/ D.A.N(h)f‘ﬁ.n.) ))

w7000 LALLULATE AALGYWwETHIT LUAD AnD PHESDURE

w790 AAU=AUF3* 14105 (uris) .
PUGUE bAF=2°+ w3 14167 gurd

Y310 UAC=UL*3+ 1410%B

pBbeY AAB=ALT3 1410%(U+8)

BHass Bal=u0*30 1410%B

s A13=(A13)**2

BUJ5W ADd=RAD4EX L

Weidhw AL3=RAZ23N*L

BWRa7u ALA=RA24*¥% 2

W0 A3d=AJ4ERL

BE9BD ARLUAL={ AAULYA13) + (0AT*A34 )+ (UAC*¥ X543 ) + ( Adu*X23) + (ALK
Y90+ A24)

L9773 eaH={uL**2)/(8**2) |

PAYOH FheLoAaAALDAU/ (3 1410*(u**2))

WYY PiianwT G, cad, ARLOAU, PREbOA

Blupb 4w FUHGAT(1UHAXIEATRULIUR HATIO=,F13-4//

w b tu+ oA XLUAU=K, F1E 4/ 7 14hAAIRhE abun: =K, F 1+ 4)

Lluey bu Tu 1

Uipow 161 Prial 132

widau 182 FurtwAT{Si=50%)

Wiude 10D LTk

Wluow eND

g Brud7 wllse ,
HEALY -
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PROGRAM 5

PROGRAM URM2 ( INPUTsOUTPUT « TAPES= INPUT« TAPF6=0UUTPUT)

200 READ(S12)1.+sRRIER
P FORMATI154F10,74F13¢7)
1IF(LeFQ.0) GO TO »01
N=SORT ((RA**2) /FP)
A=RR=N
WOITF(HBs4)L sAD
4 FORMATIZHL = ¢+ [SaaXy2HA= sF 1068 ¢3X+3HD= +F10e4)

Al OAND= 0,0
Ny 100 NX=1sL 91 .
X=FLOAT(NX)

C CONVEDT . TO RFAL VARIABLFE
Al =FLOAT(I)
IF(ALLF«X) GO TO 11
ANMAX=ATAN(A/X)
AOMIN = ATANCAZAL )
INMAX = AOMAX*]HG.O/?clags
IOMIN = AOMIN¥180,0/3,1415 .
DN 101 10M= JTOMIN.IOVMAXs2

C CONVE®T I0OM TO REAL VARIARLE
AD, = FLOAT(IOM)*¥3,1415/180,0
GAM=CATANC A= (XETANCAO) )Y/ (AL~X)))
IF(GAMGE e AD2 OR 4 nAML L Fa0e0) GO TO 101

C CALCULATF ALPHA
ALF =C(ATANCA/Z(AL-X)))~GAM)
AB=ATANC(A/X) /7 L{A+D)I /D) =10 )
C =ALF+GAM
IF(CLT4R) GO TO 101
Ja = 8%180,0/3,1415
Je = ¢%¥180,0/3.1415
DO 102 URT =URsJICH2
RFTA = FLOAT{URT)*#341415/180,.,0
XT=X=(ND/TAN(RFTAY )
IF(XTLT.0,0)GO TO 102
OXT=D/XT
IF(DXT oL Te0e0,0RNXTLGT, 160y GO TO 102

- RO = AO

RT= ARSIN(NXT)

C CALCULATFE EXPRESSION FOR LOAD
RO=N/SINIRT)
Ar=X/TANIRO)
Ne=(AL-X) /7 COSIGAM)
DA=A/(SIN(ALF+GAM) )
CO=X/COS(RO)
A =SORTUIDH%¥2 )+ ((X~N/TANIRT ) Y *%2))
ASC=A/(X*¥SINIRT))
APS=((A+D)I /DI~ LA/ (X¥TANIRC) ) )= ( A/ IXETAN(RT )Y ))
IF(APS L. Te0,0Y GO TO 102
AD3= (A/X)=(SINIGAM) /SINIALF) ) ¥ (STNIGAM+ALF ) )
IF(AP3,LTe0.0) GO TO 102 .
Aa3=SINI(GAM) /SIN(ALF)
A13=SIN(1R0,0-(ALE+GAM) ) /SINIALF)
I=(A13.LT.0.,0) Go TO 102

QEE=( ({ (AN ) /DI~ e CIXF2 )L ( LA/ IXFSINIRT )N I¥H¥D) =2, 0% (((A+D)I/D) 10

IY¥ A/ (XHSINIRTY )y *COS(RT Y)Y
IF(R4AS,LT«0.0) GO TO 102
AaS=50RT{(345)

A1 2=A/(X*{SIN(ROY))

BLOAN=(BO*AS0) +(X*¥A25 )+ I AC*A23)+(DA*A4Z)I+IDCH*AL13)+ L AB*ALS ) +(CO¥AL12
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- 1) .
1F{ALOADWWFQ.0.,0y GO TO 10
IFIBLOADLL.TALOAND)Y GO TO 10
Gn TO 102
C STORF VALUES OF LsOMEGAYTHFETA«X+GAMMA+ALPAHLOAD
10 Al OAD=RBLOAD
APO=PO
. AnT=0RT
Ax =X
ACGAM=GAM
AALF=ALF
XAs50=A50
XARS=A2S
XAZ3=A23
' XA43=A47
XA13=A13
Xpas=A45
XA12=A17
XR0=R0
XAC=AL
XnC=DC
XNA=DA
Xe0=C0
XAR=AR
102 CONTINUE
101 CONTINUE
100 CONTINUF
C CONVFRT ANGLFS TO NEGREFES
11 ARO=ARO¥180,0/3,1415
ART=ART*180,0/3,14185
ACAM=AGAM®180,0/7,1415
AALF=AALF#180,0/7.1415
WRITF(643)1FRsALOANIAX s AROWART \AGAM s AALF
3 FORMAT(3Xs 18HEXTRUSION RATIO = +F10e4e8HALOAD = +F10e4+s5X04HX = «F
11ne4//3XsBHOMEGA = sF 1004 s3X«BHTHETA = +F10e4s3Xs8HGAMMA = sF10e40
) PEBHALPHA = +F 10,4}
POESS=ALOCAN/(A+D)
WRITF{6+25)PRESS .
25 FORMAT(10HDORESSURE =4F 1044
XALOAN= (24 14 16¥XPORDRIXASOXED) J4{AXE I, 1 416%2, O¥DF (XAPGX %2y 14+ ( ( ( (XA
104D FED ) —(NHADP I AR L T4 1E)FIXAPIHFD ) 1L LIXNDAR(RILDIN R (14161 ¥ (XAa3#%D) )
PHE(XNCH(RARLXACIN)¥3 414161 F (XAI3F%D ) )4 (XARFIL 14 16FD)H(XALSH*¥D) )4 (¢
AXCOX (XACEDANI X, 1alA )R (XA DH*¥PY )
XDRESS=XALLOAD/ (3,14 16 (RR*%D) )
HIRITF (545 I XBOeXAC s XDC s XDA «XCT e X AB ¢ AX s XABC s XA2S « XA23 ¢ XA434 XA13 40X A4S
UsXA 12+ XALOAND $XPRFSS
S FORMAT(7F10e4//77F10e4//THXALOAD=¢F 104+ 2X 1 THXPRESS=4F10e4)
GO TO 200
201 =&Top
EnD -




VBt1oe
¥B1u5
Ba11p
upBizg
B138
K4
vli15a
pirei
Bi164
w162
Bisi63
Bu164
%8 1315)
BIE171

L BUI72

B¥173
L3174
BK175
V176
viB1ov
vv19H
BE2uo
w220
BY230
vd24i

VU5

Ju2hs
Y26y
Brz7u
Yi2ow
sz
p2s4
Vs2u6
Yu290
Va3uy

PROGRAM 6

FROGHAM FUDGE( INPUT, DUTPUT)

DIMENSION X(28B), Y{2DR), AX{(282),AY(283)

DU 191I=1, 180

READ 5, x(1),Y(I)

5 FURWMAT(FAGB+7,F18+5)

IF(A(I)+Ew+999-999)60 TC 19

191 CONTINUE

1B N=I-1

PRINT 20

20 FORMAT(*X = LOG(ETAD) Y= SINH(A*SIGMA)*)
00 182 I=1,N .

SA =B+324%(Y(1)) g

SINSA =(EXP(SA)~EXP(-5A))/2:0

Ax(I)= ALOb(X(I)) - i

AY(1) =ALUGL(SINSA) - \

PRINT 21, 2(I),AX(I),Y(I).,AY(D)

21 FURMAT(F18+°4,1X,F10+4, 41X, F1P+4, 1X,F18+4)
AMI) =Ax(I)

Y{I) =AY(I)

AN=N '

SX=bX+Xx(I) ) : T
SY=0Y+Y(I)

AVX=5X/ Aly

AVY=5Y/ AN

SUMAY=5UMXY +(X(I)*Y(1))

SUMAZ=SUMAR + X(I)*x*2

SUMYZ2 =bumY2+ Y(I)*%2

192 CONTINUE

A1 —(bUMXY—(AN*AVX*AVY))/(SUMX9—(AN*AVX**2H
AY =AVY={ A1¥ AVX)

Hi=( SUMAY~(BX%¥5Y/ AN) )

H2= (bumx2-((bA**Z)IAN))*(SUMY2—((bY**2)IANH
H=H1/ oufT( H2)

FPRINT 6, AvX, AvY, AR, A1, B

6 FORMAT(AHAVX=, F14+4,3X,4HAVY=, F1(d+4/2HY=, F14-4, 1H+,

BU31R+ F18e4,1HX,4X, 7ZHCURKEL=,F 18+ 6)

vA329
BI33a
745 P

ce
READY-

ST Lo ,
END
Be 12

P+ BB1 SECS-
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APPENDIX IT

The Constants Used in the Analysis of the Extrunsion Resultd
1+ Sirain Rates

S Te
gsec’

10:1 0.64V
3031 1.597
50:1 2.40V
6031 2.7V

7081 | 3.4V
8031 | 3.48V
90:1 | 3.80V
100:1 | 4.16V -

2+ The Load Constants .

Single Hole R c
10:1 4.70
3021 8.44
50:1 10.97
6031 12.04

TO:1 13.02
80:1 | 13.93
90:1 | .14.79
10031 15.59

Two Hole R c =
' |- 3011 0.156 | 10.18
5031 | 0.189 |12.70
60:1 | 0,195 |13.33
7031 0.200 | 14.8
8031 | 0.204 | 15.85
9031 0.207 | 16.8
100:1 | 0.210 | 17.74

Three Hole it C
- 3031 0.183] 9.78
5021 0.228 | 12.24
60:1 |  0.239| 13.35
7021 0.248 | 14.25
80¢1 0.255 | 15.24
9031 0.260 | 16.05

10031 0.265 ] 16,98
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3, Temperature Rise

Graphs of C

extrusion ratios used.

tot against time are given for the different

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 X

T K

C
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
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APPENDIX III.

Calibration curves

form;
1+ The
the
2. The
3+ The
4. The

The following calibration curves are given in graphical

voltage output from the linear potentiometer used io measure
ram displacement and speed

millivolt output from the load cell

cooling curve for the billet in the container

cooling curve for the billet in the induction heater
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AIlll.  The calibration curve for the ram displacement,

70
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FlngH.Z The load cell calibration.
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600
Container at 300°C
Thermocouple located icm
along the central axis.
" Billet size = 75mm x735mm dia.
500}
S
@
5
E
[
£ 400
b
o
m
300+
1 1 H 1 i 1
0 100 200 300 400 500 600

time sec

AlIL3.  Cooling curve for the billet in the container.

700
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600
Thermocouple located 1cm
along the central axis
Billet size 73-Smmx 75mm
500
&
g
=
g
a
£
2400+
@
@
300
| | 1 | 1 |
0 200 400 600 800 1000 1200 1400

time(sec)

AT84  Cooling curve for the billet in the induction heater.



Die Dimensions

1 Single Hole Dies

"APPLNDIXTY

with reference to figure 3.2

R a (mm) b {mm
1031 23.72 27.0
3031 | 13.69 17.78
5031 10.62 12.70
6031 9.68 12.70
70:1 8.97 12,70
80:1 8.38 12.70
9021 7.90 10.16
10031 T.49 10.16

2. Two Hole Dies

with reference to figure 3.3

R{ € Ja (mm) b(mm)
30:110.381 ] 9.68 12.70
50:1({0.296] 7.52 10.16
60:1]0.270| 6.86 10.16
703;110.250| 6.35 10.16
80:110.23%3| 5.92 T.62
90:110.220} 5.59 7.62

100:110.209] 5.31 7.62

2. Three Lole Dies

With reference to figure 3.3

R E kb (mm)] b (mm)

30:1]| 0.311 ] 7.90 10.16
50:11 0.2411 6.12 7.62
60:1] 0.220]5.59 | T7.62
70:1| 0.204{5.18 | 7.62
80:1] 0.190| 4.83 | T7.62

- 90311 0.180( 4.57 7.62
100:1] 0.170] 4.32 | T7.62

. 279



The Hesults 280
Alloy A
: ‘ . , Rxd
R mmys T, P 1.p L AL | € o Jloz & P2 9 [Ueves . s
KK o {aw | s | see™ ! w/mm® /a0 fue| pm
3021 112,4 1695 | 781 | 2.96 | 2.36] 0.3C| 19.7 | 63.4 | 12.00| 11.8 | 25.7
) | 12,4 | 651 | 765 3.50 | 2.96] 0.40| 19.7 | 7944 | 12.23] 14.0 | 28.5
12.4 | 611 | 721 | 4.31 | 3.05| 0.60| 19.7 | 81.8 | 12.89 10.5 | 24.8
5.6 | 611 | 700 | 4.49 | 3.22| 0.50| 8.9 |86.4 | 12,03 13.8 | 27.0
5.0 | 651 | 720 | 3.76 | 2.76| 0.36] 7.9|74.1|12.51] 12.3 | 25.5
4.71693 | 751 | 3.08 | 2.82| 0.10| 7.5|75.7 | 11.13
12,2 | 773 | 851 | 1.55 | 2.22| 0.00| 19.4 | 59.6 { 11.11] 19.5 | 31.6
3031
(2) 112.4 [ 651 | 750 | 3.54 | 2.57] 0.42] 19.7 | 57.1 | 12.44] 14.3]| 27.4 62
14.0{ 27.0 | 54
13.9 1611 [ T31 | 4444 | 2.99] 0.64 ] 22,1 | 66,5 | 12.52] 10.8| 24.9| 29
11.9] 25.4 | 24
12.5 | 735 | 866 | 1.95 | 2.61] 0.01] 19.9 | 58.0 | 10.95| 18.3| 32.2
12.5 | 693 | 796 | 3.00 | 2.75| 0.20| 19.9 | 61.2 | 11.80| 13.7| 26.3
‘ ' 12.3 | 28.2
13.6 | 651 | 780 | 3.30 14.0| 26.0
17.8] 28.3
30:1 .
(3) [12.0]693 | 797 | 3.16| 2.86| 0.18] 19.1| 66.2 | 11.77| 13.9| 26.5
~ 15.41 26.7] 63
13,4 26.4] 68
12.4 | 773 | 863 | 2.29| 2.53| 0.09]| 19.7| 58.6 | 10.98| 17.6| 31.3| 111
18.2{ 30.4| 125
18.0] 31.1] 81
12.4 1 611] 733 | 4.21] 3.09{0.50 | 19.7| 71.5| 12.70] 13.1| 26.4| 64
13,5| 26.9]| 69
12,7} 25.5| 69
5031
(s) | 12.4| 695 | 08| 3.32| 3.020.40 | 29.8| 62.3] 11.82
12.5| 695 | 806 | 3.76 { 3.05/0.20 | 30.0| 62.9{ 11.85 14.1| 27.9] 44
12,71 651 | 762 | 3.98 | 3.32{0.40 | 30.5| 68.5| 12.45 14.8] 28.5| 0
11.9] 775 | 867 | 1.83 | 2.68 0,01 | 28.6 | 46.7( 11.14 20;5] 32.7 73
5031 : ”
(3) | 12.9| 775 | 866 | 1.88/2.62]0.00 | 31.0 | 46.7| 11.14 17.5{29.6 | %
65
11.9| 693 | 812 %.41 1 3.21] 0.20 | 28.6 | 57.2{11.,75 ] 11:2 [ 24.8 66
: 10.9 | 24.8 | 66
12.2] 611 |738 | 4.48| 3.3 [0.58 | 29.3 |58.9 |12.79| 11.6 ] 25.1 | 47
47
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_ , Rxd
R VIt s | |Im AL | § o [logZ [0.2% | U.T.5|g.s
my's | °K °K | N | am e P N/mm é Ifmz ke/mmd  ym
50:1111.6 | 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
ALIOY B
30:1
(s) | 13.9] 693 | 800 |3.04 |2.77 | 0.12] 22.1{ 74.3| 11.79 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 | 69.212.13 | 13.4 | 26.9
4,31 651 | 714 |4.27 12.96 [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
3081
(2) | 14.01(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 | 2429 {2.50 |0.03 | 20.3 | 55.6 [11.01 [ 14.9 |30.1 | 42
14.5 |30.1 | 41
12,71 693 | 792 | 2.85 {2.68 |0.15 | 20.2159.61 11.86] 8.9 {123.9
10.2 |24.7
3021
(3) | 1.1 693 | 759 | 313 [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
14.0| 651 | 740 | 4.26 [3.22 0.5 | 23.3] 74.5| 12.70 11.0 | 26.3
12.7 | 28,2
_ 1 13.3 | 28.2
12,1 773 | 857 | 1.91 {2.43 [0.00 | 19.2] 52.3 [11.04 | 11.5 | 30.9




DY

N

R vlon | om|on |, | AL|¢ o | 1ogz(0.27 |w.r.s gfg
m/s | °K | °K | ¥ | un WY {sect |H/md P S 4
Kg/mm‘ kg/mm ym
50:1 | 12,0| 773 | 865 | 2.24 | 2.66 | 0.00|28.7 |54.8 |11.12{13.9 |28.6
5031 |12.0 | 773 | 865 | 2.21| 2.64 | 0.03[28.7 [48.0 {11.12|13.7 |29.1 | 59
(s) 14.1 |29.7 | 87
1.7+ 1693 {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
5031
(s) 11.8| 693 | 801 3,24] 3.02[0.18 [28.4 | 55.8| 11.89
11,0 773 | 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]| 12,83

e




(3
[e4]
\N

R |V 2. | T |Ip |Im AL |7E o |log 2| log o.g% U.T.9 Rxd
mfs | K |k | My |l [ [sed!|N/mf sinh, lfg ez g;Jsm
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 [ 0.0413.4 |45.3 [11.56[0.312{15.2 |28.9 [f6
. 14.3 27,9 B3

4.9 |706 [ 765 |3.05 [2.89|0.18| 13.5|49.0 [12.06/0.370|12.7 |28.7

12.9 [28.%
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] 3.19 048] 34.6|54.1 [12.70{0.447|11.2 |26.4

- 13.0 [27.3

6031

(3)| 5.0 [626 | 700 | 4.47{3.19 | 0.55(13.9 | 54.1 [13.080.447
4.9 1693 | 752 | 3.38{2.98 P.29 [13.5 |50.5 [12.24]0.386 41

57

99
12.21756 | 848 | 2.77|2.72 | 0.06(3%.8 | 46.1 [11.38]0.325 55

47

49 ;
5.0 [754 |802 [2.37 [2.70 | 0.07| 13.8]45.8 [11.56]0.321[12.5 |30.4

80:1

(s) | 6.5 |664 | T49 | 3.66] 2.89 0.27| 22.5| 47.0 [12.520.339

90:1

(s) | 7.8 {663 | 766 |3.61 | 3.25/0.21(29.5 | 49.8 [12.40]0.382

1003 1 .

(s) | 12.7| 751|861 | 2.81 3.17/ 0.08|52.6 | 46,0 |11.43|0.524|12.7 27.8
112.5 {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 46,3 112.48/0.328
2.8 |732 7156 | .97 3.20| 0.00[{11.6| 46.5]12.12/0.331
0.6 [661 1697 |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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ALIOY CB
% v T‘i oI, |k | AL |G o | Loe? 19§h_g.§;f PoT.s fixd
mm/s | °K | °K | Mb M |MW |sec  |N/mm 51 ké/m% k&/mﬂzfﬁ;;
10:1 8.5 | 663 |726 | 2.01| 1.91/0.00 | 5.5 |92.0 [i2.25 D,992
() | 5.0 (585 |651 |4.38] 2.43[0.35 3.2 [117.0]13.35( 1.35
3031
(s) 12.41 663 | 751 | 2.94{ 2.65[0.13 | 19.7] 71.1|12.42 0.695
3021
(2) 112.5] 63 [764 | 3.17| 2.76]0.29 | 19.9161.4 |12.24]| 0.555
12,91 €59 |761 | 2.21] 2.75|0.24 | 20.6 (611 |12.30] 0,559
3031
(3) | 7.8] 664 |743 | 3.30| 2.67) 0.30]12.4 |61.8 |12.34|0.561
12.3| 663 |761 |-3.35| 2.67|0.33 | 19.6 |61.8 [12.27|0.561
5.1 659 |730 | 3.30| 2.73{0.23 | 8.1 [63.9 [12.36/0.591| 11.823.4
‘ ‘ 14.3123.0
3021
(sa)| 13.1 663|759 | 3.13]2.80|0.15 {20.8 | 75.1|12631}0.753
3051
strip| 13.3 663 |755 | 3.05 | 2.43|0.25 [21.0 65.2 {12.39[0.610
5021
(8) [7+5 | 665 {745 | 3.41]2.7010.27 {17.9 | 5547 [11.92|0.471
5081 | '
(2) 18.9 | 661 [T51 | 3.66]3.03(0.27 |21.4 | 56.0{12.46}0.475
6031 ) .
(s) 4.5 | 745 {794 |2.81]2.81]| 0.12]12.5 | 52.8[11.62{0.428{14.2 | 30.1| 65
4.9 | 690 752 |2.92|2.91] 0.03]13.6 | 54.7[12.24]0.456]14.9| 30.5
14.5 | 558 | 6c6 | 4.61 | 3.24| 0.60]40.1 | 60.9|13.79/0.547| 9.0 | 24.9
11.9 [.763 (€54 |2.14 | 2.74| 0.01] 33.0]51.5|11.31/{0.408}13.6| 28.5} 71
13.7 | 706 | 788 | 3.28 | 3.29| 0.02|37.9 | 44.9|12.19/0.306) 12,3 |28.5
2.6 | 736 |750 |2.72 |2.85| 0.06{7.2 [53.6[12.00{0.439
2.8 | 737 [750 [2.36 {2.78 ] 0.00| 7.9 [52.7 [12.04 [0.426
2.7 | 664 697 |3.08 |2.7910.06] 7.6 |52.5 |12.87]0.425
12.3 | 664 761 |3.43 | 2,73 | 0.20| 34.0{51.3 |12.51{0.405
11.4 | 573 1695 |4.22 | 3.27 ] 0.60 31.7{61.5|13.53]0.556
6021 , B
(2) |5.0 | 706 {769 | 3.05|2.66] 0.07| 13.8]45.1[12.6110.310[12.7| 27.1| 43
5.3 1619 [699 [4.40 |3.10 | 0.64]| 14.6|52.6]13.12]0.424




Ny
o))
Ui

ALIOY DF :
ROV fi T L, |y | AL \5_1 o fros |10e. ¢Pzi U.T.S R;ds
mm/s| °K K | MN MN | MM [sec ' | N/mnf | kg. Y, m% ke /mx%/.,p‘m .
18.5 664 | 729 | 1.96]1.93| 0.0515.5 | 92.9]12.21[0.216
(s) 5.0 |481 | 567 |4.59 |2.58] 0.60|3.2 124.215.26{0.423
5.5 | 483 |566 [4.29 }1.29] 0.55(3.6 | 93.1[15.22] 0,416
3031
(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 R.60 |0.18 [19.5 | 57.8]{12.25|-.057
301
(3) |8+4 | 653 746 3408 [ 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
5031 i
(2) (8.6 F59 [758 | 3.63|3.07{ 0.36| 20,7 54.7(12.35¢.085
60321
() | 3.0 {733 (760 2.49 2.63| 0,06] 8.2 |49.5[11.92/-.139
2.6 | 662 | 702 ] 3.09|2.99|0.06 |T.2 |56.2|12.55]=.072
12.6 | 76% [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
4.91703 |762 | 3.15 | 2.88[0.09 [13.5 | 54.1|12.15| ~.091| 13.9/29.8
14.8 | 573 |687 }.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 4o
12.6 720 |824 (2,94 |3.00 |0.08 [34.9{ 56.4[11.69 -.069
12,6 1 635 |751 |3.68 |[3.18 036 [34.9] 5644 11.69 -.069 12.1]29.2
6021
(2) | 4.9 {706 | 761| 3.19] 2.80] 0.24|13.6| 47.5/12.13 -.158
12.4 [ 720 |827 | 3.211] 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 Y9:6 | 1151 -=.135| 13.4129.2 {71
14.0} 30.1 |50
4.9 | 703 {761 |2.9%|2.88[0.14 [13.5 8.9 §12.11 [ -.142| 14.4{28.8
12.3127,7
12.9 {755 866 | 2.21] 2.91/0.05 |35.6 | 49.4{10.99 ~.137| 16.4{30.2 |62
12.4 | 720 |827 [2.89 | 3.00| 0.13]34.5 |50.9]11.60}. 122]10.8]26.8]"
: , 11.2]27.1
12.2 | 628 | 7431 3.72 3.14] 0.35] 33.7 53.5]12.76| ~.098




R v Ti iy LD > AL ¢ o |logZ {log . pP.2! | U.7.9 Rxa
- - 2 sinh 7 c
/. 17 e ; ; 3 er sinn |, L& 2] reS
mm/s °K Lira Tl b Ly sece J‘/{Y."‘ :u/““E 1,{;’);/ifl':‘i :j.m
6031 '

(3) | 5.0 {626 {705 |4.29 |3.31| 0.50(13.8 b6.1 112,99 ~.072

4.9 |T10 |770 | 3429 | 3.07 | 0416|134 | 52.1{11.98/=.110
4.8 |742 [798 |2.81 | 3.11] 0.07| 13.3 52,7 |11.60|~.104
1344 |745 839 |2.80 [2.70| 0.10| 3743 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) | 6.2 |664 |756 | 3.45 |3.20| 0.16|21.5 | 52.0112.39[-.111
90:1
{(8) | 7.2 {664 |758 |3.54 |3.26 01912743 | 49.9(12.47| -.132
1003 4 -
(8) | 8.5 [664 | 774 | 3497 | 3414 | 0.4635.2 | 45.6|12.34] =176
2.5 |725 | 744 |3.08 | 3.32| U.0C|10.4 |48.2 [12.25|-.149
2.6 [659 | 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 | 13.0F.132
12.2| 7131623 | 3.15 | 3.13 | 0.06| 50.7|45.4 {11.87[ =178} 12.1 {27.6 |45
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265D
R vV vy T Lp L AL o | logZ
6031 m/sec K i bJi E 1N B 1'-4/1Tm2

(s) 12.7 | 665 759 2.48 | 2.75 | 0.48 15,1 51‘8 12.56
2&58 662 688 | 2.69|2.94 |o0.00 | 7.0 | 55.2 | 12.99

| ees T80 1 2,511 2.7 10,00 | 13.3 | 50.8 | 12.89

;389 224 6738 292 2216 0.11 | 38,5 | 55.6 | 12.91

2.5 62; é?; ?';6 2' 0.05 13.5 | 52.8 13.39

’ .. 2 +94 10.00 | 6.8 |55.3 | 13.55

9.6 | 624 723 | 2.91|2.76 0,00 28.6 | 51.7 13.02

10.5 1665 748 | 2.46|2.88 [0.00 | 28.9 | 51.1 | 12.64

7.0 622 704 2,76 | 2.74 |0.01 19.4 | 51.5 13.17

266D

60:1 | 43,7 | 664 765 2,60 | 2.54 | 0.07 | 37.9| 47.7 | 12.51
() 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 | 37.8 | 56.4 | 12.46

4.9 | 624 697 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 | 763 248 | 2.78 | 0.09 | 28.3 | 52.2 | 12.41

71 622 690 2.77 | 2.48 0.16 19.7 | 46.6 13,41

272D

60:1 1 45 5| 667 g4 | 3.77 | 3.47 | 0.24 | 38.9 | 65.2| 11.86
(o) 4.7 663 763 | 3.70 | 3.45 | 0.23 | 13.0 64.9| 12.07
3.9 656 758 4.00 3.51 | 0.26 10.8 65.0 12.05
13.6| 623 766 | 4.43 | 3.77| 0.49 | 37.8 | 70.9| 12.49
4.8 623 714 4.42 3.65 | 0.45 1%.3 68.6 12.81
2.5 617 669 | 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 12.53
10.2| 669 756 3.79 3.42 | 0.25 28.4 65.2 12.51
7.3 623 726 | 4.46 3.411 0.45 20.2 64 .1 12.84




ACCUMULATOR RESULTS

Alloy| R T, L 0.%p | U.T.8 Rxd
1 P P.S o &8
X hi kg/ﬁm kg/ﬁm
A 3031
611 4,02
651 3.20 15.5 29.4 99
B 3031
651 3,01 6.51| 22.9 37
20‘1 651 3,13 | 7.2 | 23.3 | 50
s) 7.3 | 23.4 |59
CE 6031 739 - 2.72
) 625 4.09
770 2,12
130:1 665 3.79
) | 129 3.04
669 2.74
\ 613 | 4.54
6031 | 663 3,04
(s) 678 5.08
729 2.58
10:1 | 581 4.88
(s)
oF 10:1 483 4.89
(=)
6021
(s) | 662 3.39
628 2,84
(2)
6031 745 5.58
(3)
769 2.57
. 632 4.06
10031 664 3.13
©) | 69 4441
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The Effect of Different Eillet Lengths

- AlloyCE, extrusion ratio 60:1 , Tam speed 8.0 mm/sec

[1engtn T, I L L
mm K MN MN . 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
_% sec” ! RALF
673 0.0589 B2.5 |
5.89 63.0
0.0589 §1.0
8.84 £7.0
29.5 b4 .5

653 | 5.19x10°7 26.0
665 | 5.19x10°% | 18.1
573 0.0589 98,0
5.89 1 105.5
0.0589 | 82.0
5.19x10°4 | 67.2

5.19x1072 | 90.2
113 5.89 44 .5
0.0589 35.5
795 | 5.89 41.0
473 | 5.89 182.5

1.04x10~2{ 151.0
5.19::10‘3 155.0
0.311 172.0




Alloy DF

T °
K sec-1 II/mm2
573 0.0589 $3.0
0.589 102.0
5.89 119.5
5.19x1074 | 69.0
5.19x1072 . | 64.6
5.19x1072 | 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 1074} 25.3
655 | 5.19x107” | 37.8
1713 5.89 55.5
0.0589 37.8
0.589 39.5
795 | 5.89 50.5
473 | 5.19x10°2 | 161.5 |
0.311 174.0
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Appendix VI
The Stress Strain Curves For Alloys CE and DF derived

from the Torsion Taats.

The curves were calculated using tbe theory given in
chapter two. for clarity the strain is only given to approximately
2.0,
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HOMuRCLATURE

A,A1,A2, .3,A4 hot working constants

A STLEY billet and extrude area

At constant X

a constant; radius of torsion specimen
b constant; burgers vector

B effickency factor

Bt constant

C 1,02,_ 63,04 heat losses from the billet

% Cu1r Cgr specific heat(Al, steel)

ace heat accumulated

CRAD radial heat flow

d subgrain size

DB billet diameter

DE extrude w )

D diameter of the deformation zone
D diffusion coefficient

dp displacement to peak load

AH activation energy

h jog height _
J polar moment of inertia
1 jog spacing
LB - billet length
Lm load at the end of extrusion
peak load
L peak height
kt, k1, kz constants
k shear yield stress
% mean " "o
K thermal conductivity
m constant
MT torque
n,n, ' hot working exponents
constant
extrusion pressure
" total * *
"extrusion pressure for homogenous deformation
pressure expended in redundant work

pressure to overcome friction

Qs Qo Qep activation enexgies(hot working, creep)
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constant

billet radius
extrude”

gas constant

recrystallized grain size

irmer and ocuter radii of the container
depth of penetration of the heatfront
activation entropy

inner and cuter itemperatures of the container
initial temperature

final temperature

tempgrature rise

mean deformation temperature

melting point

ram speed

volume of the billet

depth of the deformation zone
axial distance from the die
vield stress

mean "

temperature coﬁpensated strain rate

hot working constant; angle in upper bound
hot working constant ‘ :
strain rate

mean " "

root mean power strain rate
constant

coefficient of friction
dislocation density ; material
flow stress

back stress

constant

proof stress’

éhear stress

attempt frequency

. angle in upper bound solution

" " " "sangular velocity
structure factor

angle of twist

shear strain - jangle in upper bound

shear strain rate
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