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* ABSTRACT 

The effect of an increase in copper content from 1 wt% 
Cu to 5 wt% Cu on the hot working characteristics of a 2000 
series alloy based on AA2014 have been investigated, as well 
as a binary 4 wt% Cu alloy. The torque twist data generated 
from the hot torsion tests has been analysed using a 

* graphical and mathematical minimisation technique, the 
temperature during testing being allowed for in the latter 
technique. The development of a strain dependent 
constitutive equation used in the temperature- rise model has 
been investigated. 

k The dependence of the direct extrusion peak pressure 
and peak height on extrusion ratio, billet temperature and 
Zp the temperature compensated strain rate has been 
investigated in the 2000 series alloys and for direct and 
indirect extrusion of the 2014 alloy. The effect of 
container temperature and billet length on the peak pressure 
has also been investigated. The development of a general 

f pressure equation applicable over a wide range of extrusion 
conditions and to a complete alloy system is investigated in 
the 2000 series alloys and a non heat treatable 5052 alloy. 
A solution preheat treatment determined from hot torsion 
tests has been used on the 2014 alloy to investigate whether 
surface cracking can be reduced during direct extrusion. 

> The structures in the 2000 series alloys have been 
investigated at all stages of processing from the as cast to 
the steady state quenched extrusion and torsion specimens 
using optical and transmission electron microscopy. The 
effect of process conditions on the hot worked substructure 
and the variation of structure within the direct and 

I indirect deformation zones and across and along the extrudes 
has been investigated. The effects of direct and indirect 
extrusion, and the solution soak treatment on the structures 
of the solution treated (T6) and press quenched and aged 
(T5) 2014 alloy have been investigated. 

The mechanical properties of the Tl, T6 and T5 2014 
^ alloy have been evaluated using hardness, tensile, fracture 

toughness and stress corrosion cracking tests. The effect 
of Cu content on the Tl and T6 tensile properties has also 
been established. 

Limit diagrams for ±11 the alloys and extrusion modes 
are presented. 

i 
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INTRODUCTION 

The success or failure of any fabrication process 
• relies on whether the final product is produced with the 

correct geometric, mechanical and cosmetic properties via 
the most economical route. The principle advantage of the 
extrusion process lies in the relative ease and efficiency 
in which complex sections can be manufactured in one 
operation. In some instances extrusion represents the only 
production route that is commercially viable. From the very 
first extrusion press developed by Joseph Bramahl in 1797 
the extrusion process has grown to become one of the major 

• fabrication industries for the processing of a wide range of 
metals, from lead and aluminium and it's alloys to high 
strength steels and nimonic alloys. 

The earliest research workl on the extrusion process 
dealt primarily with the empirical relationships relating 
pressure to the extrusion parameters and material. Although 
these results were useful in establishing the more 
fundamental aspects of extrusion, the relationships were 

h limited by the experimental facilities and the limited range 
of conditions considered. 

In the early 19501s the application of plasticity 
theory led to the development of theoretical slip-line field 
and load bounding solutions^,3. The original models assumed 
plain strain conditions and a rigid perfectly plastic 
material, but these have been superseded by more complex 
axisymetric solutions which also consider strain hardening 
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materials.4,5 in recent years the rapid improvement in 
^ computer technology has enabled finite difference techniques 

to be used to increase the flexibility of these solutions, 
to allow for the complex variation of strain rate and 
temperature within the deforming billet.6 

* The importance of temperature changes throughout the 
process has long been recognized and both experimental and 
theoretical investigations have been carried out.7-19 The 
results have shown that temperature rises when extruding 

» close to the incipient melting temperature or a phase change 
boundary can markedly effect the cosmetic and mechanical 
properties of the extrudate. 

More recently the application of hot working theory to 
the extrusion process!7,20-24 has emphasized the importance 
of establishing meaningful values of temperature, strain 
rate and flow stress for use in any calculation. 

I Although in the past many industrialists have often 
doubted the applicability of extrusion research to the more 
complex extrusion processes, this view point has gradually 
changed in recent years with the realisation that the final 
structure and properties of the extrudate may be related to 
the process conditions and material characteristics. 

It is in this area of research that present thesis was 
initiated to investigate the effect of alloy content on the 

* hot working characteristics of a commercial Al-Cu-Mg alloy 
AA2014 and to establish the effects of process conditions 
and extrusion mode on the as extruded and heat treated 
product. 

» 



CHAPTER 1 

LITERATURE SURVEY 

1. INTRODUCTION 

The literature relating to the general aspects of 
direct and indirect extrusion has been extensively reviewed 
by several authors in recent works25"29 and will therefore 
not be considered in the present review. 

1.1. COMMERCIAL ALUMINIUM-COPPER-MAGNESIUM SYSTEM 

Aluminium-Copper-Magnesium alloys have been used for 
well over half a century since their first discovery by 
Wilm^O in 1911. in 1919 Merica^l associated the increase in 
hardness with the decomposition of a super saturated solid 
solution, and since then further improvements in the age 
hardening response have been brought about by alloying 
additions and thermal treatments so that today a range of 
commercial aluminium-copper alloys are available, 
collectively known as the 2000 series, of which 2014 and 
2024 are the most widely used. 

The development of the 2014 alloy utilised the effect 
of silicon to produce an Al-Cu-Mg more susceptible to 
artificial ageing than the original Duralumin alloy (now 
designated 2017), whilst 2024 was introduced in the 1930's 
as a higher strength natural ageing alloy to replace 2017. 
The alloys are normally used in the naturally aged and 
artificially aged conditions, where specific wrought 
products are also available in a number of worked and aged 
tempers designed to improve fatigue and toughness 
properties32. 
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The 2014 alloy is mainly used in the aircraft industry 
where high strength to weight ratios are required, but is 
also used in bridges, truck frames, rivets and structural 
fittings. 

The composition limits for 2014 are shown in table 1.1. 

Alloys with low Cu contents of 2% to 3% Cu are used 
with higher magnesium 1.5% to 3% Mg and silicon 1% to 2% Si 
for rivets, because of their slow ageing response, and are 
also finding increasing use because of their high 
fabricability and fracture toughness33. 

A1 Cu Mg Mn Si Fe Zn 

Rem 5.0 0.80 1.20 1.20 1.00 0.25 Max 

3.9 0.20 0.40 0.50 - - Min 

Table 1.1 Composition Limits for 2014 Weight % 

1.2. EFFECT OF ALLOYING ELEMENTS 

The equilibrium compounds in the Al-Cu-Mg system are 
CUA12 (0 phase) and CuMgAl2 (S phase)33"35. Both are 
soluble in the matrix during solution treatment where the 
proportion of S phase increases with decreasing Cu content 
as Mg:Cu ratio increases33"3^. 

Addition of silicon improves the artificial ageing in 
2014 and has some strengthing effect especially at higher 
temperatures but at the expense of ductility3?. Silicon 
tends to combine preferentially with Mg as Mg2Si but will 
also form compounds such as Cu2MgQSi6Al5 (Q phase) and 
(CuFeMn)3Si2Ali5.33/38 



The presence of iron up to 1% has a beneficial 
strengthening effect especially at high temperatures39. it 
forms such compounds as (CuFe)Alg and Cu2FeAl7 which 
crystallizes as long needles and thus has a considerable 
embrittling effect on the alloy40. 

The addition of Mn has a marked strengthening effect 
partly because of its solubility and partly because of the 
formation of intermetallic compounds34,37. Manganese 
additions remain in solution during casting but combine with 
iron during homogenization to form small intermetallic 
particles such as (CuFeMn)3Si2Ali5 and (CuFeMn)Al6.33'41'42 

This reduces the embrittling effect of Cu2FeAl7 and 
increases the available copper since the Cu content of Mn 
bearing compounds is less. The manganese in solution can 
retard the onset of recrystallization35,42 whilst the 
manganese-rich intermetallics, which tend to be associated 
with the sub-boundary dislocation network, inhibit grain 
growth41. The size and spacing of these particles therefore 
have an important effect on the mechanical properties of the 
mater ial. 

Small amounts of titanium and boron are added to form 
compounds such as TiAlg and A1B2 which act as extremely 
effective grain r e f i n e r s 3 5 . 

Phragmen's38 comprehensive study of the 
Al-Cu-Mn-Mn-Si-Fe senary system indicates that no other 
equilibrium phases exist apart from those in the subsidiary 
systems reported above. The principal effect of a reduction 
in the copper content is therefore likely to reduce the 
amount of 0 phase (CUAI2) in each alloy, in the low copper 
alloys 0 may be entirely replaced by either S or Q. 



21 

1.3. HEAT TREATMENTS APPLIED TO THE Al-Cu SYSTEM 

Nearly all heat treatable aluminium alloys are 
subjected to a series of heat treatment cycles prior to and 
after fabrication to attain the optimum mechanical 
properties. A typical processing route for a 2000 series 
alloy would consist of an initial homogenization treatment 

I to modify the usually brittle as cast structure, followed by 
preheating to the processing temperature and finally a 
solution treating and ageing cycle to produce the required 
properties. The characteristics of the as cast, homogenized 
and solution treated structures have all been extensively 
reviewed by previous workers28,29,43 and therefore the 
structure and properties of the final age hardened material 
will be considered. 

* 1.3.1. AGEING MECHANISM 

Age hardening is a relatively well known phenomena in 
Al-Cu alloys and is associated with one or more of the 
transition phases formed during the decomposition of the 
super saturated solid solution (SSSS) produced after 
solution treating and quenching. In the binary Al-Cu system 
the nature and structure of the intermediate phases and 
their effects on the mechanical properties have been 

* reviewed by several w o r k e r s 4 4 - 4 6 s Before considering the 
commercial Al-Cu alloys it may be useful to briefly outline 
the ageing characteristics in the binary system. 

The transformation from a SSSS to the equilibrium 9 
(CuAl2) phase occurs by the following sequence of 
precipitates: 

ssss -> GPI Gp2(en) * e' » e 
I 
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The GPl phase is a zone structure and forms immediately 
• at room temperature as plate like copper rich regions on the o 

(100) planes of the matrix47. They are 30 - 50 A in 
diameter and can exist below 200 deg.C, but rapidly vanish 
above 130 deg.C. The 0" precipitates, which form 
spontaneously below 200 deg.C can exist at temperatures up 
to 270 deg.C and also lie on the (100) planes and are 
coherent with the matrix44,48. They form as thin platelets 

o o 20 A thick and 400 A in diameter. The semi-coherent, 
intermediate 0' precipitates nucleate and grow at the 

" expense of 0" and lie parallel to the (100) planes49. The 
final equilibrium precipitate 0 can nucleate directly from 
the ©' precipitate or from the matrix with slightly 
different orientation relationships and is incoherent with 
the matrix33,50. All three precipitate phases are reported i C1 to have a tetragonal structure^. 

The effect of Cu content on the solvus temperature for 
each of the transition phases is shown in figure 1.1. 

* 

i ) o 

2 4 6 
COPPER Wt % 

Figure 1.1 A1 - Cu binary phase diagram 



In the commercial alloys the presence of Mg and Si 
results in a modification of the precipitation sequence 
depending on the Mg:Cu and Mg:Si ratio33. The iron and 
manganese do not affect the ageing sequence directly, but 
affect the overall age hardening response by tying up the 
hardening solute via compound formation52. in the Al-Cu-Mg 
system Silcock53 investigated alloys with Cu:Mg ratios of 
2.2:1 and 7:1. At a ratio of 2.2:1 the ageing sequence 
changes to: 

SSSS * GPB * S" * S1 * S 

Details of GPfe (Al-Cu-Mg) zone formation are not fully 
understood!3,53,55,56. The zones are known to be stable at 
temperatures up to 260 deg.C with smaller lattice strains 
than the GP1 zones and lie on the (100) planes of the 
matrix. The transition phase S" is analogous to 9" of the 
Al-Cu system, and the semicoherent S1 (CuMgAl2) consists of 
platelets coherent on the (021) matrix planes. The 
equilibrium S phase is orthorhombic and incoherent with the 
matrix. For a Mg:Cu ratio 7:1 both precipitation sequences 
are reported to occur simultaneously resulting in 9 and S as 
the final equilibrium precipitates. 

In the 2014 alloy the presence of silicon is reported 
to resu lt55-57 in the formation of complex GPB type zones 
(Al-Cu-Mg-Si), as well as GPl zones, during the initial 
stage of ageing at temperatures above 150 deg.C. Further 
ageing results in the transformation of GPl zones to 0" and 

the 
0 1, whilst the GPB type zones persist throughoutAageing 
cycle. Ageing at room temperature results in the formation 
of GPB types zones only57. 

A change in the ageing sequence may also be brought 
about by preferential precipitation of one or more of the 
transition phases. This is the basis of the T3 and T8 



tempers used for 2000 series alloys in which dislocations 
introduced by either cold or warm working prior to 
artificial ageing act as nucleation sites for 61 or S' 
precipitates. The precipitates are reported to be finer 
than those formed in the absence of dislocations, resulting 
in an increase in peak hardness and decrease in ageing 
time58,59. 

1.3.2. THE EFFECTS OF AGEING AND SECOND PHASE PARTICLES 
ON THE ROOM TEMPERATURE PROPERTIES 

The basic mechanisms associated with age hardening in 
Al-Cu alloys have been reviewed by several authors44,45 and 
may be classified thus: 

(i) Strain hardening: The strain field produced by the 
precipitation of coherent particles with slightly different 
lattice parameters from that of the matrix oppose the motion 
of dislocations and so increase the flow stress. 

(ii) Chemical Hardening: The presence of solute rich zones 
increases the number of solute-solvent bonds and 
consequently a higher stress is required to force a 
dislocation through the zones than through a super-saturated 
matr ix. 

(iii) Dispersion Hardening: Non-deformable particles 
acting as obstacles to dislocation motion, increase the 
stress required for dislocations to by-pass the obstacles. 
The flow stress increasing as the distance between the 
particles decreases. 

In the 2014 alloy the first two mechanisms will be 
associated with zone formation, the first and third with the 
intermediate precipitates and the third with the equilibrium 
precipitates. The maximum hardness and strength in the 



binary system is obtained when the amount of 0" is at a 
maximum although some contribution will be provided by 0'. 
As the amount of 0' increases, particle growth causes a loss 
of coherency together with a decrease in 0" resulting in 
overageing and a loss of strength. In 2014 peak hardness 
after artificial ageing is reported56,57 to be associated 
with the partially coherent 0' in the presence of GPB zones 
and subsequent overageing is controlled by the slow growth 
of 0' . 

The presence of the second phase particles discussed in 
section 1.2. will have a marked influence on the mechanical 
properties of extrudes whether in the as extruded or aged 
conditions. Previous w o r k e r s 4 1 * 6 1 have reviewed the effect 
of these particles according to their size, of which there 
are three types: 

(i) Coarse particles formed during casting or subsequent 
processing: 1 to 10 pm in diameter. 

(ii) Intermediate particles formed during homogenization: 
0.05 to 0.5 pm in size. 

(iii) Ageing precipitates: 0.01 to 0.05 pm. 

Other microstructural features may be important, such 
as precipitate free zones, but are often difficult to 
dissociate from other effects^3. 

Coarse particles are deleterious to fracture toughness 
since they crack easily promoting void growth and 
coalescence ahead of the crack tip61. Preferred orientation 
of the particles in the extrusion direction further reduces 
fracture toughness in the short transverse direction due to 
the presence of aligned weak particles^l. 



Intermediate sized particles affect the properties 
indirectly by retarding recrystallization and grain growth, 
thus controlling the grain size. Toughness and strength are 
improved by a reduction in grain s i z e 4 1 / 6 1 . 

The fracture toughness decreases with increase in 
strength with a g e i n g 6 3 , which has been attributed to the 
reduction in the work needed to link voids prior to 
fractureSl. A decrease in toughness is also observed 
between the naturally aged and artificially aged conditions. 
This is partly due to the increase in yield strength, and 
the detrimental effects of the coarser S' and 01 

precipitates41. 

Ageing has a significant effect on the corrosion 
resistance33. During ageing those areas of the structure 
which are in a more advanced state of ageing are 
electronegative to the rest of the matrix and so corrosion 
concentrates there. Susceptibility to stress corrosion 
cracking, intergranular corrosion and exfoliation are all 
greatest in the underaged condition, and least in the 
overaged c o n d i t i o n 6 4 - 6 7 . 

Clearly the optimum structure and properties and hence 
the process conditions and heat treatment chosen, will 
depend on the particular service conditions. However the 
overall situation is not helped by the fact that although 
the effects of heat treatment on age hardening aluminium 
alloys is well known, the mechanisms operating are not fully 
understood. 

1.4. HOT WORKING 

The use of high temperatures above 0.6 Tm (Tm is the 
melting point in deg. K) for the extrusion of aluminium and 
it's alloys is necessary as the stress to deform a metal at 



low temperatures increases markedly with strain due to the 
work hardening caused by the complex generation and 
interaction of dislocation within the material. At elevated 
temperatures strain hardening is reduced by dynamic 
softening processes to the extent that the deformation 
stress or flow stress becomes strain independent under 
isothermal conditions. It is these softening or restoration 
processes that have been studied in investigations into hot 
working68,69. An important feature of the flow stress is 
it's temperature and strain rate dependency, where the 
higher the strain rate at a given temperature, the greater 
the flow stress68,70-73. This is an important consideration 
in the metal working processes where high strain rates in 
the region of 0.5 to 500 sec"l are used to deform materials 
to large strains at high temperatures. This has resulted in 
the subject of hot working becoming an important aspect of 
metallurgical research with respect to the empirical 
relationships, structural characteristics and deformation 
mechanisms involved. 

1.4.1. EMPIRICAL RELATIONSHIPS 

In order to establish the flow stress characteristics 
of a material during hot working a testing technique must be 
chosen which can simulate the high temperatures and strain 
rates associated with hot working operations. The most 
common methods are tensile, compression and torsion testing 
which have recently been reviewed by several 
authors27,29,74. The following relationships have been 
determined using data derived from all three testing 
techniques.68,70,72,73,76 
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At low stress levels and constant temperatures the 
steady state flow stress can be described by:-

£ = A X cr n1 1.1. 

when n* and Aj are assumed to be temperature independent 
constants. At high stress levels and constant temperature:-

£ = A2 exp (ft cr) 1.2. 

where A 2 and jQ are assumed to be temperature independent 
constants. 

The relationships are comparable to those found to 
describe steady state creep experiments indicating the 
similarity between creep and hot working data. Garafalo77 
has shown by creep experiments that these two relationships 
may be combined to give:-

£ = A (Sinh (<X cr) ) n 1.3. 

where tx = ft/n1 1.4. 

At low stress levels equation 1.3. reduces to a power 
form and at high stresses to an exponential form. This 
relationship has also been fitted to hot working data78,79 
with A, o< and n being temperature independent. 

The similarity between steady state creep and steady 
state hot working led Sellars and Tegart80 to propose a 
relationship of the form:-

£ = A (Sinh (<x a)) n exp - A H 

RT 
1.5 

where A, cx and n were described as temperature independent 
constants, and A H as the activation energy of the hot 
working process. At low stress levels ( cx cr<0.8) this 
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* equation reduces to a power relationship and at high stress 
levels ( o< a >1.2) to an exponential relationship. 
Equation 1.5. can also be written in the form:-

= A ( S i n h (oc a ) ) n 1 . 6 . 

where Z is the Zoner-Holloman parameter81. z was 
originally proposed for low temperature tests but was shown 

1 to apply to hot working data80 and has been used to 
correlate data over a wide range of strain rates and 
temperatures68,78-80. 

The dependence of temperature through an Arhenius term 
indicates that hot working is a thermally activated process 
with A H equal to the activation energy of the rate 
controlling process. Values of activation energy for 
different materials have been determined by many workers68 

I and can generally be divided into two groups, depending on 
the stacking fault energy (S.F.E.) of the material68,75. 
For high S.F.E. materials such as aluminium and it's 
alloys68,82,83 the activation energy for hot working is 

I similar to that for bulk self-diffusion, which is attributed 
to the fact that the rate controlling mechanism in the 
deformation of these materials is climb aided by cross 
slip68,84. Since climb requires the diffusion of vacancies, 
the activation energy will be more or less equal to that for 

^ self-diffusion depending on the influence of cross-slip, for 
Low to medium S.F.E. materials which includes copper, nickel 
and austenitic steels, the activation energy for hot working 
is reported68 to be much higher than that for self diffusion 
owing to the difficulty of dislocation climb. 

The physical interpretation of the empirical constants 
A,ocand n have yet to be properly established. Jonas et 
al68 deduced by comparison with rate theory that at high 

Z = £ exp A H 

RT 



stress levels (o< cr > 1.2) A is a structure factor and <xnKT 
an apparent activation volume. The constant c<has been 
defined68 as the reciprocal stress at which z changes from a 
power to an exponential relationship where n may be 
considered as a measure of the temperature compensated 
strain rate sensitivity of the flow stress. 

1.4.2. STRUCTURAL ASPECTS OF HOT WORKING 

The change in activation energy for hot working from 
high S .F.E. materials to low S.F.E. materials is also 
reflected in the structural characteristics of the hot 
worked structures. In high S.F.E. materials the steady 
state structures are characterised by subgrains of low 
misorientation68,78f85 whilst in low S.F.E. materials a 
steady state structure comprising of recrystallized grains 
is found69. The difference in activation energy and 
structure have been associated with two separate restoration 
mechanisms. 

1.4.3. RESTORATION PROCESSES 

The predominant restoration mechanism in high S.F.E. 
materials is dynamic recovery. Luton and Jonas86 have 
described how in the initial stages of substructure 
development the stress strain curves may be divided into 
three stages. The first stage is that of microstrain 
deformation during which the strain rate in the sample 
increases from zero to the test value. During this stage 
the stress rises rapidly and dislocations are generated to 
accomodate the plastic strain, increasing in density from 
1010 - 1011 m-2 (annealed state) to 10U 1012 m-2.69 The 
end of the microstrain interval is signified by a decrease 
in the slope of the loading curve and the dislocation 
density continues to rise with strain till a steady state 
region is attained in which the dislocation density remains 



constant at 1014 - 1015 m~2 depending on the prevailing 
temperature and strain rate69. During this stage of strain 
hardening before the attainment of steady state the 
dislocations become entangled and begin to form a cellular 
structure by clustering into cell walls separating 
relatively dislocation free regions. Clustering is 
energetically favourable as the inter-action energy between 
positive and negative dislocations decreases with decreasing 
dislocation spacing87. with further deformation, more 
dislocations are generated, and attracted to the existing 
sub-boundaries, where they can be annihilated by interacting 
with dislocations of the opposite sign. The rate of 
annihilation depending on the dislocation density and on the 
ease of operation of the recovery mechanisms such as climb 
and cross-slip. 

In face centred cubic metals the dislocations lying in 
the close packed planes can dissociate into partial 
dislocations with a stacking fault ribbon between them87. 
The higher the stacking fault energy of the metal the 
stronger is the binding energy and the closer together are 
the partial dislocations. Before dislocations can climb or 
cross slip, the partials must come together under the action 
of the applied force, so that in aluminium and it's alloys 
climb and cross-slip take place easily, leading to rapid 
subgrain formation. 

The effect of alloying additions SIACK as copper will 
largely be dependent on whether the solute is in solution or 
as a precipitate distribution. In general an increase in 
alloying additions increases the strain and stress required 
to establish the steady state substructure which is 
generally less recovered than the unalloyed metal68. in 

solution an increase in the solute content is reported88 to 
decrease the S.F.E. in low S.F.E. materials, although there 
is no evidence to suggest that this is the case for high 



S.F.E. materials'^. Solid solution additions can also 
hamper climb through the binding energies that tie vacancies 
to solute atoms^O. The presence of second phase particles 
which are not cut by dislocations at the temperature of 
deformation can help to build up and stabilise the 
substructure by acting as obstacles to dislocation 
motion69,88,89. Under such conditions the subgrain 
diameter may be reduced to the interparticle spacing. 

The onset of steady state deformation occurs at strains 
between 0.1. to 0.5. depending on the temperature and strain 
rate69. During steady state deformation the subgrain size 
and the dislocation density remain constant^**. The mean 
subgrain size increases with increase in temperature and 
decrease in strain rate75,91-94. As the size increases 
the subgrains contain fewer dislocations and have boundaries 
in which there are less dislocations arranged in more 
orderly arrays92. These substructural variations can be 
explained by the decrease in the equilibrium dislocation 
density. The generation rate decreases because the 
effective stress decreases with strain rate and temperature. 
The annihilation rate is not so sensitive and does not 
decrease at the same level. 

In aluminium alloys the subgrains are reported to 
consist of very sharp boundaries with an equilibrium 
dislocation network within the subgrains. The 
misorientation between them is small ranging from<lo to 7o 
6 8 , 8 5 , 9 1 - 9 4 # Smaller cells have been observed within these 
s u b g r a i n s 8 2 , 9 1 , 9 5 / which have been attributed to the 
formation of subgrains during deformation^ and the remnants 
of subgrains that have annealed out by rotation at the end 
of deformation. Although other evidence suggests that this 
structure occurs by subgrain coalescence in the time between 



deformation and quenching96. 

For extrudes processed below 0.5 Tm the subgrains 
tend to be elongated in the extrusion direction whilst above 
this temperature the subgrains are equiaxed although the 
grains in which they are embedded are elongated in 
accordance with the imposed macroscopic strain25-29. 
This indicates that the subgrains are continuously migrating 
and reforming at an equilibrium spacing depending on Z97-98. 
The process of continuous substructure regeneration during 
hot working has been termed repolygonization98. 

In materials of low S.F.E. where the rate of dynamic 
recovery is low, steady state deformation is the result of 
dynamic recrystallization?5. The process of dynamic 
recrystallization has recently been reviewed by McQueen and 
Jonas69. Essentially its occurrence does not result in the 
elimination of the substructure as does static 
recrystallization, although the dynamic restoration 
mechanism does involve the movement of high angled 
boundaries through the matrix during deformation69. 
Evidence of dynamic recrystallization has been reported in 
Al-Mg alloys&8,99 although its occurrence in Al-Cu alloys 
has yet to be found, dynamic recovery being the only 
reported mechanism.25,26,29,100 

The basic assumption made when examining the as 
quenched hot worked structures is that little or no change 
in the structure occurs before or during quenching. As soon 
as deformation is completed or interrupted the release of 
stored energy in the form of the substructure introduced 
during working, acts as the driving force for static 
restoration processes to be initiated after deformation. 
These processes can proceed either by static recovery, which 
involves annihilation in individual events or static 
recrystallization in which dislocations are 
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simultaneously eliminated in large numbers as a result of 
the motion of high angled boundaries. 

If the critical strain for recrystallization69 is not 
reached or the deformation temperature is not high enough 
for static recrystallization, then static recovery will be 
the only softening process after deformation. However it 
should be noted that full softening cannot be produced by 
static recovery alonel01/102. The effect of alloying 
additions on the occurrence of static recovery is not fully 
understood. However, it is generally considered that the 
presence of solutes or precipitates tend to pin dislocations 
thereby making static recovery more difficultly. 

It is well known that the static recrystallization 
process is one of nucleation and growthl04 although the 
exact mechanism of nucleation is still uncertain. The more 
recent theories have considered nucleation to occur either 
by subgrain coalescence in which growth of the subgrains 
proceeds by the gradual disappearance of the 
sub-boundarieslOS,106 or by a mechanism of rapid 
sub-boundary migrationl07,108. As the subgrains grow the 
boundary misorientation increases until it becomes 
sufficiently large, for migration by high angle boundary 
processes to become dominant^. in recrystallization this 
may be strain induced in a direction away from the centre oj 
curvature of the boundaryl09# 

The presence of second phase particles may either 
accelerate or retard recrystallization. Par tides > 0 .5 pm 
can accelerate the nucleation process due to the large 
lattice rotations in the vicinity of the particles!07, 
where as fine par tides < 0.1 pm tend to reduce the mean 
misorientation between subgrainsllO and reduce the rate of 
subgrain growth and hence nucleation by pinning the sub 
boundaries95. An increase in the solute content can also 



indirectly increase the rate of nucleation by reducing the 
preceeding recovery processes68. indeed the 
recrystallization temperature is reported33 to be lowered by 
copper additions, where the rate of recrystallization is 
maximum when the excess copper is in the form of coarse 
particles, less when in solution and least when as a fine 
precipitate. 

The deformation mechanisms proposed for dynamic 
recovery and dynamic recrystallization have been extensively 
reviewed in several recent works.27-29,68,112 

1.5. SUBSTRUCTURE STRENGTHENING 

Many workers68,98 have observed that the steady state 
flow stress and the subgrain size (d) under creep and hot 
working conditions can be related via an equation of the 
form: 

cr = crQ + kd~m 1.7. 

where OQ, k and m are constants. During high temperature 
deformation o-Q - 0 whilst m ranges in value from 1 to 
1.5.85,113. The exact effect of the subgrain structure on 
the flow stress characteristics are not fully understood, 
although it is generally thought that the strengthening 
arises because the sub-boundaries are the principle source 
of internal stress opposing dislocation motion69,114. 
Alternative relationships have been suggested by Jonas et 
a l 6 8 . 

a-1 = a + b Ln (S inh (oc cr)) 1.8. 

and d-1 = p (Sinh(txa))q 1.9. 

where a, b, p and q are constants. Since the temperature 
compensated strain rate is also a function of the hyperbolic 
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stress, many workers^O,23,76,98,115-117 have shown the 
subgrain size can be related to Z by a relationship of the 
form:-

a-m a + b Ln Z 1.10. 

The hot worked substructure retained by rapid cooling 
can also have a marked influence on the room temperature 
mechanical properties. Several workersllQt119 have observed 
that the yield strength cry can be related to the subgrain 
size through a modified Hall Petch equation:-

O y = + k d ~ m 1 . 1 1 . 

where CTa is the yield strength of the annealed material, m 
is a constant, and k a constant relating to the subgrain 
boundary strengtheningll9. In heat treatable alloys 
solution treating and ageing is likely to remove all traces 
of the substructure due to the occurrence of static 
recrystallization. Therefore, substructure strengthening is 
generally regarded to be more important in the production of 
non heat treatable alloys such as the 1000, 3000 and 5000 
series alloys. However, recent work!20,121 has shown that 
the presence of a retained substructure can improve creep 
resistance, whilst the effect on fatigue, fracture toughness 
and corrosion properties are currently being investigated in 
the field of thermomechanical processing.41,58,69 

The dependence of the subgrain size on the temperature 
compensated strain rate and their relationship with the room 
temperature mechanical properties is an important 
consideration in extrusion, since it should enable the final 
properties of the extrudate to be related to the process 
variables of temperature and strain rate. 
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CHAPTER 2 

THEORY 

2.1. Introduction 

In this chapter the analyses used to establish the flow 

characteristics from hot torsion test data are discussed. The 

temperature change and strain rate analyses for torsion testing 

and extrusion are also presented. 

2.2. Torsion Analysis 

2.2.1 Temperature Rise During Torsion Testing 

The adiabatic temperature rise during testing can be 

calculated using the following relationship:-

AT , J L . / £ m a x a d e 2.1 
^ n 

where ^ is the density, c the specific heat, H the fraction of 

work converted into heat, a the stress and strain e . 

Adiabatic conditions are only likely to occur at high 

strain rates, while at low strain rates heat loss by convection 

and conduction may be considerable. To allow for these heat losses 
122 

the finite difference model developed by Wright has been used. 

Tl-v specimen is divided into 20 radial and 40 axial elements 

giving them equal length and width for the specimen geometry. 

Heat losses by radial and axial conduction, and convection from 

the surface are considered. For aluminium alloys the radiation 



heat losses are negligible, but can be significant for other 

materials where the hot working temperature may be in excess 

of 1000 deg. K. Circumferencial conduction is ignored since 

the circumferencial elements will be deformed equally during 

testing and can therefore be expected to have a uniform 

temperature. Details of the mathematical analysis and the 

computer programme can be found in reference 122. 

The model assumes that strain and strain rate vary 

linearly across the radius, so that in order to evaluate the 

stress at any point, the variation of stress and strain rate 
27-29 

with strain must be known. Previous workers have used 

a relationship of the form 
a = A en 

where A and n are temperature independent constants, the equation 

being solved at several constant values of strain. A number of 

disadvantages are associated with this analysis, the principle 

one being the use of equivalent stress-strain rate data. A Fields 
126 

and Backoffen type analysis was used, which apart from being 

very laborious, is inherently incorrect as it assumes that the 

torque is a unique function of the amount of twist 0 and twist 

rate 0 , and independent of the detailed history of the test. 
It therefore makes no allowance for the temperature rise during 

127 

testing. Canova et al have described an alternative method 

which is reported to be history independent i.e. it is indepen-

dent of the strain rates and temperatures at which the previous 

strains were applied. However the analysis requires at least 

five specimens of differing radii in order to establish one 



stress strain curve. 

An alternative method has therefore been developed in 

the present work which uses raw torque twist data to evaluate 

the stress as a function of strain. The strain to peak arises 

from the operation of thermally activated mechanisms and there-

fore the controlling equation is likely to be in the form of 

equation 1.5. the general hot working equation 

The absolute values of the constants AH, a, n and A 

may either be a function of the strain to peak or similar to 

those at peak. The strain to peak will be dependent upon both 

the strain rate and temperature for each alloy therefore to corre-

late data at equivalent values of strain, an homologous strain 

can be defined such that 

£ = b ? 3 H c 
EP 

where e is the strain to peak and e the relevant value of 
P y 

strain. At equivalent values of the deformation mechanism 

might be expected to be consistent. Assuming that 

£ -S- 2.4 
©p 

it is then possible to digitize the torque twist curves in terms 

of homologous strain. 

Minimization of the torque twist rate temperature data 

at each provides a set of hot working constants that are 

strain dependent. The use of these constants and equation 2.5 



below enables a value of the flow stress to be calculated at 

each interval of strain in the temperature rise model. 

a = I In [ ( Z /A } V n J (
 Z /A ) 2 / n • 1 ] 2 .5 . 

122 

The original program TORTEMP from reference has been 

modified to read in the separate sets of constants and evaluate 

the stress to the required strain. A listing of the new programme 

THTEMP is shown in appendix VI . At each interval of strain the 
program evaluates a volume average temperature using the equation 

122 
defined by Wright 

T V = i i / R W r 2.6 

where Tr is the temperature of volume Vr at radius r. This allows 

for the fact that a greater volume of material is at a higher 

temperature in the outer elements. A value of stress at each 

strain increment is therefore calculated with reference to the 

actual temperature at that strain and not the initial temperature. 

The final volume average temperatures are used in a further 

minimization at each the new set of constants being used to 
H 

evaluate a new temperature rise, the minimization being repeated 

till no further change in the constants is recorded. Repeating 

the minimization enables a more realistic evaluation of the tempe-

rature rise, since the first set of constants are based upon the 

initial temperatures and are therefore likely to give temperature 

rises no better than the original stress-strain rate analysis. 

A futher development in the above analysis would be to 

define the stress dependency on strain in one equation~i.e. 



a = f (a(e), A(e), n(e), AH(e)) 

Such a relationship could be used in any deformation process 

where the strain associated with steady state is not achieved. 

Instances of this can be found in e.g. rolling for material 

adjacent to the roll gap or in extrusion for elements of the 

material adjacent to the shear zones or near the back of the 

deformation zone. The main problem here is that the present 

analysis uses a value of homologous strain and not the actual 

strain. Therefore for such an equation to be of any practical 

use, the relationship between e^ and strain rate and tempera-

ture must first be established. 

75 
Although numerous equations have been reported to 

predict the stress/strain behaviour, nearly all are limited to 
the specific temperatures and strain rates considered. Alter-
native constitutive equations have been proposed by several 

75 

workers , which claim to be able to predict the stress/strain 

behaviour for any combination of strain rate and temperature 

within the experimental range. However the variety of empirical 

equations proposed indicates that such equations are only rele-

vant t° "the precise conditions and testing techniques used and 

a more general relationship which includes the strain dependency 

of the flow stress ht different temperatures and strain rates has 

yet to be established. 

The temperature rise analysis described above represents 

a quicker and less tedious route for estimating the temperature 

rise during testing, and provides a set of hot working constants 
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at constant values of homologous strain up to and including the 

steady state. 

2.2.2. Evaluation of the Hot Working Constants 

Two methods have been utilized in the present work to 

evaluate the hot working constants AH, a , n and A in equation 

1.5. The first method is used in conjunction with the tempera-

ture rise analysis described in the previous section and is 

based on a mathematical minimization technique used to esta-

blish the least best squares fit to the equation. The second 

technique is based on a simpler graphical analysis and makes no 

allowance for a temperature change during testing. 

The conversion of shear stresses and strains from torsion 

into equivalent tensile stresses and strains is accomplished 

using Von Mises criterion:-

a = / T T 

Y 
£ = / r 2-7 

• 

Y e = -L-

ST 
2.2.2.1. Mathematical Minimization 

The general hot working equation described in section 1.4.1 

may be written as:-

Z = e exp ^ = A [ Sinh (aa)]n 2.8 
RT 

which can be re-arranged to give:-

ao = Sinh"1 [Z/A]1/n 2'9' 



The sinh term can be expanded using:-

To give:-

Sinh"1 x = ln[x + (1 + x2)*] 2.10 

1/ 2/ 
a = ̂ ln[( Z /A) n [(Z/A) 11 + 1]2] 2.11 

The surface strain rate during testing can be expressed 

in terms of the equivalent strain rate using :-

2.12 

/3L~ 
where r is the specimen gauge radius, 0 is the twist rate in 

revolutions per second and L the specimen length. 

The torque generated during testing may be related to the 

flow stress in a simple manner through 

— r ? ? M = KT / ar dr 2 .13 
rl 

where M is the torque and r^ and r the inner and outer radii 

of the gauge length respectively. (r = 0 for a solid specimen) 

Expanding the Z parameter in equation 2.11 and substitu-

ting for the flow stress and strain rate using equations 2.11 

and 2.12, equation 2.13 can be re-written:-

2 TT / 
r 2 

M = — ' r m 
a /D i 

/ . \ 1/ / . \ 2/ 
2nr0 exp AH/RT] n

+ [" /2ttt0 exp AH/RT j n 

/3 L A I 4 / 3 L A I 

r 2 dr 2.14 
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which now relates the torque, twist rate and temperature through 

the four constants AH, a , n and A. 

The solution to equation 2.14 is obtained by first defi-

ning a parameter C such that 

C = 2 TT Q exp AH/RT 

/3 L A 
2.15 

which allows equation 2.14 to be re-written 

M = — / 2[ln (Cr1/n) + In (1 + (Cr1/n)"2)]* J r 2 dr 2.16 
a/3 r 

1 

Equation 2.16 may be re-written as the sum of three integrals:-

M = — (J + J + J J 2.17 
a/3 1 2 3 

r 2 

I 2 where J, = In C J r dr 1 r r9 1 
1 f 2 ? J = - J r inr dr 2.18 

2 n j-
1 

J 3 = JT2r2 In [1 + (l + (Cr1/n)"2] dr 
r 1 

The solution to the three integrals can be found in references 
27 29 

' . A computer programme has been written to perform the 

calculations and is listed in the above references. The programme 

reads in the complete matrix of torque, twist rate and temperature 

data and iterates the values of AH, a, n and A to obtain the least 

squares regression between the calculated and experimental values. 

Initial estimates of AH, n and A were obtained from the following 

graphical analysis. 



2.2.2.2. Graphical Analysis 

At high stress levels the relationship between strain rate 

and stress may be written as:-

e = A 2 exp (8a) 2.20 

where 8 is a temperature independent constant. Also at high 

stress levels (acr > 1.2) and constant temperature equation 

2.8 reduces to:-

e = A Sinh (aa)n 2.21 

Expanding the Sinh term gives 

A 
G = — exp ( naa ) 2.22 

2" 
At low stress levels:-

» 
e = Ax a n i.e. (aa <0.8) 2.23 

where n1 is also assumed to be temperature independent . 

comparing equations 2.20 and 2.22 gives:-

8 = n a 2.24 

, 23 ~ ' given that n - n 

a 2.25 

where 8 is obtained from plotting ln e vs a at high stress levels 

i.e. low temperatures, n' by plotting ln e vs lna at low stress 

levels i.e. high temperatures. 

The analysis is however limited to the use of equivalent 

stress/strain rate data. This can be overcome by using the same 

substitutions used in the minimization analysis shown in equations 
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2.12 and 2.13 for the strain rate and stress. 

The power relationship can be re-written as:-

o = 

1 J 
2.26 

substituting for the stress and strain rate using equation 2.13 

and 2.12 gives:-

M 
T • "1 A/n' 
2 7 r r 0 " 2 - 2.27 M = Ii f 2 

73 /3 L A lJ 
r^ dr 

which can be integrated to give:-

M 2 IT /2TTG \ 1/n' M = 
7% \/3 A lj 

(3n ' + l)/n 1 (3nr+l)/2\ 

to' +1/ 
+ r. 2.28 

such that for a solid specimen ln M vs ln 0 gives:-

slope = n1 

. ^ „ ln 2tt . 1 intercept = + 
73 n' 

2 7T 
1A 

1/ J 

n' '3n' +1 
+ ln 

3n'+l 
ln r. 

n 

A similar analysis for the exponential equation 2.20 gives:-

M = 

2 TT 
8/3 

4 71 0 ]+ — | in r. 
3/3LA 

l/31- 11/ inr.-1^ 2.29 

for a solid specimen M vs ln Ogives :-

slope = 2 TT 

intercept = 

3/3 8 

2 7r 
3 

r2 
ln 

3 
2 7T 
/3LA 

In r.- V. 



Therefore values of A^, 8, A^ and n can now be derived 

from raw torque-twist data. 

To find the activation energy equation 2.8 is re-arranged 

to give:-

ln e = n In [A Sinh (ao) ] - — 2.30 
RT 

at constant flow stress:-

3ln e -R = AH 2 . 4 0 

3 X/T 

23 This may be expanded to give 

3 In e 
In Sinh (ao) 

In Sinh (acr ) 
3 lyT 

= AH 2.41 

Substituting for stress and strain rate using equations 2.12 and 

2.13 plots of:-

ln 2 ITT 0 
/3 L 

vs In Sinh a3M/3 
2 IT R% 

at constant temperature 

and 

In Sinh a3M/3 
27r r3 

V vs T at constant strain rate. 

enables values of AH to be obtained as a function of temperature 

at constant strain rate or vice-versa. 

Finally values of A and n can be obtained by using equation 

2.8 in the form:-

Z = A [Sinh (aa) ] n 

taking natural logarithms:-

In Z = In A + n In Sinh (ao) 2.42 
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Substituting for stress and strain rate using equations 

2.12 and 2.13, and using the values of a and A H already obtained, 

A and n can be derived from a plot of 

F 2 7T r 0 In AH , c- u /a3M/3 exp — vs In Sinh / 
RT \ . 3 \ 2 Trr L\ 1 • 

where intercept = In A and slope = n. 

A computer programme has been written to evaluate the 

values of AH, a, n and A using the raw torque-twist data and 

is listed in appendix VI. 

2.3. Extrusion Analysis 

2.3.1. Temperature Rise at Peak Load 

A characteristic of both direct and indirect extrusion is 

the more or less linear rise in load to a peak value at the start 

of extrusion. Since this represents a net energy input and hence 

heat into the system, an estimate of the temperature at peak load 

must be made. Assuming that the rise in load is linear for all 

extrusions, the work done can be approximated by:-

Work done = LP X dP 2.43 
2 

where Lp is the peak load and dp the ram displacement to peak. 

As the peak load is reached in a relatively short time, heat 

losses will be minimal so that the approximate heat gain may be 

written as: 

V B P A L C A L A T 

giving 
AT = iE_J§E_ 2.44 

2V PATCAT B AL AL 



For a maximum load of 5MN, the adiabatic temperature rise 

is approximately 30 deg C., the heat losses to the container 

therefore are likely to be negligible in the short time required 

to develop the peak load. In the present work this heat loss 

is further reduced by container temperatures of 50 deg. C below 

the billet temperature so that the assumption of an adiabatic 

temperature rise may be justified. 

2.3.2. Temperature Rise During Extrusion 

The temperature rise during extrusion has been estimated 

using ah integral profile model first developed by Sheppard and 
128 29 Wood and later modified for use with indirect extrusion 

The model places two control volumes over the billet, one around 

the deformation zone which is assumed to be a cone and the other 

around the undeformed billet. The heat leaving the two control 

volumes is equated to the heat generated in the deformation zone, 

the size of which is determined from the single triangle upper 
27-29 125 bound solutions . It is assumed that 90% of the work is 

converted into heat and that conduction of heat between the two 

control volumes does not occur i.e. there are no heat losses due 
7 to back conduction as shown by Tanner and Johnson . 

29 
The only modification to the model described by Paterson 

has been made to the temperature differential term allowing for 

heat loss to the tooling during extrusion1, since the original 

model assumes a constant liner temperature of 300 deg C. as 

opposed to the. variable temperature used in the present work. The 

modified programme EXTRUDE is shown listed in appendix VI. 



2.5.3. Strain Rate Evaluation 

During direct and indirect extrusion the values of strain 

rate will differ from point to point throughout the deformation 

zone. It is therefore necessary to define a mean value represen-

tative of the extrusion conditions. 

In the present work a mean strain rate for direct and 

indirect extrusion has been derived from single triangle axi-
28 29 129 

symmetric upper bound solutions ' ' . Using a mesh size of 

10 x 5 within the deforming triangle, the mean strain rate can 

be calculated by piecewise integration and time averaging of the 

strain rates acting along the five streamlines, coupled with area 

averaging over the 10 areas within the deformation zone. For 

direct "-extrusion the mean strain rate is comparable to the 

modified Felthams strain rate evaluated by Tutcher and Sheppard*^, 

whilst the indirect strain rate is higher at equivalent extrusion 

ratios and ram speeds due to the smaller deformation zone size 

involved. 

2.3.4. Evaluation of the Billet Container Friction 

During direct extrusion the force required to overcome the 

friction between the billet and container results in a marked 

increase in the overall pressure to extrude. The friction may 

be defined in one of two ways:-

1) the friction coefficient y where: 

x = y P 2.45 
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T is the tangential stress acting opposite to the motion 

and P is the pressure between the bodies3. 

ii) a constant friction factor m; where 
a 

t = m ( — - — ) 2.46 
/~3 

Oq is the flow stress of the plastic material and ranges 

in value 0 < m < 1. 

The coefficient of friction y can be experimentally evalua-

ted by one of 2 methods: 

I) Measuring the pressure to extrude two billets of different 

lengths L̂  and L under otherwise identical extrusion conditions, 
u HI 

where y is given by : 

y = — ^ In 2.47 
4 ( L R Y \ P 2 I 

where Dg is the billet diameter. 

ii) The rate of change of pressure with billet length can be used 
1 79 to evaluate y using the relationship ' :-

Dr ^P 
y = — 2.48 

4P dx 
where P is the ram pressure and x the axial distance along the 

container. 

The friction factor m can be calculated using the following 

relationship derived from the single triangle upper bound analysis 
28,29 

= ^ ( W Ri 1 2 8 2.49 
2CT (L -L ) 



where R^ is the billet radius. The accuracy of the friction 

factor m is largely dependent upon the value of stress a 

chosen to represent the material billet at the container interface, 

where theoretically the strain rate is zero. A mean strain 

rate derived from the adjacent layers must therefore be used 

to determine a value of flow stress, so that m can only be 

considered as an approximate guide to the friction conditions. 
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CHAPTER THREE 

EXPERIMENTAL 

3.1 INTRODUCTION 

The experimental procedures used to investigate the hot 
working characteristics, microstructural variations and 
mechanical properties of the aluminium-copper alloys are 
briefly outlined in the following section. The techniques 
are common to all the alloys considered unless otherwise 
stated. 

3.2 THE EXTRUSION PRESS 

The extrusion press used in the experimental work was a 
5MN fast action ENEFCO hydraulic press mounted vertically 
over an accessible pit (depth 3 metres). The press tooling 
was supported by a backing plate and the container could be 
raised or lowered hydraulically. The press layout is shown 
in Plate I with the operating controls, load indicating dial 
on the right, whilst the induction heater can be seen on the 
left. 

The container dimensions allowed the extrusion of a 
maximum billet length of 158 mm and the different size 
container liners were available for the extrusion of 57 or 
75 mm diameter billets. In order to minimize the effect of 
friction on the load, the length of the billet was usually 
95mm for 75mm diameter. 

An auxiliary pump enabled a fast approach by the ram 
prior to the commencement of extrusion. This reduced the 
time for heat loss from the billet while the ram was being 
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Plate I. General Layout of the Extrusion Press 



lowered. When the ram hit the pressure pad and the load 
exceeded 0.2 MN the pump was automatically bypassed and the 
ram moved at the pre-set speed during extrusion. The ram 
speed was controlled by adjusting the oil flow from the 
hydraulic pumps to give a range of speeds varying from 
2 mm/sec to 13 mm/sec. Higher speeds of the order of 100 
mm/sec to 600 mm/sec could be obtained by accumulator drive 
that is by discharging nitrogen filled bottles to increase 
the rate of delivery of oil to the main ram. 

3.2.1. CONTAINER'HEATING 

The container assembly was heated by two separate sets 
of inconel heating elements positioned in the container 
holder casting (8 elements) and the inner container liner 
(12 elements) giving a combined power rating of 16 kilowats 
The temperature of each container was controlled by two 
Eurotherms attached to thermocouples brazed onto each 
element. The temperature profile of the liner was measured 
by attaching thermocouples at various positions on the 
surface of the liner and was found to vary within + 5 deg.C 
of the set temperature. The liner temperature was set 50 
deg.C below the billet temperature for direct and indirect 
extrusion. The maximum temperature is limited by the 
tempering temperature of the steel, which is 530 deg.C. 

3.2.2. BILLET PREHEAT 

For direct extrusion of the 1,2,3 and 5% Cu alloys 
billets were preheated in a Banyard Metalheat induction 
furnace attached to the press. The furnace operated at 
mains frequency, the design enabling 75mm diameter billets 
of lengths up to 150mm to be heated to temperatures of 
600 deg.C at a rate of ~ 1 2 5 deg.C/min. depending on the 
billet length. The billet temperature was continually 
monitored by a thermocouple placed in a 15mm deep hole in 



the centre of the billet which also acted as the temperature 
controller for the induction heater. The induction heater 
was suspended from two rails and could be moved over the 
container by means of a pneumatic system operated by 
controls on the main press control panel. When the heater 
was above the container the hot billet was transferred 
manually by removing a rod that supported the billet in the 
coil. Extrusion could then be started as soon as the heater 
had returned to its initial position. The billets were 
allowed to soak for twenty minutes prior to extrusion to 
remove the possibility of any temperature gradients within 
the billet. 

The tooling for indirect extrusion prevented the use of 
the induction heater. In order to keep conditions for 
direct and indirect extrusion as similar as possible, all 
the billets for the 4% Cu 2014 alloy were preheated in an 
air circulating furnace adjacent to the press and 
transferred manually to the container immediately prior to 
extrusion. Each billet was drilled with a single central 
hole to monitor the temperature. With the furnace at 
temperature a heating rate of ~ 3 5 deg.C/min. could be 
achieved depending on the temperature set. As for induction 
heating, billets were soaked for twenty minutes. 

Both furnaces were calibrated using a billet with five 
15mm deep holes drilled axially across the radius from the 
centre, with the five Ni/Cr thermocouples connected to a 
multiple channel digital thermometer. 

Heat losses during transfer from the furnace to the 
press were allowed for by noting the transfer time and 
calculating the temperature drop from the cooling curves 
shown in appendix V 



3.2.3. EXTRUSION DATA RECORDING 

The data for all the extrusions was recorded on a 
Datalab DL2800 transient recorder consisting of a control 
module and four memory modules. This recorder which was 
designed to capture single-shot and low repetition events 
and present them for continuous oscilloscope display, is 
also ideal for high speed data acquisition. The recorder 
can sample at very fast rates, store the data, and then 
output it at an acceptable rate in analogue or digital form. 

The control module contains the timebase, delay control 
and output circuitry and is independent of the number of 
memory modules used. It permits recording cycles in single, 
delayed or continuous modes with manual or automatic 
triggers. The sampling rate varies from 0.5 ms to 200 ms 
per sample and records each channel simultaneously. The 
data for each channel is stored in the corresponding memory 
modules at 4096 x 10-bit words. A memory module consists of 
a pre-amplifier, a track and hold circuit, an 
analogue-to-digital converter and a digital memory. The 
pre-amplifier has switchable and continuously variable gain 
to allow for a wider range of input signals, and a d.c. 
offset control to bring biased inputs within the rate of the 
instrument. 

For the recording of the extrusion data the transient 
recorder was operated in the single mode with a manual 
trigger. The sample rate was generally 2 ms or 5 ms which 
gave recording times of 8 or 20 seconds respectively. 

The load was measured by a Mayes load cell, situated 
directly above the ram, the output of which increased from 
1.5 mV to 500 mV as the actual load and the indicated load 
rose from 0-500 Tons. These figures were confirmed by a 
calibration done by the National Physical Laboratory in 



March 1980. The output was recorded directly by the 
transient recorder with an input setting of 2 V full scale 
and an offset value of 5.0 (centre of the scale). 

The ram displacement was measured by a rectilinear 
potentiometer with a 0.6m stroke which was fixed between the 
main ram and the base of the press. The output from the 
displacement transducer varied by 1.75 V per 100mm movement 
of the ram and was recorded by the transient recorder with 
an input setting of 10 V full scale. The offset values used 
were 2.0 for direct extrusion and 3.5 for indirect 
extrusion. 

The hydraulic pressure of the press was measured with a 
pressure transducer situated at the inlet to the main 
cylinder. The output from this transducer increased from 
0-30 mV as the hydraulic pressure increased from 0-3500 
p.s.i. (0-24 MN/sq.m). The diameter of the main cylinder 
was 22.75" which gave pressure recording ranges of 0-1300 
MN/sq.m for a 75mm ram and 0-2265 MN/sq.m for a 57mm ram. 
This output was recorded by the transient with an input 
setting of 0.1 V full scale and an offset value of 5.0. 

The first 4000 words of each memory channel were 
individually displayed in analogue form on an oscilloscope. 
For a more permanent record each channel was plotted on an 
X-Y recorder which was linked to the transient. 

3.2.4. DIRECT EXTRUSION TOOLING 

Plate Ila) shows the direct extrusion tooling for 75mm 
diameter billets. The ram, container and die assembly are 
in the background with 95 x 75mm dia. billets, pressure pad, 
scraper pad and dies in the foreground. Also shown are 72 x 
57mm dia. billets and ram. 



b) Indirect Tooling 
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The ram, container liner, dies, pressure and scraper 
pads were all machined from KEA 5% Cr-V steel. 

Changing the die was effected by taking off the 
retaining ring, lifting out the die assembly and removing 
the die backer and die. The dies used for direct extrusion 
were for rod shaped extrudes with reduction ratios of 10, 
20, 30, 40, 50, 80, 100:1 and 150:1, the dimensions of which 
have been described elsewhere. 

3.2.5. INDIRECT EXTRUSION TOOLING 

The indirect tooling is shown in Plate lib). The ram 
and pressure pad have been replaced by a dummy block with a 
tapered notch for the removal of the discard after 
extrusion. This is shown in the left foreground in the 
discard removal postion. The die assembly is located at the 
top of a mandrel, the dimensions of which allow the 
container to pass over it. The mandrel and die assembly are 
shown in the centre of the plate, slightly out of position. 
A spare die holder, die backer and die are shown in the 
foreground with two 95 x 75mm dia. billets. The horseshoe 
piece on the right is to facilitate the removal of the 
discard from the container. All components were machined 
from KEA 145 5% Cr-V steel. 

Changing the die is effected by lifting the container, 
unscrewing the die holder and removing the die backer and 
die. The dies used for indirect extrusion were also for rod 
shaped extrudes with reduction ratios of 20, 30 and 40:1. 

The dimensional arrangement of the tooling for indirect 
extrusion is such that only 75mm dia. extrusions are 
possible with a minimum reduction ratio of 20:1 and a 
maximum billet length of 120mm. Detailed drawings of the 
tooling can be found in references 124, 129. 



3.2.6. WATER QUENCH 

In order that the structure of the material should 
reflect that due to the hot working process the extruded 
product was passed through a water quench immediately upon 
exit from the die assembly. 

The quench consisted of two concentric cylinders, the 
inner one containing holes of 1.2mm dia. drilled radially, 
532 of which were contained in the initial 26cm, the 
remainder in groups of 28 holes placed at 10cm intervals 
along the 1.37m length. Water was delivered at 
approximately 60 gallons/minute by a centrifugal pump. 

3.2.7. EXPERIMENTAL PROCEDURE 

Certain procedures were common to direct and indirect 
extrusion to ensure the tooling was at the optimum 
temperature . The containers were left at the required 
temperature for at least one hour before extrusion to allow 
the die and bolster to attain a similar temperature. The 
pressure pad, or the dummy block used in the indirect 
extrusion, were preheated on the container for at least 20 
minutes prior to extrusion. No lubrication was used in 
either direct or indirect extrusion. 

3.2.8. DIRECT EXTRUSION 

At the start of the extrusion cycle the container was 
hydraulically lowered onto the die assembly to obtain a 
pressure seal and two semi-circular rings were placed on top 
of the container to prevent any damage to the main ram. 
Upon transferring the preheated billet to the container, the 
pressure pad was dropped onto the billet and the water 
quench, recording instruments and the fast ram approach were 
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then initiated. Extrusion was continued at the 
predetermined speed until the main ram touched the rings 
whereupon the pumps were reversed and the ram raised. In 
order to assess the heat losses from the billet the 
extrusion cycle was timed from when the furnace door was 
opened until the ram hit the pressure pad. 

The container was then raised and the extrude cut with 
a hacksaw, before being punched through the die into the pit 
below. The discard (average length of 12.5mm) was removed 
by placing three circular rings between the bottom of the 
container and the die assembly, and using the ram to push a 
tight fitting scraper pad through the container. This also 
had the effect of cleaning the liner to produce similar 
starting conditions for each extrusion. 

The overall procedure is the same for the induction 
heated and furnace heated billets. 

3.2.9. INDIRECT EXTRUSION 

The procedure for indirect extrusion was essentially 
the same except that the 75mm ram was removed from the main 
ram and immediately prior to extrusion the container was 
raised such that the die assembly at the top of the mandrel 
was positioned in the bottom 50mm of the container. Upon 
transferring the preheated billet the dummy block was placed 
in the container and the extrusion cycle was initiated as 
for direct extrusion. When the main ram hit the dummy block 
both the billet and container were pushed down onto the 
mandrel and moved simultaneously at the predetermined speed 
during extrusion. 

At the end of extrusion, after the main ram had been 
raised, the container was hydraulically lowered to break the 
container/billet linkage. The container was then raised so 
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that the dummy block lifted off the die face, enabling the 
extrude to be cut. Following this the container was again 
lowered and the discard, the length of which was 
approximately 14mm including a diametrical allowance of 
1.8mm for the notch, was separated from the dummy block by 
punching it at the tapered notch. The ease of this 
operation was improved by lubricating the face of the dummy 
block with DAG 580 prior to extrusion. The container was 
then raised and lowered again to clean the container liner. 

It should be noted that the removal of the discard 
relies entirely on the hydraulic force exerted by the 
container. Since this is only 0.5 MN for the downward 
stroke and 0.75 MN for the upward stroke, large discards of 
the stronger alloys can remain stuck in the container. The 
only method of removal is then to heat the containers to 
high enough temperature to facilitate the removal of the 
'sticker'. 

3.3. MATERIALS 

The material was supplied by Alcan International 
Laboratories, Banbury, in the form of semi-continuously cast 
logs of 86mm diameter. The quoted compositions of the 
various casts used are given in Table 3.1. 

The as cast logs were homogenized at 500 deg.C for 24 
hours and furnace cooled. The homogenized material was 
turned to a diameter of 73.5mm, which allowed for expansion 
on preheating, and cut into billets of the required length. 



ALLOY 
%Cu 

CAST 
No 

Al Cu Fe Mg 

1 D679/681 REM 

2 D935 REM 

3 D936 REM 

4 D677 REM 

5 D680/683 REM 

4 D685 REM 

0.90 0.20 0.50 

1.97 0.15 0.40 

2.88 0.18 0.42 

3.90 0.20 0.47 

4.8 0.21 0.45 

3.8 0.20 0.001 

TABLE 3.1 Alloy Compositions in Weight Percent 

Mn Si Ti Zn B 
ppm 

0.71 0.82 0.014 0.02 7 

0.70 0.79 0.011 0.02 18 

0.70 0.81 0.014 0.02 22 

0.78 0.78 0.013 0.02 10 

0.75 0.86 0.012 0.02 12 

0.01 0.07 0.013 0.02 14 
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3.4. PARTIALLY EXTRUDED BILLETS 

In order to examine the flow patterns during steady 
state direct and indirect extrusion billets were extruded to 
half their length, and the discards quenched in water. The 
nature of the extrusion process makes a fast quench almost 
impossible, a quench delay of ^ 60 seconds was common. The 
billets were sectioned along the longitudinal axis using a 
Metaserv cut off wheel, which was continuously lubricated to 
avoid excessive heat generation. The face of one half of 
the billet was ground and polished in a similar manner to 
that of the extrudes and overetched in a modified Kellers 
reagant to reveal the grain structure and flow lines. 

The remaining half had a slice 3mm thick removed 
parellel to the section face using the cut off wheel, and 
specimens were taken from the desired positions using a fine 
piercing saw. Disc specimens were prepared for transmission 
electron microscopy as described in section 3.6.5. 

3.5. HEAT TREATMENT OF EXTRUDES 

The typical heat treatment given to extrudes of the 
2014 alloy was a solution treatment at 500 deg.C for 1/2 
hour in an air circulating furnace, followed by water 
quenching to room temperature and subsequent age hardening 
in an air circulating oven. Hardening versus time 
characteristics were determined for solution treated and 
press quenched extrudes by artificially ageing at 
temperatures of 120 deg.C, 160 deg.C and 180 deg.C for up to 
1000 hours. A standard treatment of 18 hours at 160 deg.C 
was adopted for most applications. The classification of 
the various heat treatments is given in Table 3.2. 



DESCRIPTION OF HEAT TREATMENTS TEMPER DESIGNATION 

A.A. B.S. 

As-extruded, quenched 
As-extruded, quenched, natural 
age 
Solution-treated, quenched, 
natural age 
As-extruded, quenched, 
artificial age 
Solution-treated, quenched, 
artificial age 

F 

T5 

TI 

T4 

T6 

M 

TB 

TE 

TF 

B.S. : British Standards B.S. 1470-1477 and 1490 
A.A. : Aluminium Association, U.S.A. 

TABLE 3.2. Classification of Heat Treatments Used 

3.6. EXAMINATION OF EXTRUDES 

Specimens for mechanical testing, for heat treating and 
for optical and electron microscopy were cut from a position 
of one third along the extrude length in order to ensure 
steady state conditions. Specimens were also taken from 
positions along the length of given extrudes to determine 
the change in structure. 

3.6.1. HARDNESS TESTS 

Hardness tests were carried out on a number of torsion 
specimens and extrudes in the as-extruded, solution treated, 
naturally aged and artificially aged conditions. Transverse 
specimens cut from the extrudes were tested at the edge, 
mid-radius and centre using a standard Vickers Hardness 
machine fitted with a 10 Kg weight. Microhardness results 
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were obtained using a 50 gm weight on a Reichert 
microhardness indenter attached to a Reichert optical 
microscope. 

3.6.2. TENSILE TESTS 
i 

Standard No. 12 Hounsfield specimens were machined from 
the extrudes and tested on an Instron Universal Testing 
machine. The crosshead speed remained constant during each 
test and the approximate strain rate was calculated using 
the initial gauge length. Tests were conducted at room 

-3 -1 
temperature with a strain rate of 5.2 x 10 sec . Tests 
were performed on as-extruded, naturally aged and 
artificially aged extrudes. • 
3.6.3. FRACTURE TESTS 

Fracture toughness tests were carried out on the 2014 
^ alloy extrudes in the artificially aged condition. This was 

done using the crack opening displacement method (COD) 
specified in British Standard B.S. 5762:1979. Specimens of 
dimensions (10 x 10 x 52) mm with a 2.5mm deep notch were 
machined from 16.77mm diameter extrudes, and 1mm thick knife 

^ edges were glued adjacent to the notch prior to testing. A 
fatigue crack of approximately 2.5mm was developed in each 
specimen, the length being determined, as specified, 
subsequent to testing. The testing was done on an Instron 

P Universal Testing machine using a three-point bending 
system. The load and the crack displacement, which was 
measured with a clip gauge specified in B.S. 5762:1979, were 
output directly to an X-Y recorder. The maximum applied 
force and the plastic component of the clip gauge opening 

l displacement were used in the analysis described in B.S. 
5762:1979 to obtain values of the critical crack opening 
displacement from which fracture toughness can be estimated. 



3.6.4. OPTICAL MICROSCOPY 

Both longitudinal and transverse sections were cut from 
the extrude, heat treated if required, and prepared for 
optical examination. The sections were mounted in Metaserv 
S.W., a slow hardening resin which has the advantage of 
setting without any temperature rise. The mounted specimens 
were ground on 200 and 800 grade silicon carbide papers and 
polished using 6 pm and 1 pm diamond paste. Final polishing 
was achieved using 0.3. urn alumina powder. 

After much trial and error with caustic, nitrate and 
nitric acids etches it was found that a modified Kellers 
Reagent recommended for 24S alloys by Alcan was suitable for 
all the alloys:-

2mlHF 3mlHCl 5mlHNOg 190mlH20 

The etching time depended on the state of the extrude 
i.e. as extruded or heat treated and on the Cu content, 
varying from 30-40 sees for the 1% Cu alloy to 10-15 sees 
for the 5% Cu alloy. The specimens were cleaned with 
concentrated nitric acid before and after etching, and then 
washed in a stream of water and blow dried. 

3.6.5. ELECTRON MICROSCOPY 

Transverse and longitudinal sections 2-3mm thick were 
carefully cut from the torsion specimens and extrudes using 
a fine piercing saw and ground to a thickness of 0.25-0.3mm, 
from which 3mm discs were punched using a simple hand press. 
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The discs were electropolished in a commercial Struers jet 
thinner using a solution of 30% nitric acid - methanol. 
Good results were obtained for all the alloys using a 
potential of 13 volts at a temperature of -30 deg.C. It was 

k sometimes necessary to use the window technique in which 
case specimens were carefully ground to a thickness of less 
than 0.15mm and eletropolished using the same solution and 
conditions as above. 

The specimens were examined in a high resolution 
Phillips EM 301 100 kV transmission electron microscope. 

Specimens for scanning electron microscopy needed no 
t special preparation apart from the simple mounting 

procedure. The samples were examined using a Cambridge 
Streoscan and Jeol T-200 scanning electron microscope. 

3.6.6. SURFACE QUALITY 
ft 

The surface quality is of prime importance in many 
industrial extrusion processes. Extrudes were assessed for 
quality and categorized as follows:-

ft 
A - Good surface finish along the whole extrude length. 
B - Surface cracking along part of the extrude length. 
C - Surface cracking along the whole extrude with some 

hot shortness. 
ft 

A series of extrusion runs were made to determine the effect 
on the surface of different billet preheating conditions. 

> 3.6.7. STRESS CORROSION TESTING 

The stress corrosion resistance has been tested using 
the alternate immersion constant strain Alcoa Test. Three 
1/8 inch diameter tensile specimens were machined from 50:1 



extrudes for each test condition and loaded into individual 
wedge-type stressing frames. The tensile specimens were 
pre-strained to 75% of their proof stress under a constant 
uniaxial tensile stress. The stress was measured to a 
standard error of 0.5% using a type F Huggenburger 
Tensometer. In general stresses are not applied to 75% of 
the proof stress to avoid significant stress relaxation 
during the exposure test. The stressing frame and shoulder 
area of the specimen were coated with molten Maskcoat to 
leave the 1/2 inch gauge length exposed. The exposed 
section was cleaned with acetone before placing in an 
alternate immersion tank containing 3% NaCl at a constant 
room temperature of 25 deg.C. The specimens were immersed 
for 10 minutes on every hour and checked daily for any signs 
of cracking. Details of the specimen dimensions and 
apparatus can be found in references.1 • 

3.7. TORSION TESTS 

Specimens for torsion testing were machined from 
extruded rod (extrusion ratio 10:1) which had been heat 
treated at 500 deg.C for 24 hours and furnace cooled. The 
specimens were machined to the specifications in Figure 3.1. 

The testing machine, details of which are given by 
T w e e d a l e l 4 0 , w as capable of twisting at 1 0 0 0 r.p.m. maximum 
which is equivalent to a surface shear strain rate of 50 sec 
for the specimen geometry used. Tests were carried out over 
a range of shear strain rates from 0.05 sec' to 50 sec1 
and over a temperature range of 280 - 483 deg.C. 

The specimens were clamped in the machine and heated in 
situ by an induction coil, the temperature being controlled 
by a mineral insulated NiCr/NiAl thermocouple inserted in 
one end of the specimen and connected to a Eurotherm 
controller. The temperatures along the gauge length and the 



u. 9 12* 

Figure 3.1 Torsion Specimen 
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settings of the Eurotherm controller were calibrated with 
another thermocouple connected to a Cormark digital 
thermometer. This indicated that after a five minute 
soaking period the Eurotherm controlled and maintained the 
temperature along the gauge length to within +2 deg.C, i.e. 
less than 1% error. 

Upon twisting, the torque generated was measured by a 
load cell situated at the end of a lever arm and connected 
to a high speed U.V. recorder. The load cell was regularly 
calibrated by the application of known moments about the 
shaft. The twist data was measured with a light source and 
a photoelectric cell separated by a wheel containing radial 
gaps positioned evenly around the circumference. The gaps 
triggered a voltage drop which was recorded on the U.V. 
recorder. The load cell output was displayed simultaneously 
with the trigger marks produced at every 1/10 revolution of 
the specimen. Since the paper speed from the recorder was 
known, the twist rate could be calculated. When the peak 
torque coincided with steady state flow the test was stopped 
and automatically quenched in water to retain the hot worked 
structure. 
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CHAPTER 4 

RESULTS AND DISCUSSION 
• » 

4.1. TORSION DATA ANALYSIS 

The hot torsion test has been used to evaluate the hot 
working characteristics of the alloys listed in table 3.1. A 
temperature range of 480 deg.C to 280 deg.C and a strain rate 
range of 26 sec 1 to 0.03 sec has been tested, as described in 
section 3.7. Specimens were tested to peak torque, stopped and 

^ water quenched at a rate of ^ 60 deg.C per sec. 

4.1.1. TORQUE TWIST CURVES 

The torque twist curves from all the tests produced 
* three characteristic sets of curves. Those at high 

temperatures and low strain rates, i.e. low Z (Fig. 4.1), 
showed an initial rapid rise in torque corresponding to the 
interval of microstrain deformation, where the strain rate 

i rises from zero to that applicable to the test. A decrease 
in the slope of torque twist curve indicates that this stage 
has been left and work hardening has commenced. As the work 
hardening decreases with increasing strain, the slope of the 
load curve decreases. This continues until a steady state 

* is achieved where the rate of dislocation generation is 
equal to the rate of annihilation. 

The second type of curve (Fig. 4.2) corresponds to 
i tests carried out between 330-400 deg.C and strain rates of 

1 to 5s.-1 Once again there is a rapid rise in torque, 
followed by a more prominent interval of work hardening, 
where the degree of work hardening tended to increase with 
alloy content. The final type of curve (Fig. 4.3) 
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(n) 

(i) 3%Cu T,=IS8*C £= 0025s" 
(II) 2%Cu T, = IS8°C 6=0025*" 
(111) 4%Cu T,3t75*C £= 0032s" 

(Binary Alloy ) 

0-1 0-2 
Revolutions 

0-3 

(i) 

( I I ) 

(i) 2V.CuTl=339°C 6=2-65s" 
(u) IV.Cu T,= 3S5*C l=2 Ms-

0-1 0-2 
Revolutions 

0-3 

Figure 4.1 Low Zj Figure 4.2 Mid Z-

t 

Figure 4.3 High Zj 

Torque Twist Curves 



corresponds to tests at high Z values, i.e. low temperatures 
and high strain rates. The initial stage of microstrain 
deformation is followed by a decreasing work hardening rate 
prior to a fall in torque and in most tests failure. The 
steady decrease in torque after peak is due to the 
conversion of energy input to heat, resulting in a reduced 
flow stress. 

The effect of alloy content on the nature of the torque 
twist curves was noticeable in the second and third type of 
curve due to the effects of increased work hardening in the 
higher Cu alloys. 

4.1.2. TEMPERATURE RISE DURING TESTING 

The temperature rise during testing has been evaluated 
using the analysis described in section 2.2.1. a complete 
listing of the results is shown in appendix I. It is 
apparent from these results that the strain to peak torque 
is relatively small in all the alloys and it was therefore 
decided to analyse the curves at 0.5, 0.75 and 1.0 
homologous strains, where for all the tests a. linear 
increase in torque with strain occurs below 0.5 6j_|as shown 
in figures 4.1 to 4.3. The initial and temperature 
corrected values of the hot working constants are shown in 
table 4.1. 

The results in appendix I show that in general the 
temperature rise increases with decreasing initial 
temperature and increasing strain rate as the flow stress 
increases and the heat losses decrease. The hot working 
constants in table 4.1. show that inclusion of the 
temperature rise reduces the absolute values of A H, <x. and 
A, the difference increasing with strain as the temperature 
rise increases, whilst n shows no significant change. 
Previous workers27-29, 122 have reported similar trends for 



INITIAL TEMPERATURE ACTUAL TEMPERATURE 

£H A H J/mole 
c< 
n2/MN 

n A -1 
s 

cc £H A H 
J/nole 

(X 
B2/MN 

n A -1 s 
cc 

1.00 157907 0.0207 5.69 6.24x10 1 1 0.9854 1.00 147950 0.0167 5.65 4 .25x10 ' n 
0.9778 

Cu 0.75 161012 0.0235 5-38 5.22x101 1 0.9814 1% Cu 0.75 153706 0.0200 5.40 5.75x10 1 1 0.9761 

0.50 168755 0.0274 5.32 8.18x10 1 1 
0.9795 0.50 165099 0.0241 5.39 6 .97x10 1 1 0.9762 

1.00 162525 0.0192 4.90 1.60x10 1 2 
0.9889 1.00 152817 0.0144 5.13 1 ,60x10 1 2 

0.9893 

Cu 0.75 165159 0.0202 4.80 1.42x10 1 2 0.9890 2£ Cu 0.75 155860 0.0165 4.93 1 .26x10 1 2 
0.9889 

0.50 166915 0.0219 4 .69 2 .07x10 1 2 0.9886 0.50 161526 0.0191 4 .80 1 .82x10 1 2 0.9884 

1.00 157515 0.0171 5.07 7.11x10 1 1 
0.9705 1.00 145964 0.0153 5.15 4.02x10 1 1 0.9688 

3* Cu 0.75 157679 0.0181 5.01 5.71x101 1 
0.9717 Cu 0 .75 149085 0.0155 4 .99 5.59X10'11 0.9700 

0.50 161594 0.0255 4.53 1.90x10 1 1 0.9606 0 .50 154293 0.0220 4.62 1.25x10 1 1 
0.9583 

1.00 158245 0.0159 5.04 4.42x10 9 0.9924 1.00 150509 0.0128 5.13 4.51X10 9 0.9910 

52 Cu 0.75 158641 0.0162 5.02 4.74x10 9 
0.9891 5# Cu 0 .75 152504 0.0157 5.11 4.74x1O9 0.9883 

0.50 139745 0.0195 4.58 1.19x109 
0.9856 0.50 134579 0.0173 4 .67 1.21x10 9 0.9845 

4£ Cu 
Binary 

1.00 150780 0.0249 3.96 4.17x10 9 
0.9876 

Cu 
Binary 

1.00 127629 0.0229 3-91 5.51x10 9 
0.9885 

4£ Cu 
Binary 0.75 152478 0.0278 3.87 5.73x10 9 

0.9827 
Cu 

Binary 0.75 150197 0.0259 3.86 5.55X109 
0.9835 

0.50 135305 0.0562 3.62 2.26x10 9 0.9668 0.50 133374 0.0545 3-65 2.05x10 9 0.9878 

Table 4.1 Initial and temperature corrected hot working 
working constants at homologous strains of 
1.0, 0.75 and 0.5 
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1000, 2000, 5000 and 7000 series alloys. The similarity 
suggests that if the temperature rise during testing is 
ignored, then the flow stress characteristics described by 
equation 1.5 are likely to be inaccurate due to the 
temperature dependency of the torque and hence flow stress. 

In the analysis described in section 2.2.1. an average 
temperature rise was evaluated by integrating over the 
volume elements in the gauge section using equation 2.6 
below: 

Tv = 
TVR2L 

TrVrdr 2.6 

= o 

The temperature rise model predicts that heat flow to 
the end pieces during testing will result in a higher 
temperature in the centre of the gauge. This is to some 
extent proved by the fact that all the specimens which 
failed during testing, failed in the centre. Therefore an 
alternative average temperature has been evaluated by 
integrating the temperature at each central axial point over 
the cross sectional area of the specimen using the following 
relationship: 

T A V 
7YR2 

Tr2 TYrdr 4.1 

where Tr is the temperature at the radial position r. 

This effectively gives an area average temperature TAV 
at each axial point along the gauge section. Examples of 
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the predicted temperature profiles in high and low strain 
rate tests are shown in figure 4.4. The figure shows that a 
more or less uniform temperature profile exists for a short 
time after the start of the test i.e. at = 0.5. This is 
caused by the ends of the gauge length being fixed at the 
initial test temperature, so providing a constant heat sink. 
At high strain rates the heat generation rate is large, but 
the conduction rate is smaller which results in a uniform 
gauge temperature profile,until high strains are reached. 
At slower strain rates the lower heat generation rate and 
longer testing time allows conduction towards the ends to 
produce a distinct temperature profile. 

Precise experimental verification of temperature 
profiles during testing have yet to be made. However 
Castle25 observed when testing specimens of a longer gauge 
length, that the onset of hot shortness always occurred in 
the centre of the gauge length and decreased towards the 
ends as predicted by the temperature profiles in figure 4.4. 

Since the peak torque will be a function of the maximum 
temperature during testing, the area average temperature at 
the centre of the gauge length has been used as the actual 
temperature in a trial run on the l%Cu and 3%Cu alloys. A 
full listing of the temperature rises, flow stresses and 
temperature corrected hot working constants are shown in 
Table 4.2. and can be compared with the volume average 
temperature results in appendix I and table 4.1. The new 
constants predict slightly higher values of flow stress at 
equivalent strain rates and temperatures, although the 
maximum difference at high strain rates and low temperatures 
is less than 1.5%. This therefore suggests that the 
inclusion of an area average temperature produces no real 
change in the overall correlation, and results in predicted 
flow stresses similar to those produced assuming a volume 
average temperature. 
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2 U 6 8 10 
D i s t a n c e A l o n g T h e G a u g e L e n g t h (mm) C e n t r e 

Area average temperature profiles at 
homologous strains of 1.0, 0.75 and 0.5 

1 % Cu 

£ H A H c* 

1 % Cu 
CODE STRESS 

MN/M2 

HOMOLO GOUS STRAINS 
l.OOH 0.75H 0.05H 
TEMP TEMP TEMP 
DEG.C DEG.C DEG.C 

3 % C u 
CODE STRESS 

MN/M2 

HOMOLOGOUS STRAINS 
l.OOH 0.75H 0.05H 
TEMP TEMP TEMP 
DEG.C DEG.C DEG.C 

11-1 61. 10 295.0 295. 0 295. 0 31-1 79 .53 280. 0 280. 0 280.0 
11-2 80 59 298.0 298. 0 298. 0 31-21 109 .84 283. 0 282. 0 282.0 
11-3 88 82 324.0 320. 0 316. 0 31-22 109 .08 284. 0 283. 0 283.0 
11-4 105 44 313.0 308. 0 305. 0 31-3 133 .94 290. 0 288. 0 285.0 
11-5 114 27 318.0 312. 0 308. 0 31-41 150 .08 291 0 288. 0 286.0 
12-1 38 65 357.0 355. 0 355. 0 31-42 148 .66 293. 0 290. 0 287.0 
12—2 55 22 357.0 357. 0 357. 0 31-5 151 .80 311 0 303. 0 297.0 
12-31 71 89 363.0 361 0 359. 0 32-1 49 .21 339. 0 339. 0 339.0 
12-32 71 05 365.0 363. 0 360. 0 32-2 72 .42 342. 0 341. 0 341.0 
12-5 91 23 367.0 364. 0 361. 0 32-31 97 .55 344. 0 343. 0 342.0 
13-1 26 04 415.0 415. 0 415. 0 32-32 98 . 15 343. 0 342. 0 341.0 
13-2 38 04 417.0 417. 0 416. 0 32-33 94 .81 349. 0 346. 0 344.0 
13-3 52 16 422.0 421 0 419. 0 32-4 111 .92 346. 0 344. 0 343.0 
13-4 60 15 425.0 423. 0 421. 0 32-5 117 .41 363. 0 357. 0 353.0 
13-5 63 .11 447.0 440. 0 432. 0 33-1 31 .22 398. 0 398. 0 398.0 
14-11 18 15 475.0 475. 0 475. 0 33-21 49 .03 398. 0 399. 0 398.0 
14-12 18 15 475.0 475. 0 475. 0 33-22 48 .70 399. 0 399. 0 399.0 
14-2 27 20 476.0 476. 0 476. 0 33-3 68 .73 402. 0 401. 0 400.0 
14-3 39 00 477.0 477. 0 476. 0 33-41 81 .18 404. 0 402. 0 401 .0 
14-4 45 .14 483.0 481 0 479. 0 33-42 79 .62 408. 0 406. 0 403.0 
14-51 52 .66 487.0 484. 0 481 0 34-11 20 .79 458. 0 458. 0 458.0 14-51 

34-12 20 .79 458. 0 458. 0 458.0 
34-2 33 . 49 458. 0 458. 0 458.0 
34-3 49 .03 460. 0 459. 0 459.0 
34-4 58 .57 464. 0 463. 0 461 .0 
34-5 68 .12 472. 0 469. 0 465.0 
35-1 17 .84 483. 0 483. 0 483.0 
35-3 43 .11 484. 0 483. 0 484.0 
35—5 61 16 496. 0 493. 0 490.0 

3 % Cu 

eH A H OC 

1.00 

0 . 7 5 

0 . 5 0 

14764-9 

1 5 2 4 1 6 

162608 

0.0171 

0 . 0 1 9 9 

0 . 0 2 4 0 

5.48 

5.50 

5.52 

5.36x10 

2 . 9 2 x 1 0 

6.97x10 

11 

11 

11 

0.9755 

0.9720 

0 . 9 7 2 8 

1.00 

0 . 7 5 

0 . 5 0 

144311 

1 4 7 6 3 5 

1 5 4 0 0 6 

0 . 0 1 3 1 

0 . 0 1 4 6 

0 . 0 2 1 5 

5 . 0 3 

5 . 0 6 

4 . 7 4 

3 - 3 6 x 1 0 

3.36x10 

1.35x10 

11 

11 

11 

0.9666 
0.9696 

0.9576 

Table 4.2 Area average temperature rises, flow stress 
data and hot working constants in the Cu 
and Cu alloys 



Before leaving this subject it may be useful to compare 
the adiabatic temperature rises at low and high strain rates 
with the two average temperature rises. The results in 
table 4.3. show that the volume average temperature rises 
are lower at high and low strain rates, although one might 
have expected a similar temperature rise to the adiabatic 
case at high strain rates. The area average temperature 
rises are ^ 1 0 % lower at both strain rates. The question 
arises as to whether at high strain rates an area average 
temperature rise is more applicable and at low strain rates 
a volume average temperature rise. The answer to the 
question could be obtained from accurate temperature 
measurements during testing, which was not possible in the 
present work. However, the results in tables 4.1. and 4.2. 
suggest that such an exercise may not significantly alter 
the flow stress characteristics, due to the small difference 
in temperature rise shown in table 4.3. 

TI = 280 °C TI = 339°C 
£ = 26.0 £ = 2.6 

Trise(°C) 0.5 0.75 1.0 0.5 0.75 1.0 
Vol Ave 15 19 25 5 7 
Area Ave 17 25 31 5-0 7 10 
Adiabatic 17 25 34 5-5 8 11 

Table 4.3 Comparison between the evaluated temperature 
rises during torsion testing. 

4.1.3. FLOW STRESS CHARACTERISTICS 

There are several factors which affect the ease of 
dynamic recovery during deformation and therefore the flow 
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stress characteristics. The two most obvious factors are 
the process parameters of temperature and strain rate. 
There effects have been well documented68,69 where the 
relationship between them and the flow stress can be 
accurately described by either the general hot working 
equation or the individual stress strain rate relationships 
shown in section 1.4.1. An increase in temperature reduces 
the flow stress as thermally activated cross slip and climb 
increases the rate of recovery. An increase in strain rate 
increases the dislocation generation rate and effectively 
reduces the time for the recovery processes resulting in a 
less recovered substructure and higher flow stress. The two 
conflicting parameters can be combined into a single 
parameter Z, the temperature compensated strain rate, which 
previous workers23,27-29,69 have shown can be used to 
predict a specific substructure or flow stress for any 
combination of temperature and strain rate. 

Perhaps the other most important factor is the material 
itself. The rate of dynamic recovery will be dependent upon 
the nature of the material e.g. pure metal, solid solution, 
the nature of the precipitate and particle distribution etc. 
and as such will ultimately determine the flow stress 
characteristics described by the temperature - strain rate 
relationships. 

In the present work the effect of an increase in copper 
content on the flow stress characteristics of the 1% Cu to 
5% Cu 2000 series alloys has been investigated, whilst the 
effect of the second phase particles associated with the Mg, 
Mn and Si has also been investigated using the binary Al-4% 
Cu alloy listed in table 3.1. The flow stress 
characteristics have been established using the graphical 
analysis described in section 2.2.2.2. and the mathematical 
minimization technique described in section 2.2.2.1. using 



the temperature corrected data discussed in the previous 
section. 

4.1.3.1. GRAPHICAL ANALYSIS 

With aid of the computer programme TRQGRAF listed in 
appendix VI, the graphical analysis has been carried out for 
each of the alloys, the results shown in table 4.4. 

The applicability of equations 2.20. and 2.23. to the 
high and low stress data is shown by the high correlation 
coefficients which exist at all temperatures. Only the 1% 
Cu and binary alloy show a reduction in correlation when the 
exponential equation is applied to data above 350 deg.C, the 
correlation decreasing with increasing temperature. The 
power relation results in a good correlation at all 
temperatures. The constants n1 and j8 are clearly 
temperature dependent^ increasing with temperature whilst 
n1 decreases. Since 1/n1 is a direct measure of the strain 
rate sensitivity at constant temperature, the results in 
figure 4.5. clearly show that for all the alloys the strain 
rate sensitivity increases with temperature as the rate of 
dynamic recovery increases. The applied stress at higher 
temperatures may therefore be regarded as more effective in 
aiding dislocation motion and so more dependent on the 
strain rate. This is also reflected in the higher strain 
rate sensitivity of the binary alloy due to the reduction in 
the number of second phase particles which inhibit 
dislocation motion. The effect of copper content on the 
strain rate sensitivity is masked by the scatter in the 
values of 1/n', which can be attributed to the limited 
number of results available at each temperature and the 

2.20 

£ = Ax <j 2.23 



T I 

°C 

A 
CC 

/ 
n cc Ln(£) v 

Ln(Sinh(<x<r)) 
gradient cc 

Ln(l/T) v 
Ln(Sinh(<*cr)) 
gradient cc 

A H 

J/mole 

n LnA CC 

295 0 .1259 .9967 10 552 .9961 5.422 .9971 3496.6 .9889 155706. 5. 422 24 .595 .9971 
Cu 355. 0 .1361 .9971 "7 385 .9985 5.107 .9998 3546.4 .9938 146654. 5. 107 25 .734 .9998 

415. 0 .1597 .9789 6. 810 .9902 5.298 .9874 3642.3 .9942 152127. 5. 298 25 .308 .9874 
475. 0 .1751 .9799 5 720 .9966 4.875 .9945 3310.4 .9849 140000. 4. 875 24 .893 .9945 

280. 0 .0915 .9993 9 812 .9975 5.088 .9997 3758.2 .9931 153857. 5. 088 28 .455 .9997 

2% Cu 339. 0 . 1146 .9988 7. 479 .9893 5.385 .9963 3460.6 .9977 162860. 5. 385 28 .938 .9963 Cu 
398. 0 . 1506 .9977 7. 271 .9917 5.956 .9955 3636.1 .9938 180111. 5. 956 28 .459 .9955 
458. 0 .1575 .9952 5. 386 .9905 4.829 .9942 3567.8 .9945 146036. 4. 829 28 .092 .9942 

280. 0 .0898 .9953 10. 599 .9947 5.030 .9958 3969.8 .9947 156535. 5. 030 26 .933 .9958 

p,, 339. 0 .1135 .9974 8. 126 .9976 5.531 .9992 3828.4 .9871 172126. 5.531 27 .843 .9992 
1)7> OU 398. 0 .1194 .9860 6. 827 .9995 5.207 .9963 3561.1 .9848 162033. 5 . 207 27 .283 .9963 

458. 0 .1376 .9980 5. 228 .9930 4.564 .9972 3580.6 .9878 142024. 4. 564 26 .912 .9972 

295. 0 .0807 .9935 10. 280 .9987 5.799 .9954 3061.3 .9987 138292. 5. 799 23 .290 .9954 

Pi, 355. 0 .0913 .9968 8. 345 .9992 5.834 .9989 2861.4 .9984 139138. 5. 834 23 .465 .9989 
OU 415. 0 . 1080 .9999 7. 449 .9958 5.929 .9985 2751.4 .9959 141389. 5. 929 23 .207 .9985 

475. 0 . 1211 .9976 6. 285 .9981 5.464 .9993 2647.9 .9999 130305. 5. 464 23 .340 .9993 

300. 0 . 1049 .9994 7. 842 .9938 3.868 .9995 4070.6 .9923 129824. 3. 868 21 .749 .9995 
Cu 350. 0 . 1288 .9888 7. 390 .9985 4.461 .9938 4513.1 .9981 149711. 4. 461 21 .469 .9938 

(Binary) 390. 0 .1207 .9786 5. 306 .9997 3.754 .9930 4127.2 .9929 125976. 3. 754 22 .185 .9930 
430. 0 . 1392 .9690 5. 154 .9950 3.963 .9881 3799.1 .9861 132996. 3. 963 21 .865 .9881 
475. 0 .1399 .9688 4 . 061 .9978 3.402 .9943 3674.1 .9944 114175. 3. 402 21 .602 .9943 

Table 4.4- Emp'rrical constants derived from the 
graphical analysis 
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temperature rise during testing. 

In section 2.2.2.2. it was shown that values of 
could be obtained using the relationship cx ~j6/n' wherejQ 
and n correspond to the low and high stress values 
respectively. Using this data values of cX were calculated 
for each alloy, the results are shown in table 4.5. The 
description of c< as being reciprocal stress at which Z 
changes from a power to an exponential relationship means 
that in the 1% Cu and binary alloy at stresses below 45 
MN/m2 the exponential relationship no longer holds. This 
stress level coincides with tests carried out above 350 
deg.C and below £ of 1 to 25s~l depending on the 
temperature. The fact that both equations apply at all 
temperatures in the other alloys is perhaps indicative of 
the higher stresses associated with these alloys. Previous 
w o r k e r s 2 6 , 1 5 0 have also shown that a linear temperature 
dependency for c* can be established by using the individual 
values of jS and n' at each temperature. Figure 4.6. shows a 
similar linear increase can be established in the present 
series of alloys. It is doubtful whether any physical 
significance can be attached to this since £X ~j8/n1 is 
strictly only correct when n /v n1, which coincides with the 
high temperature values of n' only as shown in table 4.1. 
The temperature dependency shown in figure 4.6. is perhaps 
not surprising since both^# and n are related to the strain 
rate sensitivity. This fact was recognised by G a r o f a l o 7 7 

who points out that the increase in alpha with temperature 
is due to the decrease in n' not being sufficient to 
compensate for the increase injfy with temperature. 

Using the regression data from the plots on Ln £ v Ln 
sinh ( o< cr ) and Ln sinh ( cX c ) vs 1/T, values of the 
activation energy A H have been calculated at each test 
temperature the results shown in table 4.4. No consistent 



variation in A H with temperature was found, although all 
the alloys exhibit a lower than average value at the highest 
test temperatures. 

Values of n and A have been established at each 
temperature from the regression of LnZ vs Ln sinh ( c< c ), 

the results shown in table 4.4. No apparent trend was found 
for either of the constants with temperature, where the mean 
values in table 4.5. show no consistent variation of n with 
copper content, whilst A decreases with copper content above 
2% Cu. The mean values of n and A are lowest in the binary 
alloy. 

In order to establish the overall correlation of the 
constants, the steady state flow stress was calculated for 
each test condition using equation 2.5. and the average 
values of AH, n and A shown in table 4.5. and compared 
with the corresponding peak torque data in appendix I. 
Table 4.5. shows that a good correlation exists for all the 
alloys, even though the temperature rise has not been 
allowed for and only average values A H, n and A were 
considered. 

The usefulness of the graphical analysis as a means of 
obtaining realistic values of the hot working constants is 
somewhat limited due to the original assumptions made in the 
analysis and the use of initial temperature torque-twist 
data and hence no allowance for the temperature rises 
predicted in section 4.1.2. However the analysis is a 
useful guide as to the nature of the individual temperature 
and strain rate dependencies of the torque-twist data and 
provides a quick method, with the aid of TRQGRAF, to 
estimate initial values of the hot working constants for use 
in the minimization analysis described in section 2.2.2.1. 
The values of the constants in table 4.5. have been used for 
this purpose in the present work. 



A H (X n A cc 

1 148622 0.0220 5 .09 8 .71x10 1 0 
0.9882 

2 161461 0.0168 5.28 2 .94x10 1 2 
0.9895 

3 153240 0.0181 4 .72 2.12x10 1 1 
0.9717 

5 137281 0.0128 5-75 1 .34x10 1 0 0.9825 

4B 128913 0.0283 3-49 1.44x10^ 0.9843 

Table 4.5 Hot working constants derived from 
the graphical analysis 

» 

r 

i 

k 

FORTRAN HIGH SPEED MINIMISATION.(RPV-2.7.82-VERS2.2) 
FLOU STRESS DATA ANALYSIS FOR THE TORSION TEST 
TABLE OF RESIDUALS FOR 2014 
THE SPECIMEN DIMENSIONS ARE 

INNER RADIUS = O 
OUTER RADIUS = 5.00 
LENGTH = 10.00 

THE PARAMETER VALUES ARE 
ALPHA= .01523 
DELTA H - 144408. 
N = 5.27 
LN A = 24.11 

POINT TUIST TEMPER OBSRVD ESTIM. RESI-
NUMBER RATE -ATURE TORQUE TORQUE DUAL 

< RPS) <C> < N-MM) 

I 3 .180 359. 15710. 16353. -643 
2 7 .300 360. 17000. 17744. -744 
3 15 .270 368. 18670. 18451. 219 
4 .030 400. 7520. 6896. 624 
5 .150 400. 8670. 8887. -217 
6 3 .210 406. 12550. 13139. -589 
7 7 .280 408. 14030. 14374. -344 
Q 15 .270 407. 15420. 15705. -285 
9 .017 350. 8890. 8747. 143 

10 .017 400. 6630. 6277. 353 
11 .017 450. 4310. 4614. -304 
12 .170 351 . 12060. 12044. 16 
13 .170 401 . 9310. 9004. 306 
14 .170 450. 6370. 6838. -468 
15 1 .580 357. 15630. 15291. 339 
16 1 .620 406. 11360. 12041. -681 
17 1 .660 454. 9520. 9554. -34 
18 4 .880 368. 16500. 16426. 74 
19 4 .950 411 . 13500. 13544. -44 
20 4 .950 458. 10950. 10955. —5 
21 15 .050 380. 18860. 17535. 1325 
22 15 .410 423. 14900. 14713. 187 
23 15 .410 468. 12990. 12217. 773 

RESIDUAL SUM OF SQUARES 
R-SGUARED = .9049 

5525254 < 

Temperature 
Range (°C) A H 

J/mole 

(X 

m2/MN 

n A 

a"1 

cc 

350-500 131403 0.0247 3-80 3.45x10® 0.983 
350-^50 144408 0.0152 5.27 2.96x1010 0.985 

Table 4.6 Hot working characteristics of the 4% Cu 
2014 alloy 



4.1.3.2. TORQUE MINIMIZATION 

The temperature corrected steady state hot working 
constants established using the minimization analysis 
described in section 2.2.2.1. are listed in table 4.1. A 
rapid convergence to the final solution was found in all the 
alloys due to the use of the initial estimates of the hot 
working constants derived from the graphical analysis. The 
hot working characteristics of the 4% Cu 2014 alloy have 
been established using the torque twist data from a recent 
work by P a t e r s o n 2 9 . The alloy tested contained 4.2. weight 
% Cu with identical Mg, Mn, Fe and Si contents to those 
shown in table 3.1. However the original constants shown in 
table 4.6. did not correlate with the hot working constants 
in table 4.1. due to the higher temperature range of 350 
deg.C to 500 deg.C considered. Reducing this range to 350 
deg.C to 450 deg.C and repeating the temperature analysis 
resulted in the constants shown in table 4.6. the output 
from the minimization programme is also listed in table 4.6. 
The output contains the evaluated constants, the test 
conditions, the estimated and actual torque and an 
estimation of the accuracy of the solution R2 the 
correlation coefficient. However it should be noted that 
the maximum difference in flow stress predicted by the 
corrected constants was less than 4%, the difference 
increasing with Z. The corrected constants have been used 
for the 2014 alloy in the rest of this thesis. 

The effect of alloy content on the steady state 
temperature corrected hot working constants are shown 
plotted in figures 4.7. to 4.10. Examples of steady state 
constants established by previous workers for heat treatable 
and non heat treatable aluminium alloys are shown in table 
4.7. Before considering the significance of each figure it 
may be useful to establish the variation in flow stress with 
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copper content predicted by the constants in figures 4.7. to 
4.13. The results in figures 4.11. to 4.13. show that over 
the entire range of temperatures and strain rates tested, 
the flow stress increases with copper content, the 
difference increasing with decreasing temperature and 
increasing strain rate i.e. increasing Z, a similar trend 
can also be established from the torque twist 
characteristics. 

Ref A H CX n A Material + 
No. (KJ/mole) (m2/MN) Cs-1) Method 

60 159.3 0.029 6. 40 6. 70x1010 Al-1Mg-2 Cu Si 
AA6066 : Hot 
Torsion 

60 159.7 0.016 5-33 3. 30x1011 Al-4 Cu - Mn 
AA2017 : Hot 
Torsion 

26 151.5 0.016 4. 17 1 90x1011 Al-4 Cu - Mn : 
Hot Torsion 

28 134.6 0.012 5-30 2. 01x10 1 0 Al-Zn-Mg-Cu 
AA7075 : Hot 
Torsion 

147 114.2 0.039 1 20 5. 31x106 Al-7Zn-3Mg 
Extrusion 

27 106.4 0.014 2. 61 3 30x109 Al-4Mg-Mn 
AA5456 
Hot Torsion 

122 154.5 0.017 5. 1 1 3 25X1010 Al-2Mg 
AA5052 
Hot Torsion 

80 153.5 0.045 4. 80 1 40x1012 A1 AA1100 
Hot Torsion 

29 162.8 0.052 3 69 2 11 70x10'' A1 AA1100 
Hot Torsion 

Table 4.7 Quoted Values of the Hot Working 
Constants 

The presence of the Arhenius term in equation 1.5. 
below implies that hot working is a thermally activated 
process where A H is equal to the activation energy of the 
rate controlling mechanism. 
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= £ exp A H 

RT 
= A Sinh ( (X cr) n 1.5. 

AH represents the size of energy barrier preventing the 
atomic rearrangements involved in the mechanism and the ease 
of overcoming this barrier depends on the temperature and 
the applied strain rate. Although it must also be 
remembered that other processes may be occurring whose 
energy barriers are lower than AH. 

The values of AH of 152 KJ/mole to 144 KJ/mole shown 
for figure 4.7., for the 1% Cu to 4% Cu alloys are close to 
the reported^3 values for high temperature creep and vacancy 
self diffusion in aluminium of 150 KJ/mole and 142 KJ/mole 

F respectively. The values are therefore consistent with the 
observation that plastic flow may be regarded as a mass 
transfer processlOO where the rate controlling thermally 
activated mechanism is diffusion controlled. The rate 
controlling step may be considered to be the climb of edge 

y 

dislocations and the motion of jogged screw dislocations by 
the migration of v a c a n c i e s 6 8 , 7 9 . Above 4% Cu figure 4 . 7 . 

shows A H decreases to a value of 130.3 KJ/mole in the 
4.8.% Cu alloy, whilst the 3.8% binary alloy shows the 

^ lowest value 127.6 KJ/mole. A decrease in the activation 
energy below that for self diffusion in aluminium implies a 
change in the rate controlling step although the relatively 
small decrease does not suggest a change in the restoration 
process to eg dynamic recrystallization, which is confirmed 
by the recovered substructures observed in similar Al-Cu 
alloys over the entire hot working range.25,26,29 The 
results from the graphical analysis in Table 4.4. 
also show that a lower than average value of A H is 

y obtained at the highest test temperature in all the alloys, 
whilst the results for the 2014 alloy, show that inclusion 



of the 500 deg.C data lowers the activation energy by 
approximately 10 KJ/mole but does not significantly alter 
the flow stress characteristics. 

A feature of virtually all heat treatable alloys is 
that the solid solution content increases with temperature. 
This is perhaps best shown in the present series of alloys 
by the microhardness vs Ln Zp data plotted in figure 4.14. 
from the 1% Cu and 5% Cu alloys in the naturally aged 
condition. Microhardness measurements were taken in the 
periphery of the specimens and in the centre of the gauge 
length, the position corresponding to the nominal flow 
conditions and highest temperatures. It is evident that 
during the presoak period of five minutes and during testing 
sufficient solute is taken into solution above 400 deg.C 
in the 5% Cu alloy and ^430 deg.C in the 1% Cu alloy to 
result in an appreciable age hardening reaction. Below 
these temperatures the hardness increases with Ln Zp as the 
subgrain size decreases and the substructure strengthening 
increases. 

During creep testing of binary aluminium solid solution 
alloys previous workers^Bl have also observed that a change 
in the rate controlling recovery mechanisms to viscous glide 
can occur. During glide controlled creep the interaction of 
solute atom atmospheres with moving dislocations acts as the 
rate controlling process. The activation energy for 
diffusion of the solute species determines the activation 
energy for creep, where the stress exponent n is normally 
found to be in the range of 3-4 as opposed to 4-5 in pure 
metals. The reported33 activation energy for diffusion of 
Cu in A1 of 135 + llKJ/mole and a stress exponent n = 3.9. 
in the binary alloy indicates that at the low stress levels 
associated with the binary alloy viscous glide may still be 
involved in the rate controlling mechanism in the hot 
working range. In the 2000 series alloys although the 
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increase in solid solution content with temperature and 
r initial copper content can be related to the decrease in 

A h shown in graphical analysis and by the 2014 alloy, the 
total flow stress and hence flow stress characteristics are 
as much dependent on the minor alloying additions, which is 
reflected in the large differences in c< and n between the 

V 

binary and 2014 alloy. The difference in flow stress 
between the binary alloy and the equivalent 2000 series 
alloy extrapolated from figures 4.11. and 4.13 is shown more 
clearly in figure 4.15. Since the solid solubility of Cu in 
A1 is reported35 to be little changed by the presence of Mg, 
Mn or Si in the 2014 alloy, the marked increase in flow 
stress can be associated with the intermetallic particles 
formed by the above elements noted in section 1.2. The 
presence of a second phase particle distribution can 
increase the flow stress by reducing the subgrain diameter 
to the interparticle spacing and so increase the 
substructure strengthening according to equation 1.7. The 
greater increase in hardness at high Zp in the 5% Cu alloy 

h in figure 4.14. may well be associated with a decrease in 
interparticle spacing with an increase in 0 or S phase 
present at low temperatures. Other workersllS have also 
considered that the geometrically necessary dislocations 

j generated to maintain the continuity between the deforming 
matrix and the coarser particles can also act as sources of 
internal stress, which suggests the flow stress should be a 
function of the total dislocation density and hence the 
particle distribution, rather than simply the subgrain size 

^ as equation 1.7 implies. The relationship between the hot 
worked structure and flow stress will be discussed in 
further detail in section 4.3.5.3. It should of course be 
noted that these phenomena will also apply to the binary 

^ alloy especially at high Z due to the presence of 0 
precipitated out of solution during cooling from the 
homogenization temperature. However the presence of the 
intermetallic particles in the 2000 series alloys are as 
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effective in increasing the flow stress as the total weight 
percent copper in the binary alloy since the flow stresses 
extrapolated at 0% Cu are similartothe flow stresses in the 
binary alloy. 

The difficulty in interpreting the rate controlling 
mechanism from the values of A H is that the remaining 
empirical constants A, o< and n do not have a simple 
physical interpretation. Jonas et a l 6 8 established from a 
comparison between rate theory and the general hot working 
equation that at high stress levels c< o* > 1.2. A may be 
regarded as a structure factor related to the frequency with 
which events occur and o<nkT an apparent activation volume. 
An increase in the structure factor with stress has been 
related to an increase in the mobile dislocation density or 
in the density of activatable s i t e s 6 8 . whilst an increase 
in stress results in a decrease in activation volume since 
the activation volume represents the size of the obstacle 
opposing dislocation motion and may also be regarded as a 
measure of the effectiveness with which the applied stress 
aids dislocations to overcome the barrier. However the rate 
theory utilized by Jonas assumes there to be only one type 
of obstacle of constant size and hence activation energy 
which is extremely unlikely considering the complexity of 
the work hardening mechanisms involved and the change in AH 
with temperature range shown by results for the 2014 alloy. 
Therefore the physical interpretations based on such a 
comparison for hot working constants obtained over a wide 
range of temperatures and strain rates can only be regarded 
as approximate especially in relation to complex alloy 
systems such as the commercial 2000 series alloys. 

The variation of A with weight % copper is shown in 
figure 4.8. It is apparent that A shows an identical 
variation with alloy content as A H in figure 4.7. which is 
perhaps not surprising considering the form of the stress 
equation derived from the general hot working equation:-
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cr = 1 Ln 
ex n 

(VA) !/N W(Z/A)2/n + 1 2.5. 

The hot working constants listed in table 4.7. show a 
similar trend, A decreasing with AH. The results in figure 
4.8. show that A decreases with Cu content in the 2000 
series alloys and hence increase in stress, whilst A 
decreases with decrease in stress in the binary alloy. 
Clearly the absolute value of A is not a function of the 
flow stress characteristics, but as the results in figures 
4.7. and 4.8. indicate;the physical significance of the 
constant is related to the rate controlling mechanism during 
deformation. Assuming that the rate controlling process is 
diffusion controlled, then the values of A of 1 0 H to 
10l2s-l in the low Cu alloys below 3% Cu and the alloys 
listed in table 4.7. with similar values of A H and A may 
be related to the self diffusion of vacancies, whilst an 
increase in solid solution content with temperature in the 
high Cu alloys reduces A to 109 to 1010 in a similar manner 
to the heat treatable alloys 7075 and 5456 listed in table 
4.7. 

The variation of tX with copper content in figure 4.9. 
shows that <x decreases with Cu content in 2000 series 
alloys and increases in the binary alloy consistent with 
it's relationship to the flow stress in equation 2.5. 
Figure 4.10. shows only a small variation in n from the 2% 
Cu to 5% Cu alloys but an increase in the 1% Cu alloy and a 
large decrease in the binary alloy. The strain rate and 
temperature dependencies of the flow stress are clearly not 
a simple function of the copper content and as the results 
from the 2014 alloy show are also temperature dependant or 
perhaps more precisely stress dependent, c* and n increasing 
with the decrease in stress range considered. The presence 
of the intermetallic particles in the 2000 series alloys 



98 

results in a decrease in the temperature compensated strain 
rate sensitivity represented by 1/n, consistent with the 
decrease in strain rate sensitivity shown in figure 4.5. 
The results in figure 4.16. show that the description of 

ocn as the activation volume is consistent with the values in 
the 1% Cu and binary alloy which exhibit a similar stress 
range whilst a small decrease from the 3% Cu to the 5% Cu 
alloy indicates that above 3% Cu an increase in Cu content 
results in only a small increase in the size of the 
obstacles opposing dislocation motion. Again it is apparent 
from the value for the 2014 alloy that <xn is stress 
dependent and as expected increases with decreasing stress. 

It is evident from the results in figures 4.7. to 4.10 
that there are basic differences in the interpretation of 
the constants due to their relationships to the flow stress 
shown in equation 2.5. A h and A may be regarded as 
material constants related to the diffusion characteristics 
of the matrix and hence the rate controlling mechanism, 
whilst cx and n describe the flow stress characteristics in 
terms of the strain rate and temperature dependencies and as 
such are highly dependent on the stress range considered due 
to the large variation in strain rate dependency shown in 
the graphical analysis. The fact that all the constants may 
be regarded as temperature dependent raises the question as to 
whether a single set of hot working constants can be used to 
adequately describe the complex variation in stress over a 
wide range of strain rates and temperatures, since as 
already noted in the 2014 alloy slightly different flow 
stress characteristics were predicted by the change in hot 
working constants. Tutcher27 investigated this phenomena in 
an Al-Mg alloy 5456 by defining an equation of the for.,:-

exp £ AHf (T) 
RT 

nj (T ) 
= Af (T) S inh ( cxf(T)o-) 4.2. 
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The accuracy of the equation was found to be largely 
dependent on the individual temperature dependencies 
established from the graphical analysis, where it was found 
that the overall correlation was no better than that 

>> assuming temperature independent constants. 

In conclusion therefore the dependence of flow stress 
on copper content and particle distribution shown in figures 
4.11. to 4.13. and 4.16. is not a simple function of an 
increase in flow stress with Cu content over a wide range of 
temperatures and strain rates due to the complex change in 
the work hardening mechanisms associated with the nature of 
the particle size, distribution and solid solution content 

> which change with initial Cu content, and temperature. The 
overall situation is not helped by the fact that although 
the general form of the empirical equations are well known 
and relatively easy to establish, the recovery mechanisms 
and dislocation dynamics involved during hot working are not 
fully understood. 

4.1.4. STRAIN DEPENDENCY OF THE HOT WORKING CHARACTERISTICS 

K The question of stress strain dependency is often 
ignored in most hot working studies since the high strains 
involved mean that steady state conditions are normally 
achieved where the flow stress is effectively strain 
independent. However the stress strain characteristics of 
the material prior to the onset of steady state flow must 
influence the initial load characteristics and the size and 
shape of the extrusion deformation zone and hence the 
temperature and strain rate distribution within it. During 

f extrusion previous workers76,115 have shown that the quasi 
static deformation zone is not fully established at peak 
load and hence the dependence of the extrusion load on the 
stress strain characteristics may even be greater, such that 
any realistic model of the total extrusion pressure may also 
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require constitutive equations describing the stress strain 
* temperature and strain rate dependency. 

In the present work the stress strain-rate temperature 
relationships have been established at homologous strains of 

k 1.0, 0.75 and 0.5 using the general hot working equation as 
described in section 2.2.1., the resulting hot working 
constants are shown in table 4.1. and plotted in figures 
4.17 to 4.19. The constant A has not been plotted since it 
shows no consistent variation with strain in any of the 
alloys. 

An average correlation coefficient of greater than 0.98 
to some extent justifies the assumption made in section 

> 2.2.1. that prior to steady state deformation the rate 
controlling processes are still thermally activated and can 
therefore be described by the Sinh relationship, although as 
figure 4.17 shows the activation energy associated with the 
rate controlling process decreases with strain, the strain 

^ dependency decreasing with copper content. The decrease in 
AH can be associated with a decrease in thermal activation 
required to overcome the short range obstacles opposing 
dislocation motion, as the dislocation density within the 

h developing subgrains decreases with strain. The greater 
decrease in A H with strain in the low copper 2000 series 
alloys can be related to the decrease in work hardening 
shown in figures 4.1. to 4.3. and hence an increase in the 
stress strain dependency. The change in stress strain 

* characteristics with copper content is shown more clearly in 
figure 4.20. which shows the incremental increase in stress 

from 0.5 £ H to 1.0 £h predicted by the hot working 
constants at a strain rate of 26 sec~l, the Ofference 

r decreasing with Z in all the alloys. However it is evident 
from this figure that the binary 4% Cu alloy shows the 
greatest stress strain dependency, although as figure 4.17. 
shows the strain dependency of A H is similar to the 5% Cu 
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2000 series alloy. This therefore implies that alloys 
containing an appreciable solid solution content the rate 
controlling mechanism prior to steady state is similar to 
that operating during steady state deformation, although the 
stress-strain characteristics are dependent on the second 
phase particle distribution, the increase in particle 
content increasing the degree of strain hardening and hence 
reducing the stress strain dependence above 0.5 £ h« What 
is perhaps an encouraging feature of figure 4.20. is the 
relatively high correlation between A o* and temperature 
considering the change in torque twist characteristics with 
Z shown in figures 4.1. to 4.3., and tends to confirm the 
assumption made in the original analysis that the 
deformation mechanism may be considered to be consistent at 
equivalent values of homologous strain. This is of course 
an important point to note since any consideration of the 
physical significance of the variation of the hot working 
constants with strain must be made on the basis of this 
assumption. 

The decrease in cx with £ H shown in figure 4.18. can 
be directly related to the decrease in stress with strain, 
which as figure 4.20. shows decreases from the 1% Cu to 5% 
Cu alloy and is greatest in the binary alloy. The high 
value of (X in the 3% Cu alloy at £jj = 0.5 i-s probably 
related to the lower than average correlation of 0.96. 
Figure 4.19. shows that n increases with strain in all the 
alloys, the rate of increase at low strains increasing with 
Cu content. Since n is inversely proportional to the 
temperature compensated strain rate sensitivity, the above 
trends can be associated with an increase in the dislocation 
annihilation rate and substructural development with strain, 
which reduces the effect of the dislocation generation rate 
on the applied stress and hence the strain rate dependency 
whilst in the low Cu alloys the large decrease in A H shown 
in figure 4.17. results in only a small change in n. 
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The random variation of the constant A with shown 
in table 4.1. prevents any conclusion from being drawn 

as to its dependency on strain, although the fact that it 
shows no consistent variation is surprising due to its 
dependence on A H during steady state deformation shown 
in the previous section and its description from rate theory 
as a frequency term, where one would have expected a more 
consistent variation with strain as the frequency with which 
events occur changes in line with the change in dislocation 
generation and annihilation rate. 

It should of course be noted that for all the alloys 
the increase in temperature with strain will also be 
instrumental in changing the absolute values of the 
constants which as table 4.1. shows results in a decrease in 

AH and A and an increase . 

The results in figures 4.17. to 4.19. do show that it 
* is possible, perhaps with a constant value of A, to define a 

constitutive equation based on the Sinh relationship in the 
form: 

cr = f ( <*, n, A, A H, £ H ) 4.3. 

However as noted in section 2 . 2 . 1 . the present analysis 
relates to the homologous strain and not the true strain in 
each individual test. Therefore the relationship between 

I the strain to peak and the process conditions must be 
established for the above relationship to be of any 
practical use. Several relationships have been considered 
based on the individual temperature and strain rate 
dependencies and the Zp values but with no real success. 
The stress strain relationships reviewed by S e l l a r s 7 4 were 
also utilised but again no consistent correlation was found. 
The highest correlation that could be achieved in any of the 
alloys was established in the 2% Cu alloy using an equation 



of the form: 

cc 
£ p = 0.85.10-3 cr 0.684 4.4. 

The results in figure 4.21. show the extent of the 
correlation and the standard error associated with the 
repeat tests. The above equation if applicable to other 
alloy systems could be used to evaluate the peak strain 
corresponding to a specific strain rate and temperature, and 
thus determine whether the steady state has been achieved 
and if not the relevant value of homologous strain. 

The principal limitation in the present analysis is 
made in the assumption that during testing of a solid 
torsion specimen: 

zx/ 0_ 2.4. 
£p 9p 

At 0p the surface of material will be strain 
independent, but due to the radial variation in strain the 
inner elements must be strain dependent, and therefore the 
location of the exact element corresponding to £ p will be 
at an intermediate value of 0 and as such the above 
relationship can only be regarded as approximate. The 
problem is therefore to evaluate the true value of £p. One 
solution would be to obtain values of ©p from a separate set 
of torsion tests using thin walled specimens, since the 
radial variation in strain is far less, where the value of 
0p should be lower than those obtained from solid specimens 
at equivalent strain rates and temperatures. 

In conclusion therefore although the stress strain 
characteristics can be described at increments of homologous 
strain above EH = 0.5 using the general hot working 
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Figure 4.21 LnCTp vs LnSp in the 2% Cu alloy 
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equation, the true strain c o r r e s p o n d i n g to the attainment of 
steady state flow is unlikely to equate to 9p due to the 
radial variation in strain associated with a solid torsion 
specimen. It should of course be noted that the temperature 
rise model also assumes 0p = £p, which may therefore result 
in a slight underestimation of the temperature rise during 
testing since the measured 6p ^ £p, although this is 
unlikely to have a significant effect due to the small 
strains to peak shown in appendix I. 

/ 

4.1.5. THE EFFECT OF ALLOY CONTENT ON THE TORSION DUCTILITY 

During high temperature torsion testing the normal mode 
v of failure involves the formation of pores by grain boundary 

sliding, where propagation by pore coalescence and tearing 
is promoted by the high shear stresses which exist during 
testing69. The formation of subgrain boundaries during 
dynamic recovery is reported^9,74,75 to reduce grain 

\ identity, so that fracture tends to occur via nucleation at 
grain boundary junctions or as the result of the linking of 
internal voids nucleated at inclusions. 

k In the present work the only specimens which failed 
were those tested at the highest strain rate of 26 s~l since 
it was not possible to stop the tests at peak torque, the 
average time to failure being less than 0.2 seconds. The 
effect of alloy content and test temperature on the torsion 

* ductility measured by the revolutions to failure is shown 
plotted in figure 4.22. It is evident that below 350 deg.C 
the ductility decreases with temperature as the flow stress 
decreases, and decreases with Cu content as the particle 
content increases. Figure 4.23. shows that in the 2000 
series alloys below an initial temperature of 350 deg.C the 
revolutions to failure can be directly related to the flow 
stress at peak via an equation of the form: 
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Figure 4.22 The variation in torsion ductility, with 
temperature and alloy content at B- 26.0 sec"'' 
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ReVr= 2 . 5 8 9 . 1 0 6 a-2.88 cc 0.976 4.5. 

The high correlation is perhaps surprising considering the 
variation in copper content and may be explained by the fact 
that although crack initiation is normally c o n s i d e r e d 6 9 to 
be enhanced by an increase in particle size and distribution 
and therefore Cu content, crack propagation and hence the 
total ductility is also dependent on the intermediate sized 
particle distribution associated with the Mg, Mn, Si and Fe. 

Above 350 deg.C all the alloys show a decrease in 
ductility with temperature and Cu content, a similar 
decrease in ductility with temperature has also been 
reported in heat treatable Al-Cu, Al-Mg and Al-Zn-Mg 
a l l o y s 2 7 - 2 9 , 7 5 . i t is evident that the decrease in 
ductility at high temperatures coincides with the increase 
in solid solution content predicted by the microhardness 
data in figure 4.14. An increase in solid solution content 
is generally c o n s i d e r e d 6 9 to result in a decrease in 
ductility due to the increase in flow stress, and the 
retarding affects on the grain boundary migration due to 
segregation of the solute atom atmospheres at the grain 
boundaries. The latter effect is likely to be more 
significant in the present series of alloys since the 
ductility decreases with decreasing flow stress in the high 
temperature range. 

The temperature rise during testing at initial 
temperatures close to the eutectic temperature has also been 
s h o w n 2 8 to result in extensive eutectic melting and a 
subsequent decrease in ductility, although this phenomena 
was not observed in the present work. 

The pronounced effect of the particle distribution 
associated with the Mg, Mn and Si in the 2000 series alloys 



is shown in figure 4.22. by the 70% increase in ductility in 
the binary alloy at an equivalent flow stress at 300 deg.C, 
and a higher ductility than the 2% Cu Alloy at 475 deg.C, 
whilst between 330 deg.C and 430 deg.C failure does not 
occur after 10 revolutions. It therefore seems likely that 
the presence of the intermetallic particles and the 
subsequent decrease in the interparticle spacing may enhance 
both crack initiation and propagation via the linking of 
internal voids nucleated at such p a r t i c l e s 7 5 . 

Despite the differences between the stress states and 
hence failure mode in torsion testing and those found in 
most hot working processes, the torsional ductility is often 
used as a measure of the f o r m a b i l i t y 7 4 and as such the 
results in figure 4.22. indicate that the formability of 
the 2000 series alloys decreases markedly below 1% Cu and 
with the addition of the minor alloying elements Mg, Mn and 



4.2. EXTRUSION DATA ANALYSIS 

A total of eight separate extrusion matrices have been 
carried out to investigate the effect of Cu content and 
process conditions on the direct load characteristics of the 
2000 series alloys and the effect of extrusion mode and 
billet preheat treatment on the load characteristics of the 
2014 alloy. A temperature range of 500 deg.C to 300 deg.C, 
ram speeds of 14 mm/s to 4 mm/s and extrusion ratios from 
150:1 to 10:1 have been used. The strain rate and 
temperature rise during extrusion have been calculated using 
the theory outlined in section 2.3., the relevant values of 
flow stress and LnZ have been evaluated using the steady 
state temperature corrected hot working constants shown in 
table 4.1. 

4.2.1. EXTRUSION PARAMETER MEASUREMENT 

Before each extrusion run the following parameters 
were noted 

Furnace Temperature, Extrusion Ratio 
Billet Dimensions, Container Temperature 

The load, oil pressure, ram displacement curves and 
the billet transfer time enabled the following data to be 
measured:-

Maximum Load, Minimum Load, Initial Billet 
Temperature, Ram Speed, Distance to Peak Load, 

Size of Peak, Maximum Oil Pressure, 
Minimum Oil Pressure 

A full listing of the above data and the relevant 
calibration curves are shown in appendix II and appendix V. 
Values of initial, peak and final Z and the corresponding 
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flow stress data are also listed in appendix II. 

It should be noted that the oil pressure data has not 
been used in the extrusion data analysis since the use of by 

^ pass valves at low ram speeds greatly reduces the oil 
pressure at constant loads. However, by calibrating the 
press at constant ram speeds it was found that the ram 
pressures were approximately 10% lower than the oil 
pressures and could therefore be used as a useful check on 
the accuracy of the load displacement curves. 

4.2.2. LOAD DISPLACEMENT CURVES 

i Examples of the load displacement curves for direct 
extrusion of the 1% Cu, 3% Cu and 5% Cu alloys at high and 
low Z conditions are shown in figure 4.24. All the curves 
show that the initial stage of extrusion is characterised by 
a rapid increase in load as the billet is upset to fill the 
container. It should however be noted that some extrusion 
does occur during this stage76. The load gradually 
decreases after the peak load as the billet length decreases 
and hence the friction is reduced. At high Z conditions 

t i.e. low extrusion temperatures and high strain rates the 
decrease in load is accentuated by the larger temperature 
rises associated with the work done during extrusion, which 
increases with increasing Cu content. At low Z conditions 
the temperature rises are not as significant and therefore a 
smaller decrease in load results. The above observations 
are confirmed by the final temperature rises predicted by 
the integral profile model which increase with Cu content 
from 140 deg.C to 170 deg.C, and 70 deg.C to 90 deg.C in the 

( high Z and low Z extrudes shown in figure 4.24. 

It is evident from figure 4.24. that all the alloys 
show a peak in the load displacement curves at the maximum 
load which tends to increase with increasing Z and 
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increasing Cu content. The size of the peak is an important 
factor with respect to the available press capacity and its 
characteristics will be discussed in further detail in 
section 4.2.8. 

The effect of extrusion mode is shown in figures 4.25. 
and 4.26.for the direct and indirect extrusion of the 4%Cu 
2014 alloy at high Z and low Z conditions. It is clear that 
the loads developed during indirect extrusion are lower due 
to the removal of the billet container friction which also 
results in a small variation in load with ram displacement. 
It is also noticeable that the size of the peak decreases. 
At high extrusion temperatures previous w o r k e r s 2 5 - 2 9 have 
reported that heat losses during direct and indirect 
extrusion can result in an increase in load when the 
container temperature was maintained at 300 deg.C. This 
effect has largely been eliminated in the present work by 
the use of a container temperature 50 deg.C below the billet 
temperature, although figures 4.25. and 4.26. do show a 
slight increase in load during indirect extrusion. 

4.2.3. VARIATION OF PEAK PRESSURE WITH EXTRUSION RATIO 

The effect of Cu content on the peak pressure versus 
Ln extrusion ratio relationships is shown in figures 4.27. 
and 4.28. for extrusion temperatures of 350 deg.C and 450 
deg.C, with ram speeds between 7-11 mm/s. A constant 
temperature has been assumed for each curve, which may not 
be strictly true due to the heat losses during transfer. 
However, with the container 50 deg.C below the billet 
temperature the heat losses -will be relatively small as 
shown by the initial billet temperatures in appendix II. 

The results in figures 4.27. and 4.28. show that for 
each alloy and temperature the increase in peak pressure 
with Ln ER is more or less linear which is confirmed by the 
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high correlation coefficients shown in table 4.8. Similar 
relationships have been found by previous workers25-29 for 
heat treatable and non heat treatable aluminium alloys. The 
equations in table 4.8. show that at both temperatures the 
rate of increase in pressure with LnR,i.e. the value of B, 
increases with Cu content and decreasing temperature. Both 
trends are consistent with an increase in the flow stress 
dependency with Cu content, which increases with decreasing 
temperatures. 

4.2.4. VARIATION OF PEAK PRESSURE WITH 
INITIAL BILLET TEMPERATURE 

The dependence of peak pressure on the initial billet 
temperature is shown in figures 4.29. and 4.30. for direct 
extrusion of the 1, 2, and 3 and 5% Cu alloys at extrusion 
ratios of 30:1 and 50:1, with ram speeds between 7-11 mm/s. 
The figures show that for each alloy the peak pressure 
decreases with billet temperature as the flow stress 
decreases, the pressure decreasing with copper content at 
equivalent temperatures. A power relationship of the form: 

P = A Tn 

was found to give the best fit, where T is in degrees 
kelvin, the regression data is shown in table 4.9. Previous 
workerslf23,25-28 have reported linear, reciprocal and 
exponential relationships although in most of these works 
the extrusion conditions were not kept constant by the use 
of a constant container temperature, which will be shown in 
section 4.2.5. to have a significant affect on the peak 
pressure. 

It is apparent from the results in table 4.8. 
that the dependence of peak pressure on the 
initial billet temperature shows no 
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P - A + BLnR 

350 C 

jGCu A B cc 
1 110.6 164.0 0.985 
2 175-8 165.0 0.993 

3 170.8 173.8 0.998 

5 192.6 179.2 0.999 

450 C 

SCCu A B cc 
1 -38.2 154.0 0.999 
2 -25.6 158.8 0.991 
3 10.1 161.0 0.998 

5 35.0 165.7 0.979 

ER = 50:1 

P = a Tj 

Initial billet temperature (°K) 
ER = 50:1 

% Cu a n cc % Cu a n cc 

1 5.956x109 -2.480 0.987 1 7.141x10® -2.158 0.998 

2 9.601x109 -2.5^8 0.996 2 2.182x1O9 -2.504 0.996 

3 1.188x1O9 -2.215 0.993 3 5.193X108 -2.074 0.997 

5 1.515x109 -2.225 0.995 5 8.514x10S -2.159 0.998 

P = a T n 
P 

ER « 50 
Peak 

:1 
billet temperature C°K) 

ER - 50 :1 

% Cu a n cc % Cu a n cc 

1 5.368X10'10 -2.746 0.987 1 1.589x109 -2.257 0.998 

2 5.901X10 1 0 -2.757 0.997 2 4.107x1O9 -2.597 0.994 

3 2.189x109 -2.505 0.993 3 6.770x10s -2.111 0.996 

5 2.210X109 -2.202 0.996 5 2.592x1O9 -2.506 0.999 

Table 4.8 Empirical peak pressure-process parameter 
relationships for direct extrusion of 
the 2000 series alloys. 

CT = a <p n CT = a RP n 

ER = 50 : 1 ER = 50 :1 

% Cu a n cc % Cu a n cc 

1 4.500X1010 -5.120 0.998 1 8.081X1010 -5.211 0.996 

2 5.531X1011 -3.491 0.997 2 1.725x1011 -3.312 0.997 

3 1.281x10^ -5-612 0.998 3 5.910X1011 -5.421 0.995 

5 1.455x1011 -2.885 0.999 5 5.750x109 -2.660 0.997 

Table 4. 7 Temperature dependency of the flow stress -
2000 series alloys. 
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consistent variation with copper content at either extrusion 
ratio. Perhaps the first point to note is that the 
extrusion conditions are not identical due to the slight 
variation in ramspeed, although this is unlikely to have a 
significant effect, since the flow stress is dependent on Ln 
( E). Secondly the use of the initial billet temperature 
ignores the temperature rise at peak load, which increases 
with load and hence copper content. However the results in 
table 4.8. show that the peak pressure peak temperature 
dependencies show a similar random variation. If one 
considers the dependence of flow stress on temperature for 
identical Zj conditions, the regression data in table 4.9. 
shows that similar power relationships can be established, 
although clearly the temperature dependencies for each alloy 
at each extrusion ratio is not identical to the pressure 
relationships shown in table 4.8. 

The results in tables 4.8. and 4.9. therefore imply 
that although the pressure can be described in a similar 
manner to the flow stress characteristics which is 
consistent with the basic hypothesis that extrusion is a 
thermally activated hot working process similar to hot 
torsion testing, the total peak pressure is not a simple 
function of the steady state flow stress. The absence of a 
direct correlation clearly demonstrates the difficulty in 
predicting the peak pressure from the flow stress 
characteristics and, may be partly explained by the non 
homogeneous nature of deformation during extrusion which 
necessitates defining a mean temperature and strain rate and 
the fact that the total peak pressure is also a function of 
the work done against friction and the incremental increase 
in pressure associated with the development of the steady 
state deformation zone. The pressure dependencies shown in 
table 4.8. will therefore also be dependent on the effect of 
process conditions on the friction pressure and peak height, 
which will be considered in the following sections. 
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Finally it should be noted that a presoak time of 5 minutes 
during torsion testing and 20 minutes during extrusion may 
contribute towards a slight change in flow stress characteristics 
due to the increase in solid solution content with temperature and 
time, although the results in figure 4.14. clearly show a 
significant age hardening reaction occurs in the torsion specimens 
above 400 deg.C. It may therefore be concluded that with due 
consideration to the above phenomena the similarity of the peak 
pressure and flow stress dependencies in tables 4.8. and 4.9. 
confirm the basic assumption that extrusion is a thermally 
activated hot working process similar to torsion testing. 

4 . 2 . 5 . EFFECT OF CONTAINER TEMPERATURE ON THE PEAK PRESSURE 

The container heaters described in section 3 . 2 . 1 . allow a 
container temperature of up to 500 deg.C to be maintained during 
extrusion. Previous w o r k e r s 2 5 - 2 9 have been limited to using a 
constant container temperature of 300 deg.C since only one set of 
heating elements in the outer cast container block was available. 
In order to establish the effect of container temperature on the 
peak and minimum pressures the 3%Cu alloy was extruded at a 
constant billet temperature of 400 deg.C at ram speeds of 3 mm/s 
and 13 mm/s with a reduction ratio of 50:1, the container 
temperature being varied between 500 deg.C and 200 deg.C. The 
variation of peak and minimum pressure with container temperature 
are shown plotted in figures 4.31. and 4.32. For both ram speeds 
the peak and minimum pressure increase with decreasing container 
temperature below the initial billet temperature and decrease with 
container temperature above the billet temperature. The 
relationships are considered to be linear which is confirmed by 
the high correlation coefficients in table 4.10. 

The first point to note is that for each container 
temperature the mean initial billet temperature and hence peak 
temperature will be different due to the change in cooling or 
heating rates shown in figure 4.33. If the change in peak 
pressure is solely due to a change in the 
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P = a + bCt 

v Peak Pressure 

mm/s a b cc 

v Minimum Pressure 

mm/s a b cc 

3 1090.7 -1.14 0.967 

13 994.4 -0.63 0.986 

3 966.4 -1.18 0.994 

13 825.1 -0.73 0.967 

Cfc - container temperature °C 

Table 4.10 The dependence of peak and minimum pressure 
on container temperature Tj = 400°C — 

Cu alloy. 

Total Delay Time (sees) 

Figure 4.33 Change in billet cooling rate with 
container temperature T t = 400°C 
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mean peak temperature then it should be possible, using the 
1 empirical peak pressure temperature relationships derived in 

section 4.2.4. and the peak temperatures listed in appendix 
II, to predict the peak pressures for each container 
temperature. However, for a container temperature of 200 

^ deg.C and a peak temperature of 404 deg.C the predicted 
pressure of 540 MN/m2 is well below the peak pressure of 880 
M N / m 2 shown in figure 4.31. For a peak pressure of 880 
MN/m2 the empirical, relationship predicts a mean peak 
temperature of 330 deg.C which would require billet cooling 
rates of 70 deg.C/sec and 23 deg.C/sec at ram speeds of 13 
mm/s and 3 mm/s respectively, neither of which corresponds 
to the cooling rates shown in figure 4.33. 

r Previous workers76,115 have shown that during the rise 
to peak pressure the friction due to the relative motion 
between the billet and container is sufficient to establish 
a shear zone within the billet adjacent to the billet 
container interface during unlubricated direct aluminium 

* alloy extrusion. The overall pressure will therefore be a 
function of the shear stress of the material within this 
shear zone. As the cooling rate and temperature gradient 
within the shear zone increase with decreasing container 

I temperature, which are also reported^l to increase after 
upsetting, the shear stress of the material increases and 
hence the peak pressure increases. An opposite trend 
results from an increase in the container temperature. 
Since the effective cooling times associated with peak and 

K minimum pressure at a ram speed of 3 mm/s are 3 sees and 26 
sees, and at 13 mm/s 1 sec and 8 sees, then the increase in 
pressure due to the increase in shear stress within these 
shear zones will be more pronounced at low ram speeds as 
shown in figures 4.31. and 4.32. However it should be noted 
that a change in the friction conditions defined by p the 
friction coeficient may also contribute towards the change 
in pressure seen in figures 4.31. and 4.32., where previous 
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workers23,28,79 have reported a temperature dependency for 
p, p increasing with decreasing billet temperature. This 
topic will be discussed in further detail in section 4.2.6. 

The results in figure 4.31. indicate that empirical 
relationships relating the peak pressure to the billet 
temperature, extrusion ratio, ram speeds, etc. will be 
dependent on the container temperature used. If such 
relationships are to be of any use in estimating the peak 
pressure for presses with fixed or variable container 
temperatures then the relationships between the container 
temperature and the peak pressure of the type shown in table 
4.10. must first be established. However, this would 
require a large number of experimental measurements and may 
only be applicable to individual alloys if the increase in 
pressure is a function of the flow stress characteristics. 
Ideally it should be possible from a knowledge of the 
cooling rates and the flow stress characteristics, 
preferably as a function of strain, to introduce the correct 
values of stress into the terms which allow for energy 
dissipation due to friction in eg a transient thermally 
coupled finite element or difference solution. However, 
although the flow stress data is relatively easy to obtain, 
the theoretical solutions are not yet available. 

Finally it should be noted that although an increase 
in container temperature can effectively extend the 
extrusion range for a given press capacity, it was found 
that at the low ram speed of 3 mm/s severe pick up occurred 
along the entire length of the extrudes processed with a 
container temperature above 400 deg.C, the pick up 
increasing in severity with container temperature. At 13 
mm/s pick up was only noticeable towards the rear of the 
extrudes at a container temperatures higher than 450 deg.C. 
This phenomena has been associated with oxide from the 
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surface of the billet being extruded over the die 
bearing!71, which implies a change in flow pattern with 
container temperature and ram speed. A change in flow 
pattern with billet/container temperature differential has 
also been o b s e r v e d 2 8 , 1 4 9 during direct extrusion of gridded 
billets, with a constant container temperature of 300 deg.C. 
The resistance of the material to withstand the imposed 
strain gradients, at low Z conditions i.e. low flow stress 
results in a larger deformation zone extending to the rear 
of the billet whilst at high Z conditions the high flow 
stress restricts the deformation zone to the die mouth 
region. A similar change in flow pattern was observed at low 
Z conditions with the container only 50 deg.C below the 
billet temperature. The effect this has on the temperature 
and strain rate distribution within the deformation zone and 
hence the final product structure has yet to be properly 
established, and may well be an important factor during 
direct extrusion if a more uniform product structure can be 
produced via careful control of the biller/container 
temperature differential. The effect of container 
temperature on the solution treated structures will be 
considered in section 4.3.7.1. 

4.2.6. EVALUATION OF THE FRICTION CONDITIONS 

In section 2.3.4. two methods were considered for 
determining p the coefficient of friction between the billet 
and container. The first method based on equation 2.47. 
requires extruding billets of different lengths under 
identical conditions which from an experimental point of 
view is often difficult- to achieve. The second method using 
equation 2.48. needs no separate experimental programme 
since it is based upon the load displacement traces of 
individual extrusions, the decrease in pressure with ram 
stroke being directly related to the decrease in billet 
length and hence friction. However, at low Z conditions the 
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change in pressure with displacement dp/dx is often small 
and difficult to measure and therefore unreliable, whilst at 
high Z conditions although the values of dp/dx are larger 
the change in pressure after peak is also a function of the 
temperature rise during extrusion, which increases with 
increasing Z. Both of these features can be seen in figure 
4.24. The values of p calculated using this method are 
therefore likely to show an increase with increasing strain 
rate and decreasing temperature which indeed several workers 
have reported. 23,28,79 

In the present work values of p have been estimated 
using equation 2.47. The variation of peak pressure with 
billet length is shown in figures 4.34. and 4.35. for the 
2%Cu and 5%Cu alloys extruded at identical strain rates over 
a temperature range of 500 deg.C to 300 deg.C. Both alloys 
show a linear increase in peak pressure with billet length, 
which is confirmed by the regression data shown in table 
4 . 1 1 . Previous w o r k e r s 2 3 , 2 8 have reported similar linear 
relationships above a minimum billet length equal to the 
size of the deformation zone below which the pressure 
increases. The results in figures 4.34. and 4.35. do not 
show this feature indicating that the deformation zone and 
flow conditions are similar for all the billet lengths 
considered. Values of the friction coefficient p evaluated 
using equation 2.47. and from a regression analysis of Ln 
pressure on the billet length, are shown in table 4.11. The 
absolute values are similar to those reported by other 
workers 2 3 , 2 8 , 7 9 , 1 2 4 f o r unlubricated aluminium alloy 
extrusion, although neither alloy shows a consistent 
increase or decrease in p with billet temperature as 
reported in the above references. However, references 23 
and 79 are based upon values of p calculated using equation 
2.48. and therefore a temperature dependency is to be 
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expected. References 28 and 124 have used equation 2.47. 
but report opposite trends in the temperature dependency of 
p. However, in these two works a constant container 
temperature of 300 deg.C was used which, as shown in section 
4.2.5., can result in an increase in pressure especially at 
high billet temperatures, so that the extrusion conditions 
can no longer be considered to be identical over a range of 
billet temperatures. For the 5%Cu alloy the lower than 
average value of p at 300 deg.C may be misleading due to the 
limited number of results available, which is also reflected 
in the lower correlation for the linear regression. 

Since the pressure to overcome friction Pf is defined 
by equation 4.6. below, a constant value of p implies that Pf 
increases with decreasing temperature as Pt the total 
pressure increases. 

D 
L = Length of the billet-container shear zone 
D = billet diameter 

An alternative method for evaluating p can be derived 
from the difference between the direct and indirect 
extrusion pressure for identical conditions. Assuming that 
the decrease in pressure associated with indirect extrusion 
can be related to the removal of the billet container 
friction i.e. 

where Pi is the indirect extrusion pressure and Pe the 
direct pressure. The substituting equation 4.7. into 4.6. 
gives: 

4.6 

Pf = Pe - Pi 4.7 

p = Ln 2Pe - Pi D 
Pe 4L 

4.8 
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2% Cu R = 30: 1 v = 6mm/ s 
P = aL +c 

5* Cu R = 30: 1 v = 6mm/s 

Tj °C a c cc P m Tj °C a c cc P m 

500 1.34 537 0 .979 0.055 1 .02 500 1.86 382.7 0.991 0.064 0 .88 

400 1.85 460.6 0.986 0 .055 0 .80 450 2.07 420.9 0 .990 0 .066 0 .82 

300 3.28 603.4 0.991 0 .069 0 .86 400 2.22 498.5 0 .988 0 .060 0 .72 

550 2.19 617.6 0 .982 0.051 0 .57 550 2.19 617.6 0 .982 0.051 0 .57 

300 2.06 839-5 0.968 0 .038 0 .44 

Table 4.11 Peak pressure vs billet length regression 
data for direct extrusion of 2% Cu and 

Cu alloyso 
2014 

p = Ln [ 2Pe - Pi "| • D 

Pi tt 

R = 30:1 R = 20:1 

Tj (°C) p Tj (°C) p 

475 0.058 

450 0.063 

300 0 .066 

480 0.061 

450 0.066 

400 0.060 

350 0.062 

300 0.064 

Table 4.12 Coefficient of friction p established 
from direct and indirect extrusion data -
2014 alloyo 

Figure 4.36 Peak pressure vs initial billet 
temperature direct and indirect 
extrusion of 2014 alloy ER = 20:1 



131 

The values of L can be obtained from the size of the dead 
metal zone predicted by the upper bound solutions. The 
results of this analysis are shown in table 4.12. for the 
4%Cu 2014 alloy extruded at the same mean equivalent strain 
rates with reduction ratios of 20:1 and 30:1. The results 
show that for both reduction ratios and at all temperatures 
a more or less constant value of p is obtained similar to 
the values shown in table 4.11. Assuming that equations 
4.6. and 4.7. are correct then the results show that the 
difference in pressure between direct and indirect extrusion 
increases with decreasing temperature due to the increase in 
pressure required to overcome friction during direct 
extrusion. This is shown more clearly in figure 4.36. which 
shows the variation of peak pressure with initial billet 
temperature for direct and indirect extrusion of the 4%Cu 
alloy at 20:1. A similar trend has been reported by 
Patersonl24 an(3 indicates that the benefit to be gained from 
indirect extrusion in terms of the reduction in peak load 
increases with decreasing initial billet temperature. 

Since the above equations have been derived by making 
Ul 

several simplifying assumptions, 
the value of p can only be 

regarded as a qualitative measure of the friction 
conditions. The alternative method of defining the friction 
conditions is to evaluate the friction factor m used in the 
upper bound solutions described in section 2.3.4. The 
values of m are shown in table 4.11. and have been 
calculated using the regression data in table 4.11. and 
equation 2.48., the flow stress being determined from 
equation 2.5. with the strain rate predicted from theory. 
An average value of 0.8 is close to full sticking friction 
conditions coinciding with m = 1.0. and is similar to the 
values reported by previous workers!24,129 for the same 
billet/container temperature differential and has therefore 
been used in the present work to calculate the values of 
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strain rate from the upper bound solutions. However, 
although the friction factor m is a more quantitative 
measure of the friction conditions than p, it can still only 
be regarded as an approximate value due to the difficulty in 
establishing the true value of flow stress representative of 
the temperature and strain rate conditions within the shear 
zone at the billet container interface, which is reflected 
in the value of m>l at 500 deg.C for the 2%Cu alloy. 

In conclusion it should also be noted that since the 
work done in overcoming friction is a function of the shear 
stress within the shear zone, then the friction pressure 
must also be a function of the billet/container temperature 
differential. This is reflected in the abnormally high 
value of p = 0.098 reported by Patersonl24 for an initial 
billet temperature of 475 deg.C and container temperature of 
300 deg.C. Therefore although a coefficient of friction p = 
0.06 can be used to predict the increase in pressure with 
billet length and decrease in pressure during indirect 
extrusion, a constant value of p can only be assumed for a 
specific billet/container temperature differential. 

4.2.7. VARIATION OF PEAK PRESSURE WITH Ln Zp 

The assumption that extrusion is a thermally activated 
hot working process similar to torsion testing is to some 
extent confirmed by the many excellent correlations obtained 
between the peak pressure and Ln Z p 2 5 - 2 9 . Since Ln Zp 
effectively combines both the temperature and strain rate 
parameters, it has been found that a single line 
relationship can be obtained over a range of temperatures 
and strain rates for a constant reduction ratio. The 
results from the present work are shown plotted in figures 
4.37. and 4.38. for reduction ratios of 20:1 and 50:1, the 
regression data shown in table 4.13. The high correlation 
coefficients indicate that each relationship is applicable 
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I 

A + BLnZp 

20:1 50:1 

/Cu A B cc A B cc 

1/ -836.6 49.0 0.983 -1011.9 58.1 0.990 
2/ -923.0 51.1 0.993 -1079.6 59.3 0.989 

3/ -1101.4 60.3 0.982 -927.2 57-8 0.999 
4/ -1017.3 61.9 0.992 -925.5 61.5 0.982 

5* -1030.6 67.7 0.996 -1280.3 79.9 0.996 

P «= A + BLnZp 
/Cu A B cc 

1* -1149 61.4 0.940 

2* -1107 58.8 0.946 

3* -1089 61.7 0.934 
-1041 63.8 0.912 

5* -1291 76.0 0.966 

P » a + bLn(ZP/A) 
ER a b cc 

20:1 
50:1 

490.5 53-98 0.982 
560.3 59.30 0.973 

Table 4.13 The dependence of peak pressure on Ln(Zp) 
and Ln(Zp/A) for direct extrusion of the 
2000 series alloys. 

A P = aLnZD + b 
/Cu a b cc 
1 6.48 -162 • 3 0.903 
2 7.56 -181 .8 0.976 
3 9-29 -224 2 0.959 
4 9-94 -225 .4 0.960 
5 10.91 -242 .6 0.969 

Table 4.14 Peak height A P VS Ln(Zp) regression 
data for direct extrusion of the 2000 
series alloys0 
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to all the temperatures and strain rates considered. The 
gradient of each line shown by the values of a in table 
4.13. increase with alloy content and reduction ratio 
consistent with the increase in temperature and strain rate 
dependency with Cu content shown in figures 4.11. to 4.13. 

In order to establish whether a single line 
relationship could be established for each alloy over a 
range of extrusion ratios, the extrusion runs were analysed 
together, the regression data shown in table 4.13. The 
relationships are similar to those for the individual 
extrusion ratios, although a marked decrease in the 
correlation coefficients indicates that inclusion of a 
factor for the reduction ratio may be required to produce a 
single line relationship. 

Since the above relationships are limited to the 
individual alloys considered, the peak pressure has also 
been plotted as a function of Ln (Zp/A) to determine whether 
the separate dependencies shown in figures 4.3 7. and 4.3 8. 
can be amalgamated in a single relationship independent of 
alloy content. The results are shown plotted in figure 
4.39. and the regression data is shown in table 4.13. for 
reduction ratios of 20:1 and 50:1. It is apparent that the 
use of Ln (Zp/A) is effective in compensating for the 
difference in peak pressure dependencies with alloy content, 
although the decrease in correlation shown in table 4.13. 
indicates that a more realistic alloy dependent term must 
also include the constants c< and n to compensate for the 
marked difference in temperature and strain rate 
dependencies discussed in section 4.1.3.2. 

It may therefore be concluded that the inclusion of 
the two factors to allow for the variation of peak pressure 
with reduction ratio and alloy content may result in an 
equation applicable to a complete alloy system over a wide 
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range of extrusion conditions. The development of such a 
relationship will be discussed in more detail in section 
4.2.9. 

4.2.8. THE VARIATION OF Ap WITH Zp AND ALLOY CONTENT 

It was shown in section 4.4.2. that a peak in the load 
displacement locus occurs at the maximum or break-through 
pressure in all the alloys. The existence of the excess 
pressure A P was first recognised by Castle + S h e p p a r d 7 6 to 
be associated with the energy required to establish the 
quasi-static deformation zone. They suggested that the 
formation of the zone involved considerable dislocation 
generation and movement, and therefore the incremental 
pressure associated with its formation could be expected to 
vary with temperature, strain rate, reduction ratio and 
alloy content. If the above theory is correct then the 
values of A P for identical extrusions should increase with 
Cu content as the flow stress increases. 

The values of A P have been measured using the 
tangential construction shown in figure 4.40. Previous 
workers76,100,124 have shown that the size of Ap can be 
directly related to Ln Z at peak in a similar manner to the 
peak pressure in the previous section. The results of using 
this relationship are shown in table 4.14. and plotted in 
figure 4.41. For all the alloys A P increases with Ln Zp 
consistent with a decrease in the thermal activation and 
increase in the dislocation generation rate. The results 
also show that for constant values of Ln Zp A P increases 
with Cu content, as does the rate of increase shown by the 
increase in the values of a in table 4.14., similar to 
the peak pressure relationships shown in table 4.13. The 
effect of Cu content on the size of A P for identical 
extrusion conditions is shown more clearly in figure 4.42. 



Figure 4.41 A ? vs LnZp-direct extrusion of 2000 
series alloys 
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It is evident that AP increases with Cu content for identical 
strain rates and temperatures, whilst the ratio of peak height to 
the total peak pressure also increases, in a similar manner. The 
above results are therefore consistent with the hypothesis that 
the energy required to establish the deformation zone increases 
with the decrease in the dislocation mobility associated with the 
increase in flow stress with Cu content shown in figures 4.11. to 
4.13. 

The existence of an incremental peak during indirect 
extrusion shown in figures 4.25. and 4.26. implies that AP is 
not associated with the work done in overcoming the billet/ 
container friction, where the results in figure 4.43. clearly 
show that AP is 15-20 MN/m2 smaller during indirect extrusion 
for extrudes processed with the same mean equivalent strain 
rates. Since both modes of extrusion effectively correspond to 
the same mean flow stresses then a smaller AP for the indirect 
mode can be explained in terms of the geometrically smaller 
deformation zone which requires fewer dislocations to accommodate 
the imposed strain gradients and hence the energy required to 
establish the deformation zone is smaller. The characteristics 
of the steady state direct and indirect deformation zone will be 
considered in further detail in section 4.3.6. 

It may therefore be concluded from the dependence of peak 
height on alloy content and extrusion mode that the A p pressure 
can be associated with the formation of the steady state deform-
ation zone during direct and indirect extrusion. 

4.2.9. GENERAL PRESSURE EQUATION 

The results in the previous sections have shown that the 
total extrusion pressure is dependent on the strain rate, 
extrusion ratio and extrusion temperature. Mathematical models 
based on slip line field theory and upper bound solutions 
p r e d i c t ! 5 4 that a general pressure equation relating the above 
extrusion parameters will be in the form: 

P/cr = A + B Ln R 4.9. 

where P is the extrusion pressure, cr is the mean equivalent 
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flow stress, R the extrusion ratio and A and B extrusion 
constants. If we assume that the value of cr equates to the 
steady state flow stress given by the general hot working 
equation: 

c = I Ln 
<x 

(Z/A) 
l/n 

+ / ( V A ) 
2/n 

then, since the two terms within the brackets are 
approximately equal this equation reduces to: 

2 . 5 . 

cr nj 0.7 
(X 

+ 1 Ln 
o< n 

Z 
A 

4.10 

such that combining equations 4.9. and 4.10. gives: 

P = 0.7 + 1 Ln(Z\ 
A oc ocn 

A + B LnR 4.11 

The similarity between this equation and the empirical 
relationships established in sections 4.2.3., 4.2.7. and 
4.2.8. indicates that the total pressure including the 
initial peak may be more conveniently described by an 
equation of the form: 

P = 1 
o<n 

where a, b and c are extrusion constants. In order to 
establish the validity of this equation to the individual 
alloys and the alloys combined, a multiple regression 
analysis has been carried out with the aid of a standard 
computer statistics p a c k a g e ! 5 6 . The results are presented 
in table 4.15. along with the standard error for each 
constant a, b and c and the overall correlation 
coefficients. 

a + b Ln R + c Ln ^ Zpj 
A 

4.12 
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P = 1/c<n [a + bLnR + cLn(Zp/A)] 

Alloy a + b + c + cc 

Cu 24.72 8.67 6.55 2.53 5.66 0.34 0.962 

2% Cu 16.77 3.28 7.11 0.98 4.16 0.15 0.986 
335 Cu 13.12 3.23 7-62 0.97 3.94 0.15 0.985 

Cu 13-10 3.97 7-25 1.15 5.06 0.24 0.975 
5* Cu 12.46 3.74 5-77 1.04 4.86 0.27 0.976 

1 - Cu 18.83 3.47 6.48 0.98 4.68 0.19 0.891 

5052 4.21 3.25 9-04 1.01 5-58 0.20 0.991 

1 - Cu 
+ 5052 

20.86 3.59 5-56 1.04 4.49 0.18 0.839 

456 Cu 
(Indirect) 

-34.70 10.39 19.12 3.32 3-30 0.24 0.975 

4* Cu (ref 124) 
(Direct Ct=300°C) 

-2.32 14.39 3.79 0.973 

Table 4.15 Extrusion constants in the general pressure 
equation 4.12 

P » 1/<xn ]a + bLnR + cLn(Zp/A) + d(L/Dg)] 
Alloy a ± b ± c ± d ± cc 

2% Cu 
556 Cu 
5052 

7.29 5-64 
14.22 4.31 

-11.32 4.01 

6.39 1.48 
2.81 1.10 
8.55 1.02 

4.27 0.12 
4.78 0.17 
5.84 0.12 

10.27 2.02 
8.12 2.22 

13-14 2.00 

0.979 
0.969 
0.991 

Table 4.16 Extrusion constants in the general pressure 
equation 4.14 

P = 1/otn [a + bLnR + cLn(ZP/A) + dLn(Zp/A)(exp 4UL/DB~1)] 

Alloy + a - b ± c ± d ± cc 

2% Cu 
5* Cu 
5052 

20.23 6.06 
26.35 3-96 
6.37 2.81 

6.31 1.77 
2.09 1.16 
8.41 0.84 

2.14 0.56 
2.84 0.60 
3-36 0.29 

8.52 2.27 
8.38 2.41 
9.66 1.12 

0.969 
0.968 
0.994 

Table 4.17 Extrusion constants in the general pressure 
equation 4.16 
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The high correlation of greater than 0.96 for each 
alloy indicates that the derived equation is applicable over 
the range of extrusion conditions considered. An example of 
the correlation is shown in figure 4.44. which shows the 
experimental pressure vs the predicted pressure for the 3% 
Cu alloy. The lower than average correlation coefficient of 
the combined equation is still considered to be good 
considering the large number of experimental points 
regressed (104 points) and demonstrates that inclusion of 
the l/ocn term in equation 4.12. results in a higher 
correlation coefficient compared to the results in figure 
4.39. The decrease in correlation associated with the 
combined equation is shown more clearly in figure 4.45. 
which shows the same results from the 3% Cu alloy in figure 
4.44. However the principal limitation of equation 4.12. is 
that it applies to billets of specific dimensions and is 
therefore of little use as a general pressure equation. The 
following discussion will therefore consider the inclusion 
of a billet dimension term and the relationship of the 
individual constants to the extrusion process. 

It has been s h o w n ! 3 4 that equation 4 . 9 . can be written 
in the form: 

P = a' + b' Ln R + c'L 4.13. 
cr 

where L is the billet length remaining in the container and 
a1, b' and c' are constants. This therefore suggests that 
equation 4.12. may also be written in the form: 

= 1 
cxn 

bLnR + cLn j Zjdj + d j L j 
A D B 

4 . 1 4 

where L represents the length of the shear zone in contact 
with the container wall used in equation 4.8. and DB the 
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billet diameter. The above equation has been used to 
regress the constant and variable billet length data of the 
2% Cu and 5% Cu alloys, the results shown in table 4.16. 
The correlation coefficients of the individual equations are 
again >0.96 although both alloys show a slight decrease in 
correlation due to the inclusion of a billet length term. 

The question arises as to whether the linear increase 
in pressure with billet length shown in figures 4.34. and 
4.35. can be simply allowed for by introducing the separate 
d L/Db term. In section 4.2.6. it was shown that a friction 
pressure Pf may be related to the total extrusion pressure 
Pt by: 

Pf = Pt exp( 4pLj 
D 

- 1 4.6. 

which can also be written as: 

P f = A + BLnz/A exp^ 4pLj- 1 
D 

4.15 

which implies that the friction pressure is a function of 
the process conditions and may therefore be incorporated 
into equation 4.12. by: 

P = 1 
o<n 

a + b Ln R + c Ln (Z/A) + d Ln (Z/A) . exp( _4pL)- 1 
D 4.16 

The results in section 4.2.6 indicate that a constant 
value of p = 0.06 can be assumed. The regression data in 
table 4.17. again shows a decrease in correlation in 
comparison to equation 4.12, where the correlation 
coefficients are similar to those established using equation 
4.14. 
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The decrease in correlation in equation 4.14. and 
4.16. may be partly explained by the experimental error 
associated with the relatively small increase in peak 
pressure with billet length and the fact that for both 
alloys the affect of billet length has been considered for 
one extrusion ratio only and assumed to apply to all other 
ratios and billet diameters, a correlation which has yet to 
be established. However the main problem is in defining the 
correct billet dimension term to incorporate into equation 
4.12. It is of course possible to regress numerous 
variations of equations 4.14. and 4.16. to find the highest 
correlation for a specific set of data, although such an 
analysis reduces to guess work and is likely to result in a 
number of empirical relationships applicable to specific 
alloys and extrusion conditions. The affect of container 
temperature on peak pressure shown in section 4.2.5. 
emphasizes the problem in defining the friction term and 
hence billet dimension term since the friction pressure is 
ultimately related to the shear stress of the material 
within the shear zone, and hence the process conditions and 
material characteristics. If one compares the results for 
direct extrusion of 2014 processed with a constant container 
of 300 deg.C, the regression results obtained using equation 
4.12. in table 4.15. clearly show a marked change in the 
constants, especially in 'a' and 'b'. This therefore 
suggests that a friction factor term similar to equation 
2.49. used in the upper bound analysis is required, although 
as already noted in section 4.2.6. the friction factor can 
only be regarded as an approximate measure of the true 
friction conditions due to the difficulty in defining a 
single value of stress for use in the relationship. 

In order to establish whether the above trends are 
specific to the heat treatable Al-Cu system a commercial non 
heat treatable Al-Mg alloy AA 5052 has also been extruded 
over a temperature range of 550 deg.C to 325 deg.C, with 
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8 5 . 0 9 5 . 0 1 0 5 - 0 1 1 5 . 0 

Billet Length ( mm ) 
Peak pressure vs billet length -
5052 alloy 

1 2 5 . 0 

P = all + c 

5052 - Alloy 

Tj ( °C) a c cc 
P 

550 0 . 93 324 .7 0 .976 0 .043 

500 1 . 62 372.0 0 .986 0 . 056 

4-38 2 .33 44-5.8 0 .962 0 . 065 

375 2-53 603.0 0 .990 0 . 056 

325 3 . 15 685-0 0 .994 0 .060 

Table 4.17b) Peak pressure vs" billet length 
regression data - 5052 alloy 
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extrusion ratios from 10:1 to 80:1 and billet lengths from 
120mm to 80mm at a constant extrusion ratio of 30:1 and ram 
speed of 8mm/s. A full listing of the results, alloy 
composition and the hot working constants used (from ref. 
122) are shown in appendix II. 

The dependence of peak pressure on billet length is 
shown in figure 4.46., the regression data and friction 
coefficients are shown in table 4.17.b). The results in 
table 4.17.b) show that as for the 2% Cu and 5% Cu alloys a 
constant value of p = 0.06 can be assumed below 500 deg.C 
which has been used in the multiple regression analysis. 
The results in tables 4.15. to 4.17. show that all the 
relationships have a remarkably high correlation of greater 
than 0.99, where equation 4.16. now shows the highest 
correlation of 0.994 as opposed to the lowest in the 2000 
series alloys, the extent of the correlation is shown in 
figure 4.47. 

Clearly each term in equation 4.12., 4.14 and 4.16. 
has its own significance in relation to the extrusion 
pressure. For direct extrusion previous w o r k e r s l / 1 5 4 have 
pointed out that the right hand side of equation 4.13. may 
be regarded as being made up of three contributions to the 
total work of deformation. The term 'b'LnR' is proportional 
to the useful work, since LnR is simply a measure of the 
logarithmic or true strain suffered by the material,'a" 
represents the redundant work, whilst 1 c'L' represents the 
work done against friction. Introduction of the hot working 
constants into equations 4.12. to 4.16. effectively 
introduces the material properties or flow stress 
characteristics into the equation , so that the 

of 

individual terms may no longer be solely a function^the 
extrusion process. 

In order to establish the relationship between the 
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calculated using equation 4.16 -
5052 alloy 

Flow Stress Equations 
cr - ^ a " + b"Ln(Zp/A) 

ocn 

i 

Alloy a" a."/an b" b"/cm cc 

Cu 5-027 53.479 0.829 8.823 0.994 
2% Cu 4.683 63.284 0.811 10.953 0.993 
32 Cu 4.568 67.176 0.825 12.138 0.990 
4J6 Cu 4.437 54.110 0.894 10.897 0.999 
52 Cu 4.416 66.909 0.866 13-124 0.997 

1 - yf> cu 4.646 0.837 0.988 
5 0 5 2 4.287 49.360 0.907 10.441 0.998 

Table 4.18 Constants in the flow stress equation 4.17 
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individual constants and flow stress characteristics, the 
flow stress data has also been regressed using an equation 
of the form: 

o* = 1 
ocn 

+ b" Ln ( Zp ) 
A 

4.17. 

The results in table 4.18. shows that the individual 
alloy equations exhibit a high correlation of >0.99 
confirming the applicability of equation 4.17. in describing 
the flow stress characteristics. The constant b"/ocn may be 
regarded as a measure of the temperature compensated strain 
rate sensitivity, which the flow stress data in figures 
4.11. to 4.13. show increases with copper content, whilst 
a"/txn corresponds to the value of flow stress when LnZ = 
LnA. It is however evident that a" and b" are similar in 
the 2000 series alloys, which is confirmed by the high 
correlation of 0.988 obtained in the combined alloy 
equation. Inclusion of the 5052 data results in a further 
decrease in correlation to 0.980due to the difference flow 
stress characteristics reflected in a" and b". 

It is apparent that the absolute values of a" and b" 
are not directly related to the extrusion constants a,b, c 
and d but certain trends are clearly similar. Considering 
equation 4.12. first the value of a" shows the same 
variation with Cu content as 'a' in the 2000 series alloys 
and is remarkably similar to the value of 'a' in the 5052 
alloy, b" and the equivalent constant 'c' shows the same 
variation with alloy content in all three equations in the 
2% Cu to 5% Cu and 5052 alloys, but not in the 1% Cu alloy 
which may be related to the lower than average correlation 
obtained in the regression analysis. The values of 1 b1 are 
similar in the 2000 series alloys but higher in the 5052 
alloy which may be related to the change in flow stress 
characteristics associated with the non heat treatable 
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alloy. It is however evident that within the standard error 
of estimate the extrusion constants are similar in the 2000 
series alloys, which is confirmed by the relatively high 
correlation obtained in the combined equation shown in 
figures 4.44. and 4.45., whilst inclusion of the 5052 data 
results in a further decrease in correlation consistent with 
the results for the flow stress equation. 

Inclusion of the billet length term d L/DB in equation 
4.14. results in a decrease in 'a' equal to the value of 1 d1 
and a slight increase in 1 b1 in the 2% Cu and 5052 alloy, 
whilst in the 5% Cu alloy 'a1 increases and 1 b1 decreases, 
the values of 'c1 in all the alloys showing no significant 
change. The results from the 2% Cu and 5052 alloy suggest 
that 'a1 in equation 4.12. may be regarded as a measure of 
the friction and redundant work, whilst 'a1 in equation 
4.14. is a measure of the redundant work and 1 d1 the 
friction work. In the 5% Cu alloy a higher value of 'a' is 
consistent with higher extrusion pressures, whilst the 
decrease in 'b1 implies a reduction in dependence of 
pressure on extrusion ratio. The reason for this is not 
clear and may be partly related to the low correlation 
obtained and the assumption of a friction term independent 
of the process conditions. 

The regression results for equation 4.16. in table 
4.17. show that in comparison to equation 4.12. 'a' 
increases,and 'b1 and 'c' decrease in the 2% Cu and 5052 
alloy. The 5% Cu alloy exhibits virtually indentical 
values of 'a1 and 1 bf to equation 4.14., but a lower value 
of 'c1 consistent with the 2% Cu and 5052 alloy, the value 
of 1 d1 is similar in all the alloys. The reduction in 1C1 

is consistent with the observation that the friction 
pressure can be regarded as a function of the process 
conditions, whilst the constant value of 'd1 implies that 
' d1 may be regarded as a function of the extrusion process 
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i.e. the work done agairotfriction during unlubricated direct 
extrusion. 

It should be noted that the combined alloy equations 
resulted in a decrease in correlation for both 
relationships, the largest decrease in correlation resulting 
when the 5052 data was included. 

The regression data for indirect extrusion in table 
4.15. shows that in comparison to the equivalent 2014 direct 
equation a large increase in 1 b1 and decrease in faf and 
slight decrease in ' c1 results. The decrease in 'a1 may be 
related to the lower extrusion pressures observed, whilst 
the increase in 1 b' is indicative of the more homogeneous 
work done during extrusion in the absence of friction and 
the slight decrease in 'c1 is consistent with the smaller 
peaks observed during indirect extrusion. 

It is therefore evident that although certain trends 
are consistent with the change in flow stress 
characteristics and extrusion process, these are not 
consistent in all the alloys. This may be related to the 
assumptions made in the present analysis. Firstly that the 
flow stress evaluated from a mean strain rate and 
temperature predicted by theory is an accurate 
representation of the complex variation in stress, strain 
rate and temperature within the non steady state deformation 
zone at peak. Secondly, that the work required to overcome 
friction during direct extrusion is a simple function of the 
contact area and steady state flow stress and not the shear 
stress within the shear zone. However the theoretical 
analysis required to define more accurately the above 
phenomena is not yet available,where it is likely that a 
more realistic pressure equation could be established from a 
comprehensive experimental extrusion matrix which considers 
the effect of billet length and billet diameter at different 
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extrusion ratios and Z conditions. 

4.2.10. EXTRUDE SURFACE CONDITION 

There are numerous surface defects associated with 
aluminium alloy extrusion which have been extensively 
reviewed by several authors.1/25,169,171 For the present 
work defects deriving from the as cast surface have been 
eliminated by scalping of the billets before extrusion, as 
have the defects associated with lubrication, since all 
extrusions were carried out unlubricated. Surface defects 
common to all the alloys were die lines and die pick up. 
The appearance of these defects showed no significant 
dependence on either strain rate or temperature and tended 
to increase in severity if the dies were not cleaned between 
extrusions. This was not always possible due to the time 
required for the dies to attain a uniform temperature. For 
the 4% Cu and 5% Cu alloys surface cracking was also a major 
problem especially at high temperatures and strain rates. 
Since the product must be scrapped due to the poor surface 
quality and the inferior mechanical properties, both the 
occurrence and prevention of surface cracking has been 
investigated in the 4%Cu 2014 alloy. 

In order to evaluate the surface cracking the extrudes 
have been placed into one of three categories:-

A - No evidence of cracking. 
B - Cracking commences at some distance along the extrude. 
C - Cracking occurs along the entire length of the extrude 

increasing in severity as extrusion proceeds. 

Typical examples of these three categories are shown 
in the top three extrudes in plate III which were taken from 
the same position along the extrude length corresponding to 
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a position at 0.5L, i.e. halfway along the extrude 
length. 

Category A extrudes were usually achieved by extruding 
at low temperatures and low ram speeds. Category B extrudes 
were normally associated with the medium temperatures and 
high ram speeds, where the temperature rise during extrusion 
resulted in hot tearing due to plastic instability or at 
higher extrusion temperatures incipient melting leading to 
hot shortness. Category C occurred at high temperatures and 
high strain rates and often resulted in complete 
disintegration of the product at the end of the ram stroke. 

An example of the microstructure associated with 
surface cracking is shown in plate III b). The extrusion 
direction is from left to right and the crack extends 
backwards at an angle of 45 degrees and is clearly 
associated with an overheated structure comprising of fine 
grains surrounded by a continuous intergranular network. 
The temperature rise during extrusion results in incipient 
melting of the second phase particles which form an 
intergranular network when rapidly quenched, resulting in a 
brittle product of poor mechanical properties. However, 
incipient melting is not a prerequisite for surface cracking 
in the 2014 alloy since it is reported29 to occur well below 
the eutectic temperature of 517 deg.C. For such extrudes 
the absence of hydrostatic stresses in the die land area 
reduces the duclility whilst a reductioninflow stress caused 
by the temperature rise during extrusion increases the 
likelihood of tearing in the weakened outer regions of the 
extrude. 

Recent work29 has shown that it may be possible to 
reduce the onset of surface cracking by effectively 
increasing the strength of the material at the edge of the 
extrude through solid solution strengthening. This was 
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achieved by solution soaking the extrusion billets at 500 
deg.C for 30 minutes before furnace cooling to the extrusion 
temperature. It was summized that sufficient solute had 
been retained in solution to increase the peak pressure by 
5% and reduce the surface cracking at an extrusion 
temperature of 400 deg.C. Following this lead a more 
extensive experimental programme has been carried out in 
order to determine the optimum soak time and change in hot 
working characteristics for the 4%Cu 2014 alloy. The effect 
of a, press-solution soak on the mechanical properties of 
press quenched TI, T5 and T6 extrudes has also been 
investigated and the results are presented in section 4.4. 

4.2.10.1. EVALUATION OF THE PRESOLUTION SOAK 
FLOW STRESS AND EXTRUSION CHARACTERISTICS 

To evaluate the optimum soak time corresponding to the 
maximum increase in flow stress torsion specimens were 
heated at 500 deg.C for varying times up to 8 hours and 
allowed to air cool to a typical extrusion temperature of 
425 deg.C. The specimens were held for two minutes to 
attain a uniform temperature and tested in a similar manner 
to that described in section 3.7. The air cooling rate is 
shown in figure 4.48. The resuts are plotted in figure 
4.49. which shows that no significant increase in torque 
occurs after two hours heating. It is interesting to note 
that Reti et al!48 have also reported that during solution 
treating of an as cast and wrought Al-4.5% Cu alloy no 
substantial decrease in the number of second phase particles 
was found after two hours heating. Which indicates that the 
maximum increase in torque may be related to the complete 
solid solution of -all the soluble second phase particles. 

In order to establish the change in hot working 
characteristics a torsion matrix was tested using a 
presolution soak time of two hours at 500 deg.C. The 
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Figure 4.48 Cooling curves for the presolution soak 
torsion specimens and extrusion billets 
- 2014 alloy-

Figure 4.49 The variation of peak torque with soak 
time 2014 alloy 
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specimens were air cooled and tested using the same 
procedure as above at temperatures in the range of 450 deg.C 
to 275 deg.C with strain rates from 0.03 to 25s~l. The 
values of peak torque and flow stress are shown in appendix 
I along with data derived from the temperature rise analysis 
described in section 2.2.1. The torque twist curves 
exhibited similar characteristics to those shown in figures 
4.1. to 4.3. and showed no pronounced yield point or 
serrated yielding over the entire range of temperatures and 
strain rates considered. The degree of strain hardening 
reflected in the values of strain to peak shown in appendix 
I are similar to the 3% Cu and 5% Cu alloys and no 
significant correlation could be established between the 
strain to peak and process conditions. 

The temperature corrected hot working constants of the 
presolution soak (SS) material as a function of strain are 
shown in table 4.19., as well as those of the conventionally 
heated (CH) material at £ H = 1.0 used in section 4.1.4. 
The high correlation coefficients demonstrate the 
applicability of the general hot working equation in 
describing the flow stress characteristics of the 
presolution soak material, although a higher value of AH 

and an accompanying increase in A imply a change in the rate 
controlling process during deformation. The change in flow 
stress at equivalent temperatures and strain rates is shown 
in figure 4.50. which clearly shows that a uniform increase 
in flow stress does not occur, but increases with decreasing 
temperature and increasing strain rate. This therefore 
implies that at low Z conditions the high rate of recovery, 
particle hardening and the increase in solid solution 
content in botn the CH and SS material results in similar 
flow stress characteristics, whilst the rapid cooling shown 
in figure 4.48. and the slow precipitation kinetics51 retain 
a high solid solution content prior to testing in the SS 
material, the increase in flow stress resulting from the 
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Presolution Soak Matrix 

2014 

E H A H 

J/mole 

CX 

m2/MN 

n A 
-1 s 

cc 

1.00 

0.75 

0.50 

176867 

182353 

203317 

0.0118 

0.0115 

0.0112 

5.86 

6.06 

7.01 

4.466x1015 

1.190x10™ 

1.160X1016 

0.9840 

0.9813 

0.9557 

Conventionally Heated Matrix 

2014 

E H A H 

J/mole 

CX 

m2/MN 

n A 

s-1 

cc 

1.00 144408 0.0152 5-27 2.957x1010 0.9849 

Table 4.19 Hot working constants for the presolution 
soak (SS) and conventionally heated (CH) 
2014 alloy. 

Figure 4.50 Flow stress characteristics of the CH 
and SS 2014 alloy 
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solution hardening which increases with decreasing Z. 

Solid solution hardening can be defined as an increase 
in the flow stress of the metal as foreign atoms are 
dissolved in it. A number of mechanisms have been proposed 
to explain solution hardening and these have been 
extensively reviewed in a number of recent works!52-154. 
Essentially the mechanisms consider one of two dislocation 
solute atom interactions: 

i) Stationary dislocations can be pinned by solute atoms 
providing that diffusion of the solute atoms to the 
dislocations is possible. An extra stress A t is then 
required to free the dislocations from their energetically 
favourable position which is often observed as a yield point 
at the beginning of deformation. 

ii) A dislocation moving through a solid solution 
encounters friction and the effect of this friction stress 
is to raise the stress strain curve to higher stress levels. 

Both mechanisms can be expected to increase A H due 
to the increase in thermal activation energy required to 
overcome the respective obstacles. However since the flow 
stress characteristics from high strain rate tests are being 
considered, this tends to rule out dislocation unpinning as 
the predominent mechanism since this is a yield phenomena 
normally associated with body centred cubic material tested 
at low strain rates!53. if an increase in the friction 
stress or back stress is the only solution hardening 
mechanism, then the increase in flow stress will be 
dependent on a number of factors the principal ones being 
the solute concentration, the difference in atomic size (d) 
and the difference in elastic properties between the solute 
and solvent. In a multicomponent alloy such as 2014 the 
situation is further complicated by the fact that the 
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incremental increase in flow stress will be a function of 
three separate hardening solutes Cuf Mg and Si and hence 
three different solute concentrations, atomic size factors 
(d solute/d solvent) of 0.89, 1.12 and 0.95 respectively and 
elastic interactions. The incremental increase in flow 
stress shown in figure 4.50. results in a lower value of (X 
whilst a high value of n implies a decrease in the 
temperature compensated strain rate sensitivity, which may 
be related to the decrease in dislocation mobility 
associated with the friction stress and hence decrease in 
strain rate sensitivity, whilst the high value of A H 
effectively increases the temperature sensitivity. 

In a more recent reviewl55 solution hardening during 
creep testing has also been associated with a decrease in 
the rate of recovery and an increase in dislocation 
multiplication. During high strain rate deformation a 
decrease in recovery with Z may be attributed to the high 
solute atom vacancy binding energy which effectively reduces 
the number of vacancies available for dislocation climb, 
whilst an increase in dislocation density may result from 
part of the misfit strain between the substitutional solute 
atoms and solvent matrix being taken up by dislocations, the 
misfit strain increasing with decreasing temperature. The 
effect of the solution soak treatment on the hot worked 
structure will be considered in section 4.3.5.3. 

The effect of the presolution soak treatment on the 
torsion ductility is shown in figure 4.51. at the highest 
strain rate of 26 sec"l. The figure shows that in 
comparison to the 3% Cu and 5% Cu alloys the ductility is 
lower, especially in the mid-temperature range, but 
increases in a linear fashion with temperature as the flow 
stress decreases. The decrease in ductility is consistent 
with an increase in solid solution content and hence solute 
atom segregation at grain boundaries prior to testing, which 
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k 

P - 1/o<n I a + bLnR + cLn(Zjj/A)J 

Preheat 
treatment + a - b ± + c - cc 

SS 
CH 

14.45 6.01 
13-10 3.97 

8.25 1-71 
7-25 1.15 

4.32 0.23 
5.06 0.24 

0.962 
0.975 

a- = 1/<xn [ a" + b"Ln(2^/A)] 

Preheat 
treatment a" a"/ n b" b"/ n cc 

SS 
CH 

5-217 82.810 
4.437 54.110 

0.801 12.715 
0.894 10.897 

0.994 
0.999 

Table 4.20 CH and SS 2014 peak pressure and flow 
stress equations 
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is associated with the decrease in ductility in the CH 
material above approximately 350 deg.C. Although a decrease 
in ductility during hot working implies an increase in 
susceptibility to surface cracking associated with hot 
tearing, the results in figure 4.51. are relevant to the 
shear mode of failure discussed in section 4.1.5., which is 
unlikely to be equivalent to the complex stress state 
existing at the die exit. 

It is therefore apparent that the incremental increase 
in flow stress shown in figure 4.50. may be a function of a 
number of mechanisms although in terms of the original 
objective i.e. to increase the tensile strength of the 
material during hot working the presolution soak treatment 
will be more beneficial to high Z extrudes where surface 
cracking is more likely to be associated with surface 
tearing in the absence of incipient melting. 

An extrusion matrix based upon the above results has 
been tested using the same presolution soak treatment of two 
hours at the 500 deg.C. The extrusion billets were heated 
in the air circulating furnace and furnace cooled to the 
extrusion temperature and held for two minutes before 
extruding,the extrusion results are listed in appendix II. 
The fastest cooling rate that could be achieved using this 
furnace is also shown in figure 4.48. The cooling rate is 
clearly slower and results in a maximum cooling time of 20 
minutes at 300 deg.C as opposed to 3 minutes for the torsion 
specimen. The effect of an increase in time for 
precipitation during cooling on the solution strengthening 
and hence the flow stress characteristics described by the 
hot working constants in table 4.19. has been established by 
comparing the peak pressure and peak height with those of 
the conventionally heated billets, in a similar manner to 
the flow stress data in figure 4.50. The results in figures 
4.52. and 4.53. clearly show that the presolution soak 
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A P = aTn (°K) 

CH 4.457*10 
SS 1.161X1019 

n cc 
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-6.097 0.968 
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Peak height AP vs initial billet 
temperature for direct extrusion CH and 
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treatment increases the peak and AP pressure, the 
difference increasing with decreasing temperature, as 
predicted by the flow stress data. The extrusion data and 
flow stress data have also been regressed using the general 
pressure equation 4.12. and flow stress equation 4.17. and 
compared with the CH 2014 data. The results in table 4.20. 
show that the values of 'a1 and 'c' show the same trend as 
the values of 'a"1 and 1 b"1 in the flow stress equations, 
and 1 b' is similar in both pressure equations, consistent 
the trends observed in the 2000 series alloys discussed in 
section 4.2.9. 

It may therefore be concluded that although a slower 
cooling rate is necessary for extrusion, which is likely 

I to be the case for the larger extrusion billets used in 
industry, the slow precipitation kinetics of the transition 
phases and equilibrium precipitate results in an appreciable 
solid solution content prior to extrusion and hence similar 
flow stress characteristics to the material cooled at a 
faster cooling rate. 

4.2.10.2. EVALUATION OF SURFACE CRACKING 

Previous w o r k e r s l 2 4 , 1 4 9 have shown that it is possible to 
correlate the surface quality with respect to the 
categories A,B and C using the initial billet temperature 
and the corresponding values of LnZj. These relationships 
are shown plotted in figure 4.54. for the two different 
initial heat treatments using the steady state constants in 
table 4.19. The defining lines between a good (A) and bad 
(B,C) surface finish have been established using the 
following power relationships, so that for a good surface 
finish: 
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Correlation 
Conventional 
Heating (CH) 

Ln Zx < 67954 
TL.199 

0.998 4.18 

Presolution 
Soak (SS) 

Ln Zx < 97955 
TL.223 

0.999 4.19 

where T is in degrees Kelvin. 

Due to the large difference in AH shown in table 
4.19. the strain rates at which cracking occurs have also 
been evaluated using equations 4.18. and 4.19. and plotted 
as a function of the initial temperature in figure 4.55. 
The figure shows that surface cracking is effectively 
reduced in the SS extrudes below an initial billet 
temperature of 450 deg.C, the increase in strain rate 
increasing with decreasing temperature as the flow stress 
increases, which implies that surface cracking may well be 
reduced by the increase in tensile strength in the weakened 
outer regions of the extrude. Above 450 deg.C the increase 
in flow stress and hence tensile strength in the SS extrudes 
is only marginal and surface cracking is therefore not 
significantly reduced by a presolution soak treatment. 

Although equations 4.18. and 4.19. are useful in 
determining the initial extrusion conditions resulting in 
surface cracking, the exact conditions cannot be properly 
defined by these equations due to the temperature change 
during extrusion. The effect of the presolution soak has 
therefore also been considered by calculating the 
temperatures, using the integral profile model, at which 
cracking commences along the length of the extrude. The 
results in table 4.21. show that for identical extrusion 
conditions cracking commences further along the length of 
the extrude for all the presolution soak billets, which 
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425 450 475 5 
Initial Billet Temp(°C) 

Strain rate required for surface 
cracking vs Tj for direct extrusion 
of CH and SS 2014 allov 

Conventionally Heated Extrudes 
Extn TI ER V 1c T c T f 

Code °C mm/s °C °C 
D4462A 20 12 0.05 474 547 
D4443A 445 30 8 0.03 470 541 
D4365A 396 50 12 0.30 480 536 
D4465A 445 50 12 0.03 490 573 

Presolution Soak Extrudes 
Extn TI ER V 1c TC T F 

Code °C mm/s °C °c 
D4562AS 475 20 12 0.48 537 567 

D4462AS 445 20 12 0.63 525 547 

D4443AS 445 30 8 0.49 518 546 
D4465AS 445 50 12 0.44 540 583 

D4365AS 394 50 12 0.50 530 574-
lc fraction of the distance along the extrude 

length cracking commences 
Tc mean temperature at position lc 
Tp mean final temperature 

Table 4.21 The mean temperatures evaluated by the 
integral profile model at which cracking 
occurs during CH and SS direct extrusion of 
2014 alloy. 
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indicates that even at the high extrusion temperatures the 
presolution soak can retard the onset of surface cracking. 
The predicted temperatures at which cracking commences of 
470 deg.C to 490 deg.C for the conventially heated billets 
agree with the temperature of 490 deg.C reported by 
Paterson29 for 2014 and to some extent confirms the validity 
of the modification made to the temperature rise model 
discussed in section 2.2.2. with regards to the change in 
container temperature. A mean temperature of 480 deg.C and 
a final temperature greater than 530 deg.C indicates that 
surface cracking in all these extrudes may well be 
associated with incipient melting as shown in plate III b), 
since assuming a temperature gradient exists across the 
extrude, the temperature at the periphery may be close to or 
in excess of the eutectic temperature of 517 deg.C. The 
variation in temperature across and along the extrude will 
be discussed in further detail in section 4.3.6.3. However 
it should be noted that a final temperature in excess of 480 
deg.C is not a prerequisite for surface cracking since run 
D4522A (Tj = 480 deg.C, ER = 20:1, v = 3.3 mm/s) exhibits of 
final temperature Tf = 530 deg.C but showed no signs of 
surface cracking due to the low ram speed used. The 
occurrence of surface cracking is therefore very much 
dependent on the strain rate and stresses generated in the 
die land area a phenomena which is shown more clearly in the 
limit diagrams in section 4.4.10. 

The predicted temperatures from the SS extrudes in 
table 4.21. show that surface cracking commences at 
exceptionally high mean temperatures of 540 to 520 deg.C 
i.e. temperatures well above the eutectic temperature. If a 
large percentage of the eutectic phase remains in solution 
prior to testing and during extrusion then surface cracking 
associated with the melting of the eutectic phase will be 
further reduced. However the sudden appearance of surface 
cracking at these positions along the extrude was so severe 
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in most cases that cracking soon extended to the centre of 
the extrude. Therefore although the presolution soak 
treatment can be considered to retard the onset of surface 
cracking at high extrusion temperatures, the combination of 
a high initial billet temperature and the temperature rise 
associated with the incremental increase in load results in 
severe cracking towards the rear of the extrude. 

In conclusion therefore it has been shown that a 
presolution soak treatment is effective in retarding surface 
cracking at all temperatures, although the large increase in 
load at low temperatures shown in figure 4.52. and the 
temperature rises at high billet temperatures reduce the 
effectiveness of such a preheat treatment for a given press 
capacity of 1130 MN/m2 to a temperature range of 

t approximately 350 deg.C to 450 deg.C, the temperature range 
in which most commercial aluminium alloy extrusions are 
carried out33,35,136. 
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4.3 STRUCTURAL INVESTIGATION 

4.3.1. INTRODUCTION 

The structures have been investigated at all stages of 
processing from the as cast state to the fully heat treated 
extrudes. The effect of Cu content on the structural 
characteristics has been established using the 1% Cu, 3% Cu 
and 5% Cu alloys, whilst the effect of heat treatment has 
been investigated using the commercial 4% Cu 2014 alloy. 
The experimental techniques used for optical and 
transmission electron microscopy are outlined in sections 
3.6.4 and 3.6.5. 

4.3.2. AS CAST STRUCTURE 

The effect of decreasing copper content on the as cast 
structures is shown in plate IV . At high Cu contents 
micrographs c), d) show the structure consists of dendrites 
of aluminium solid solution surrounded by a eutectic which 
has etched up black. At the higher magnification micrograph 
d) shows the presence of more than one segregated 
constituent shown by the light and dark phases. The larger 
percentage of the light phase indicates this to be CuAl^ 
which is lightly attached by the Kellers reagent. The 
darker constituent has been identified by previous 
workers33,135,162 to consist of two separate eutectics in 
2014 of compositions cx + (FeMnCuSi)Al and o< + 0 + Q. 
However, the compositions are based upon quantitative X-ray 
microanalysis data, which can be thickness dependent in 
Al-Cu alloys dueUdeposition of a Cu rich film on the surface 
of the foil during thin foil precipitation!63 which can only 
be effectively removed by ion thinning in an instrument of 
low residual partial pressure!63, which was not available 
for the present work. 



a) 1% Cu b) 1% Cu 

Plate IV. As Cast Microstructures of the 1% Cu and 
5% Cu Alloys. 
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An example of the structure in the low Cu alloys is 
shown in micrographs a) and b) and is typical of the 1% Cu 
and 2% Cu alloys. The fast cooling rates and low Cu content 
promotes the formation of a more divorced eutectic which is 
shown in micrograph b) at a higher magnification. A greater 
amount of the aluminium is precipitated out in the primary 
and dendrites, removing the aluminium component for the 
eutectic reaction. The composition of the eutectic phase 
can therefore be expected to change with copper content, 
decreasing in A1 with decreasing weight percent copper. 
This is also reflected in the slightly larger inter 
dendritic arm spacing shown in micrograph a). Although it 
should be noted that the dendrite cell size is also directly 
related to the solidification rate, the faster the 
solidification rate, the smaller the dendrite cell sizel64. 

Senary phase diagrams for the present alloy system do 
exist38, but tend to be extremely complicated and applicable 
to equilibrium conditions which are unlikely to be achieved 
during the rapid cooling associated with D.C casting. A 
review of the literature33,35,38 suggests the solvus and 
solidus lines will be similar to those of the binary system 
as shown in figure 4.56. where the eutectic temperature is 
lowered to 517 deg.C. However, the exact phase fields 
are likely to be more complicated than this as shown by the 
quaternary isothermal section in figure 4.57. for an 
Al-Cu-Mg-Si alloy with 0.8% silicon36. 

The as cast structures shown in plate IV are generally 
considered to be undesirable due to the brittle nature of 
the eutectic phases and the reduction in ageing caused by 
the segregation of Cu in the Cu rich eutectics. The 
modification of these structures by a subsequent 
homogenization heat treatment will be discussed in the next 
section. 
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Copper Wf % 
Figure 4.56 A1 - 4Cu and A1 - 4Cu - 0.6Mg binary 

phase diagrams ref. 53?35>58 

Figure 4.57 Quaternary phase diagram of A1 - Cu - Mg 
for 0.6$ Si at 46QOC isothermal ref. 36 
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4.3.3. HOMOGENIZED STRUCTURES 

Previous workers33 have shown that a standard 
homogenization treatment of 24 hours at 500 deg.C is 
suitable for most commercial D-C cast Al-Cu Alloys. Heating 
at a higher temperature risks the onset of eutectic melting 
which can severely reduce the properties of the productl65, 
whilst prolonged heating has been reported29,33 to (produce 
no real significant change in the overall structure. The 
effects of the homogenization heat treatment are shown in 
plate V. The billets were all furnace cooled at a rate of 
80 deg.C per hour. 

At low magnification micrographs a) and b) show that no 
substantial grain growth has occurred, where the average 
grain size ranges from 120 pm in the 1% Cu alloy to 90 pm in 
the 5% Cu alloy. Small amounts of the dendrite structure 
still remain , which is consistent with structures found by 
previous workers using similar alloys25,26,29. 

Examples of the structures at higher magnification are 
shown in micrographs c) to e). The structures are typical 
of those found in all the alloys extruded and consist of a 
uniform dispersion of second phase particles ranging in size 
from 0.05 pm to 1 pm, with a number of larger particles of 
3-6 pm in size situated mainly at the grain boundaries as 
shown in micrographs a), b) and e). Micrograph e) also 
shows the existence of a precipitate free zone at the grain 
boundary, which were present in all the alloys and in some 
cases associated with the larger second phase particles 
within the matrix. The grain boundaries can act as vacancy 
sinks reducing the sites for precipitation adjacent to the 
grain boundary, whilst the larger particles may also act as 
sites for preferential precipitation depleting the 
surrounding matrix of solute. 



a) Cu b) Cu 

00. jam 

c) 1% Cu 

e) 2% Cu 

Plate V. Homogenized Microstructures. 
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The fine 0.05 - 0.075 pm particles have been 
identified29,33 in 2014 as (Fe Mn)Al6 and Mn Al6 which are 
thought to precipitate out of solution during 
homogenization. The overall distribution of the particles 
was approximately the same in all the alloys confirming the 
above analysis. 

The distribution of the larger 1 pm particles lying on 
the cube planes of the matrix, tended to decrease with 
decreasing Cu content as shown in micrographs c) and d). 
These are therefore likely to be 9 or Q phase which 
precipitates out of solution during cooling from the 
homogenization temperature. The proportion of the Q phase 
is likely to increase with increase in the Mg:Cu ratio as 
indicated by the quaternary phase diagram shown in figure 
4.57. 

The large 3-6 pm particles were found in all the alloys 
and are normally associated with insoluble as cast Fe and Si 
rich inclusions, but may also contain Cu due to the 
non-equilibrium microsegregates formed during 
solidificationGl. More recent works29,33,61 have shown the 
particles in 2014 to be either Q phase, AI12 (FeMn)Si or 
Mg2Si particles. 

4.3.4. EXTRUSION STRUCTURES 

For the present work the as quenched microstructures 
can be classified into one of two types. The first consist 
of a core of fibrous grains surrounded by a more dislocated 
structure at the periphery, examples of which are shown in 
plate VI a) and b). The fibrous structure b) consists of 
the original homogenised grains elongated in the extrusion 
direction, whilst the periphery a) originates from the 
heavily sheared regions outlining the deformation zone. The 
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structure is typical of the low temperature extrudes below 
350 deg.C and persisted to higher temperatures in the lower 
copper alloys. The second type of structure is shown in 
micrograph c) and consists of an inner core of fibrous 
grains surrounded by a peripheral zone of recrystallized 
grains. The structure is typical of the high temperature 
extrudes and forms as a result of the inhomogeneous 
deformation occurring during extrusion, where the surface 
elements of the outgoing extrude suffer a greater degree of 
deformation than elements at any other position. The 
increased dislocation density and resultant internal energy, 
increase the driving force for static recrystallization in 
this region before the extrude is quenched. Both the 
structures were observed in the direct and indirect 
extrudes. 

Figure 4.58. shows the effect of ram speed and 
extrusion ratio on the volume percent of material 
recrystallized per unit length calculated using equation 
4.20. at various extrusion temperatures in the 2% Cu and 3% 
Cu alloys the measurements being taken at a constant 
distance along the extrude corresponding to 0.3L. At low 
extrusion ratios the size of the recrystallized grains were 
normally limited to the size of the recrystallized depth, 
whilst at higher extrusion ratios finer less elongated 
grains were found, as shown in micrograph c). The increase 
in extrusion ratio and hence strain increases the driving 
force for recrystallization nucleation whilst the high ram 
speeds reduce the quench delay but increase the temperature 
rise due to the reduction in heat losses and increase in 
extrusion load. A combination of these factors help 
increase the fraction of recrystallized material with 
increase in extrusion ratio and ram speed, where as the 
recrystallized grain size decreases. The increase in alloy 
content increases the flow stress and temperature rise 
during extrusion, both of which promote primary 



Figure 4.58 Volume # recryn vs initial billet 
temperature in the T1 temper for 
2% Cu and 3# Cu alloys 

Volume Percent Recrystallization 
2014 - T1 
ER = 20:1 

TI CH CH SS 
°c Direct Indirect Direct 
480 5.4 2.6 5.1 
450 1.7 1.9 1.1 
400 1.0 0.8 0.5 

Vol# recystn = a LnZj + b 
2014-T1 

I a b cc 
CH Direct -0.58 16.84 0.950 
CH Indirect -0.47 13-89 0.981 
SS Direct -1.22 41.31 0.840 

Table 4.22 The variation in % recrystallization during 
direct and indirect extrusion of CH and SS 
2014 alloy in the T1 temper. 
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recrystallization at a specific temperature and strain rate. 

R = Extrude Radius 
d = Recrystallized depth 

A slight increase in the size of the peripheral zone 
was found at the rear of the extrudes which can be 
associated with the temperature rise as extrusion proceeds. 
However the increase is not as significant as that reported 
by other w o r k e r s 3 - / 2 8 for aluminium alloys, which 
demonstrates the effectiveness with which the intermediate 
second phase articles inhibit grain growth during primary 
recrystallization. 

The effect of indirect extrusion and the presolution 
soak treatment on percentage recrystallization at 0.3L in 
the 2014 alloy is shown in table 4.22. The reduction in 
recrystallization during indirect extrusion has been 
observed by previous w o r k e r s 2 8 , 1 6 6 - 1 6 8 and attributed to the 
uniform nature of flow and lower temperature rise 
during extrusion. The SS extrudes show the highest 
percentage recrystallization consistent with the increased 
temperature rise during extrusion. Although the results in 
table 4.22. show that the percentage recrystallization 
measurements from 20:1 and 30:1 extrudes may be related to 
LnZj, such relationships can only be regarded as approximate 
due to the variation in quench delay with strain rate, 
whilst the quench delay is virtually doubled during indirect 
extrusion due to the arrangement of the tooling discussed in 
section 3.2.5., such that the percentage recrystallization 
in equivalent indirect extrudes may even be smaller 
than shown by the results in table 4.22. Since a 
duplex structure is reportedl69 to be deleterious to 
both fracture toughness and corrosion 

Vol% 4.20 
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resistance the reduction in peripheral recrystallization is 
an important feature of the indirect process. 

The effect of Cu content on the optical structures was 
only significant with respect to the size of the 
recrystallized periphery which as shown in figure 4.58. 
increased with Cu content, consistent with an increase in 
the load and temperature rise during extrusion. 

4.3.5. THE VARIATION IN STEADY STATE 
SUBSTRUCTURE IN EXTRUSION AND TORSION 

4.3.5.1. EXTRUDATE SUBSTRUCTURES 

Specimens for electron microscopy were taken at 
equivalent positions along the length of each extrude 
coinciding with steady state extrusion. Examples of the 
extrusion substructures from the centre of the extrudes at 
high Z and low Z conditions in the 1% Cu, 3% Cu and 5% Cu 
alloys are shown in plate VII. 

The steady state structures in all the alloys were 
characterised by a subgrain structureof low misorientation 
consistent with the operation of dynamic recovery and 
repolygonization during extrusion. The lack of contrast 
between the grains gives an indication of the low 
misorientation which exists between then, which is confirmed 
by the measurements shown in table 4.23. These were 
determined using standard diffraction techniques, by 
measuring the movement of kikuchi lines as the subboundaries 
were traversed. The results show that the misorientations 
are all lower than 2° which agrees with the values 
determined by previous workers for similar a l l o y s 2 5 , 2 7 , 2 9 . 

No consistent trend could be found with either alloy content 
or process conditions although the small variation shown in 
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table 4.23. indicates a large number of measurements would 
be required to show a variation in the mean value. 

Evidence of dynamic recrystallization was not observed 
in any of the alloys although high angled boundaries were 
often detected lying parallel to the extrusion direction, 
their presence being associated with the grain boundaries of 
the original homogenized material, which give rise to the 
fibrous structures seen in plate VI. However evidence of 
static recrystallization at groups of larger particles was 
seen in all the alloys an example of which is shown in plate 
XII b), which is from the 2014 alloy extruded at 300 deg.C. 
Recrystallization nucleation at groups of particles ^ 1pm 
has been observed in a number of alloy systemsl42. 
Humphreysl07 has shown that a deformation zone characterized 
by a high dislocation density and lattice misorientation 
exists in the vicinity of such particlesand \\et\ce nucleation is 
thought to occur by a rapid polygonization process involving 
subboundary migration of the subgrains within this 
deformation zone. Once the nucleus has consumed the 
deformation zone it experiences a barrier to further growth 
due to the decreased driving force in the surrounding 
matrix. Static recrystallization and the mechanisms 
involved will be discussed in further detail in section 
4.3.7. 

Examples of the substructures in the 1% Cu, 3% Cu and 
5% Cu alloys at low extrusion temperatures ie high Z are 
shown in micrographs b), d) and f). The subgrains are 
elongated in the extrusion direction and have a relatively 
high internal dislocation density indicating that recovery 
is not complete at low temperatures. It should be noted at 
this point that the observed structure depends on the 
orientation of the foil in the microscope and therefore not 
all the dislocations present may be observed in any one 
micrograph. All the second phase particles are elongated in 
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1% Gu, 3% Cu and 5% Cu Alloys. 
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the extrusion direction and uniformly distributed throughout 
the matrix. Pinning of the subboundaries by both the larger 
as cast and intermediate size particles can be clearly seen 
in all the alloys although the subgrain diameter is not 
directly related to the interparticle spacing. This implies 
that the action of the applied stress is sufficient to 
overcome some of the interaction between the subboundary 
dislocations and particles which are present during steady 
state extrusion. 

The substructures from low Z extrudes in micrographs 
a), c) and e) show that an increase in extrusion temperature 
results in a steady state substructure of larger subgrains 
with lower internal dislocation densities and narrower 
subboundary walls. The increase in thermal activation 
permitting easier cross slip and climb of dislocations. The 
subgrains are generally more equiaxed in nature which can be 
associated with the need to reduce the grain boundary area 
and thus reduce the free energy of the structure, which is 
further enhanced by the increased mobility of the 
subboundary dislocations. Pinning by the intermediate sized 
particles is clearly less pronounced than at low 
temperatures although the larger as cast particles still act 
as effective barriers to dislocation motion. The similarity 
between the substructures in micrographs a), c) and e) 
indicates that although an increase in solid solution 
content with temperature and initial copper content is 
predicted by the microhardness data in figure 4.14. this has 
little effect on the degree of recovery. Since the 
diffusivity of the solute species also increases with 
temperature the interaction of the solute atom atmospheres 
with the slower moving dislocation is less effective. 
Previous workers28,29,172 have suggested the decrease inAH 
may be associated with an increase in vacancy concentration 
due to the atomic mismatch between the solute and solvent 
atoms, however whether this results in any appreciable 
increase in the available vacancies for dislocation climb 
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will depend on the solute atom vacancy binding energies 
which for Cu and Mg are considered to be high57. Associated 
with the increase in solid solution there will also be a 
decrease in the second phase particle distribution and hence 
dispersion hardening. Although there is no quantitative 
data to show this effect previous w o r k e r s 2 8 , 2 9 have also 
observed a decrease in particle distribution with increase 
in temperature during hot working of heat treatable 
aluminium alloys. 

An important feature at high extrusion temperatures, 
which should not be confused with the recovered 
microstructure is the presence of helical dislocations seen 
in the higher copper alloys, examples of which are shown in 
plate Xlla). Their formation occurs during quenching of the 
extrude and is caused by the interaction of quenched 
vacancies with screw or mixed dislocations. The vacancies 
condense onto the screw dislocations so that the dislocation 
line becomes curved to form one turn of a spiral. The 
helical dislocation forms when further groups of vacancies 
are attracted at difference points along the dislocation 
line. Helical dislocations were observed in the 3% Cu - 5% 
Cu alloys with preferred orientations in the [200] 
directions and tended to be locked by precipitates which 
prevented them from straightening out. Their presence has 
been reported to be beneficial during ageing since they act 
as sites for precipitate nucleation.145,146 

4.3.5.2. TORSION SUBSTRUCTURES 

The variation in substructure with process conditions 
during torsion testing at high and low Z conditions in the 
1% Cu, 3% Cu and 5% Cu alloys are shown in plate VIII. The 
radial variation in strain and strain rate in the torsion 
specimen means that only the structure in the outer radial 
elements will be representative of the nominal flow 



TORSION SPECIMENS 
14-3 cu 12-31 

a) Tx = 475°C LnZp = 24.75 b) T j = 355°C LnZp = 29. 

34-4 Cu 32-4 
c) Tx = 458°C LnZp = 26.00 d) T j « 339°C LnZp =30.53 

54-4 Cu 52-31 
e) Tx = 475°C LnZp = 23.91 f) Tj = 355°C LnZp = 26.85 

Plate VIII. Substructures Observed in the Longitudinal Plane 
in the Periphery of the as Quenched Torsion 
Specimens - Cu, Cu and 5# Cu. 
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conditions. Examination of the as quenched structures has 
therefore been concentrated on sections parallel to the axis 
in the centre of the gauge and at a constant position close 
to the surface of the specimen. The torsion tests were 
stopped and automatically quenched at peak torque which 
coincided the attainment of steady state flow. 

No evidence of a recrystallized annuli equivalent to 
the duplex structures seen in extrusion was found, 
indicative of the smaller temperature rise predicted during 
testing and the almost instantaneous quench which further 
reduces static recrystallization after testing. Plate VII 
shows that a subgrain structure exist at high and low Z 
conditions in all the alloys, similar in characteristics to 
those found in extrusion at equivalent values of Z. The 
measured misorientation relationships were of the same order 
of magnitude as those found in the extrudes and again no 
consistent variation was found. The relatively small 
strains to peak torque shown in appendix I do not produce 
the same degree of particle alignment as in extrusion, 
particularly in the low Z structures shown in micrographs 
a), c) and e). However the reduction in strain is unlikely 
to have any effect on the subsubstructural characteristics 
since once steady state is achieved, the substructure is 
effectively strain independent. 

It is interesting to note that the presence of GP zones 
in the low Z extrudes which give rise to the increase in 
hardness during natural ageing shown in figure 4.14 were not 
detected in the diffraction patterns, whilst the etching 
effects associated with jet thinning and window thinning 
prevented positive identification of a zone structure at 
high magnification. The absence of the characteristic [100] 
streaking associated with the formation of GPl zones 
indicates that the increaseinhardness may be associated with 
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GPB type zones since these produce only small lattice 
strains57 and hence very little distortion of the 
diffraction pattern. 

4.3.5.3. THE EFFECT OF PROCESS CONDITIONS 
ON THE STEADY STATE SUBSTRUCTURE 

The dependence of the subgrain size on the process 
parameters in both torsion and extrusion has been 
established by relating the subgrain size d to Z the 
temperature compensated strain rate. Due to the elongated 
nature of the subgrain structure the dimensions have been 
measured in the longitudinal and transverse plane, the 
results are listed in table 4.24. which represent in most 
cases the mean values of at least 100 individual readings. 
The results show a greater increase in the longitudinal 
dimensions in all the alloys at low temperatures indicative 
of the decrease in recovery and repolygonization. As noted 
in section 1.5. the subgrain size can be related to the 
temperature compensated strain rate Z and hence the process 
condition by: 

d~m = a + bLnZ 1.10. 

where a, b and m are constants. A value of m = 1 is 
normally used since it has been found to give the best 
overall correlation^. However recent workH2 has shown 
that equally good correlations can be achieved with 
0.3 < m < 1.25 as the variation in subgrain size is small in 
comparison to the range of LnZ values normally considered. 
In the present work a value of m = 1 was found to give 
th.e best correlation in all the alloys. The transverse 
dimensions have been regressed using the above expression 
and are shown plotted in figures 4.59. to 4.61., the 
regression data is shown in table 4.24., where LnZc 

corresponds to the temperature corrected values in torsion 



Alloy Extrusion 
Code 

Misorientation 

156 Cu D1553 0.31 0.11 0.56 

D1143 1.01 0.21 0.76 

3* Cu D3545 0.96 0.17 0.35 

D3155 0.98 0.88 0.66 

556 Cu D543IA 0.42 0.83 0.36 

D513L4 0.51 0.71 1.31 
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Table 4.23 Misorientation measurements between 
subgrains 1% Cu, 3% Cu and Cu extrudes. 

EXTRUDES TORSION SPECIMENS 

Code T I £ d(l) • d(t) • 

°c Ym  Ym  

1* Cu 

D1553 500 10.43 4.36 0.70 3.35 0.50 

D1443 450 7.68 3.32 0.55 2.34 0.40 

013*3 400 7-40 2.70 0.31 1.52 0.20 

D1243 350 7.50 2.27 0.41 1.41 0.20 

D1143 300 7.20 1.70 0.29 1-13 0.22 

3ft Cu 

D3545 500 11.37 4.65 0.79 3.71 0.73 

D3455 450 14.62 3.68 0.60 2.19 0.25 

D3345 400 14.17 3.34 0.45 2.22 0.33 

03255 350 15.06 2.13 0.31 1.42 0.21 

03155 300 15.94 1.45 0.31 0.96 0.24 

5ft Cu 

D543IA 450 6.00 3-52 0.35 2.25 0.17 

05330* 400 5-70 2.67 0.72 2.05 0.20 

D523IA 350 5.50 2.21 0.70 1.40 0.21 

05130* 300 5.70 1.91 0.23 1.10 0.17 

Cod* T I 
£ d(l) d(t) 

• 

6C pa H" 

1ft Cu 

14-12 475 0.03 9.92 1.10 5.90 0.53 

14-2 475 O.31 8.86 1.00 4.64 0.81 

14-3 475 2.80 5.31 0.58 3.14 0.50 

12-1 355 0.03 4.23 0 .87 2.57 0.74 

13-4 415 8.70 3.05 0.21 2.24 0.15 

12-31 355 2.90 2.62 0 .42 1.78 0.25 

3ft Cu 

35-1 483 0.03 8.95 0.77 6.32 1.10 

34-11 458 0.03 6.01 1.05 3.33 1.10 

34-3 458 2.70 6.03 0.71 4.00 0.51 

33-41 398 a.50 2.48 0 .25 1.82 0.23 

32-31 339 2.70 2.28 0.57 1.34 0.14 

32-4 339 8.40 1.69 0.28 1.14 0.18 

31-42 280 8.10 1.33 0 .25 0.85 0.11 

5ft Cu 

54-11 475 0.03 6.90 0.90 3.97 0.45 

53-1 415 0.03 6.50 1.00 3.15 0.20 

54-3 475 2.90 4 .45 0.35 2.45 0.25 

53-4 415 8.70 3-50 0 .10 2.20 0.30 

52-32 355 2.90 2.39 0.18 1-33 0.11 

d - 7 = a L n Z c - b 

3* Cu 5ft Cu Cu 

Data a b cc 

Torsion 0.044 0 .736 0.974 

Extrusion 0.086 1 .804 0.933 

Combined 0.072 1 .*33 0.917 

Data a b cc 

Torsion 0.106 2.439 0.920 

Extrusion 0.123 2.854 0.946 

Combined 0.103 2.288 0.912 

Data a b cc 

Torsion 0.052 0.712 0.891 

Extrusion 0.106 1.988 0.983 

Combined 0.066 1.005 0-910 

d - aLnZj - b 

556 Cu 

Data a b cc 

Torsion 0.050 0.660 0.886 

Extrusion 0.087 1.639 0.977 

Table 4.24 Subgrain size measurements and relationships 
derived from extrusion and torsion specimens 
for the Cu, 3# Cu and Cu alloys. 
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and extrusion. The justification for using LnZc can be seen 
by the decrease in correlation shown by the d~l vs LnZj 
regression data for the 5% Cu alloy in table 4.24., a 
similar but smaller decrease can be established in the 1% Cu 
and 3% Cu alloys due to the lower temperature rises 
involved. 

The higher than average values of d~l in the low Z 
torsion specimens can be related to the fact that the larger 
subgrains are inherently difficult to measure from T.E.M. 
micrographs due to the limited number that can be recor cU in 
any one plate, which is reflected in the relatively large 
standard deviations in table 4.24 . Therefore the true mean 
value may well be slightly lower since a larger proportion 
of the small subgrains have been measured. 

The similarity between the torsion and extrusion 
substructures over a similar range of Z conditions confirms 
the use of the hot torsion test to model the flow stress 
characteristics during extrusion and demonstrates the 
possibility of using reference sets of torsion substructures 
obtained for a particular alloy, to predict the final 
substructures in extrusion with the aid of the hot working 
constants established from the torque twist data. It is 
often noted that since solution treating and ageing removes 
all traces of the hot worked substructure in heat treatable 
alloys, such information may be of academic interest only. 
However the nature of the substructure or more precisely the 
stored energy represented by the dislocation structures 
provides the driving force for static recrystallization and 
therefore plays an important role in determining the 
recrystallization kinetics, and hence the final structure 
and properties of the heat treated extrudate. The effects 
of subsequent heat treatment on the hot worked substructure 
will be considered in the following sections. 
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The results in table 4.24. and figures 4.59. to 4.61. 
show that for all the alloys the subgrain size decreases 
with LnZ. The decrease in strain rate reduces the 
dislocation generation rate whilst an increase in 
temperature increases the recovery rate. It is evident that 
neither a or b in table 4.24. show a consistent variation 
with copper content which implies that equation 1.10 has no 
real physical interpretation apart from describing the 
strain rate and temperature dependency of the substructure, 
since A H relates to the rate controlling mechanism and not 
the flow stress characteristics which are dependent on all 
the hot working constants. 

In the room temperature region most theories of work 
hardening lead to an expression of the formll8j 

°y = °o + o</Gb^1/2 4.21. 

which relates the yield stress oy to the total dislocation 
density where o*Q is the friction stress, G the shear 
modulus, b the burgers vector and tx7 a geometric constant 
often referred to as the dislocation strengthening 
efficiency. However as noted in section 1.5 the most 
commonly used empirical relationship to relate the flow 
stress to the hot worked structure is in the form: 

cr = o-Q + kd~m 4.22. 

where d is the subgrain size and <r0r k and m constants. 
Numerous w o r k e r s 6 8 have shown the applicability of this 
equation to creep and hot working data where m ranges in 
values from 1 to 1.5, whilst crQ ~ o and k increases with 
alloy content. The results and regression data in figures 
4.62. to 4.64. show a similar correlation can be established 
in the present series of alloys, k increasing with alloy 
content whilst the absolute value of m decreases. Such 
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relationships therefore predict that the flow stress is 
solelyafunction of the subgrain size, the subboundaries 
acting as the principal source of internal stress, the flow 
stress increasing with decreasing subgrain size as the 
number of subboundaries increases. However it is evident 
from the values of k and m that the degree of substructure 
strengthening is alloy dependent increasing with Cu content 
as k increases and m decreases. This is shown more clearly 
in figure 4.65. which shows that the flow stress predicted 
by equation 4.22. increases with Cu content at equivalent 
subgrain sizes, the difference increasing with decreasing 
subgrain size. 

4,21 
The first point to note is that cx0 in equation^must 

have a positive value since it relates to the flow stress of 
the annealed material i.e. in the absence of substructure 
strenghtening, although clearly it cannot have a constant as 
in the case of the room temperature stress, but vary with 
temperature as the dislocation mobility increases. Secondly 
the effect of particle size and distribution has already 
been shown in section 4.1.3.2. to have a significant effect 
on the flow stress characteristics of the 2014 alloy, which 
implies that the second phase particle may also be regarded 
as a source of internal stress due to the increase in 
geometrically necessary dislocations required to maintain 
the continuity between the deforming matrix and particle. A 
more realistic equation relating the flow stress to the hot 
worked structure may therefore be written in the form: 

a = o* + A^ n + k2d~m 4.23. 

where n and m are constants, a* relates to the stress 
required to move the dislocations through the annealed 
material, A is a constant proportional to the burgers vector 
and shear modulus and k2 may be regarded as a subboundary 
strengthening coefficient in a similar manner to the 
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Hall-Petch equation. 

Although data relating to the dislocation density is 
not available in the present work it is possible to regress 
a simplified form of equation 4.23. by assuming 

oy o* + A(jn 4.24. 

due to the absence of a well defined substructure at the 
yield p o i n t 6 9 . The yield point has been taken as the end of 
the linear increase in torque shown in figures 4.1. to 4.3., 
the torque being converted to equivalent stress from the 
relationship between peak torque and flow stress. The 
regression data for all the alloys is shown in table 4.25. 
and the results from the 3% Cu alloy are also plotted in 
figure 4.66. The relatively low correlations exhibited by 
all three alloys in table 4.25. can be attributed to the 
difficulty in measuring the true yield stress from torque 
twist curves derived from solid torsion specimens, due to 
the radial variation in strain discussed in section 4.1.4. 
and the assumption that the incremental increase in stress cr 
- ay is directly related to the development of a subgrain 
structure, which is not strictly correct since the 
dislocation density must also increase with strain from the 
yield point to steady state flow. However, if one assumes 
that a combination of equation 4.24. and 4.23. isamore 
accurate physical interpretation of the dependence of flow 
stress on the subgrain size, then the more or less constant 
value of k2 implies that the substructure strengthening 
coefficient is independent of alloy content, the absolute 
value of m decreasing with Cu content as the dependence of 
flow stress on the subgrain size increases due to the 
increase in dislocation density. 

It may therefore be concluded that although the flow 
stress can be related to the subgrain dimensions via 
equation 4.22. the predicted flow stress dependency has no 
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cr = Oy + k2<l 
Alloy m cc 

1% Cu 

3% Cu 

5% Cu 

15.71 -1.41 

19.19 -1.26 

14.65 -0.48 

0.827 

0.930 

0.751 

Table 4.25 cr - oyvs subgrain size - 1% Cu, Cu and 
5% Cu torsion specimens 

Code Misorientation 

41-51 6 .32 3.21 0.84 1 .32 

42-4 0 .31 3.11 0.40 0 .80 

43-5 3 .20 0 .04 0.11 0 .76 

44-22 0 .88 0.31 0 .45 

45-51 0 .73 2.11 0.61 0 .06 

Code T I £ d(l) + 
d(t) 

+ 

°C 
-1 

s 
pm pm 

41-3 275 2.51 1.02 0 .17 0 .59 0 .64 

41-51 275 25.90 0.64 0 .04 0.43 0 .07 

42-4 330 7.99 1.83 0 .09 1.24 0 .02 

43-5 390 28.52 1.98 0 .19 1.27 0 .16 

44-1 430 0 .03 4 .89 0.54 3.83 0 .45 

44-22 430 0.31 6.84 0 .32 5.00 0.31 

45-11 450 0.03 6.60 0.43 5.74 1.53 

45-51 450 27.72 2.42 0.62 1.65 0 .64 

Subgrain size (t) relationships 

cc 

d~1 = 0.142LnZc-3-92 0.912 
a = 135.6d"0,67 0.964 
a = Oy+16.5d"0'92 0.821 

Table 4.26 Presolution soak torsion subgrain 
misorientation and subgrain size relationships. 
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real significance in multiphase alloys such as the 2000 
series alloys since the steady state flow stress is also 
dependent on the solid solution content and on the particle 
size and distribution which act as sources of internal 
stress in addition to the subboundary dislocation. 

The effect of presolution soak treatment described in 
section 4.2.10.1. has also been considered in relation to 
the steady state substructures produced via torsion testing. 
Examples of the substructures are shown in plate VIII - b) 
and the subgrain size and misorientation measurements are 
shown in table 4.26. 

The misorientation measurements in table 4.26. confirm 
the existance of a subgrain structure at all test conditions 
although it is noticeable that a larger misorientation 
exists in the high Z specimens indicative of a less 
recovered substructure. No significant change in the 
distribution of the intermediate 0.05-0.3 pm particles was 
detected although it was noticeable that the larger as cast 
particles were still present within the matrix but tended to 
be smaller and more broken up than in the conventionally 
heated microstructures, which may be beneficial to the room 
temperature properties of the product since particle 
fracture and matrix decohesion at such particles plays an 
important role in the fracture mechanism in aluminium 
alloys, the presence of the larger as cast particles 
reducing the fracture toughness.41,61 As in the CH material 
GP zones were not identified in the S.A.D.P. or 
microstructures of any of the specimens even though the 
torsion specimens were examined in the naturally aged 
condition, which again suggests that GPB type zones are 
present in the 2014 alloy. 

The low Z substructures exhibit similar characteristics 
to those of the CH material in line with the flow stress 
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characteristics shown in figure 4.50. whilst the high Z 
specimens exhibit a less recovered substructure 
characterized by poorly defined subgrains with high internal 
dislocation densities. Pinning by second phase articles can 
be seen in all the micrographs but is clearly more prominent 
in the high Z structures. 

The relationship between the process conditions i.e. 
LnZc and the subgrain size is shown in figure 4.67. and 
table 4.26. as is the regression data for the dependence of 
flow stress on subgrain size according to equation 4.22. It 
is apparent that the relationships exhibit a relatively high 
correlation in a similar manner to the CH material although 
as already noted the physical interpretation of the 
dependencies is doubtful. It is interesting to note that if 
one applies equation 4.24. to the SS data, then the results 
in figure 4.68. and table 4.26. show that the value of k 2 

and m are similar to those found in the CH material in table 
4.25., which implies that the incremental increase in stress 
c-Oy is unaffected by the solution soak treatment and hence 
the internal stress associated with the development of the 
subgrain structure. The increase in flow stress with Z 
shown in figure 4.50. may therefore be largely a function of 
the increase in yield stress, which implies that dislocation 
pinning by segregation of solute atom atmospheres at 
dislocations during cooling plays an important role in 
increasing the flow stress. Conversely the increase in flow 
stress associated with solid solution hardening can also as 
suggested in section 4.2.10.1., be explained in terms of a 
decrease in recovery and increase in dislocation 
multiplication with increasing Z which correlates with the 
substructural characteristics shown in plate V H I b ) . 

It may therefore be concluded that although a number of 
mechanisms are likely to be associated with the increase in 
flow stress shown in figure 4.50. the principal effect of 
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the presolution soak treatment on the as quenched hot worked 
structure is to reduce the degree of recovery with Z and the 
second phase particle distribution associated mainly with 
the larger as cast particles, although this has yet to be 
established quantitatively. 

4.3.6. MATERIAL FLOW DURING STEADY STATE EXTRUSION 

The development of material flow during direct and 
indirect extrusion has been the focus of much research in 
both heat treatable and non heat treatable aluminium 
alloys.25,27,29 In the present work the structural 
variation within the steady state direct and indirect 
deformation zones has been established using the l%Cu alloy 
extruded at 325 deg.C, with the same mean equivalent strain 
rates at an extrusion ratio of 40:1. The difference in flow 
patterns during steady state extrusion are shown in plate 
IX. Details of the experimental procedure are given in 
section 3.4. 

4.3.6.1. FLOW CHARACTERISTICS DURING STEADY STATE 
DIRECT AND INDIRECT EXTRUSION 

Plate IX a) shows that the steady state flow pattern 
for direct extrusion is characterised by an elliptical 
region of intense shear which extends from the interface 
between the billet and container at the rear of the billet 
to the die mouth. The shear zone outlines a dead metal zone 
in which the original homogenized material remains 
relatively undeformed. A second shear zone can also be seen 
along the central axis of the billet, bounded by regions of 
less pronounceddeformation. The single triangular 
deformation zone predicted by the upper bound solution is 
clearly not strictly correct, although attempts at utilizing 
double and treble triangular arrangements have only 



a) Direct Extrusion - Steady State. 

Plate IX. Macrosections of Partially Extruded Billets 
of the Cu Alloy Tj = 325°C (x 1.64) 



a) Direct Extrusion - Steady State. 

Plate IX. Macrosections of Partially Extruded Billets 
of the 1% Cu Alloy T T = 325°C (x 1.64) 
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marginally increased the accuracy of the such 
solutions.27,28 The resulting extrude is essentially 
fibrous, with the periphery derived from the regions of 
intense shear outlining the dead metal zone and the core of 
the extrude from the centre of the billet. 

Plate IX b) shows the steady state flow pattern for 
indirect extrusion. The tongue at the rear of the billet is 
caused when the material flows back into the dummy block as 
the billet is upset and once established has no further 
influence on the material flow until the final stage of 
extrusion. It's presence is necessary for the removal of 
the discard after extrusion. 

The shape of the deformation zone is radically 
different from that seen in the direct mode and now extends 
in a circular manner from die/container interface to the die 
mouth. The size of the deformation zone is reduced, as 
predicted by the upper bound zone, where a dead metal zone 
can only be considered to exist at the billet/die interface. 

The flow of material occurs fom the sides to the centre 
of the billet where it is extruded through the die. A much 
larger percentage of the billet remains undeformed before 
reaching the deformation zone and there is no evidence of 
any billet/container friction. The absence of the heavily 
sheared region which existed in the direct mode and the 
change in flow pattern produces an extrude with a much more 
uniform structure across its cross section. The extrude is 
again essentially fibrous with the grains elongated in the 
extrusion direction, but a heavily sheared peripheral zone 
is no longer apparent. 

An important feature of the indirect process is that 
due to the nature of the flow during extrusion, defects from 
the surface of the billet will be transferred to the surface 
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of the extrude, in contrast to the direct extrusion where 
the surface of the extrude originates in the regions of 
intense shear. However scalping of the as cast billets 
before extrusion removes the main source of such defects and 
was therefore not a serious problem in the present work. 

It is evident from plate IX that there is a significant 
difference in the flow characteristics during steady state 
direct and indirect extrusion. The difference in 
substructure within the deformation zone and extrudate will 
now be considered. 

4.3.6.2. SUBSTRUCTURAL VARIATION WITHIN DIRECT 
AND INDIRECT DEFORMATION ZONE 

The variation of substructure within the steady state 
deformation zone has been investigated using the partially 
extruded billets of the 1% Cu alloy shown in plate IX. Disc 
specimens for T.E.M. were removed as described in section 
3.4. from positions along the flow lines shown in figure 
4.69a). The flow lines were determined from consideration 
of the upper bound spherical velocity field and the nature 
of the flow shown in plate IX. 

For both modes of extrusion the quenched 
microstructures showed no evidence of any substantial static 
recrystallization due to the low extrusion temperature used 
and were characterised by a subgrain structure of low 
misorientation between 0.3O to 3o consistent with the 
operation of dynamic recovery. The variation in 
substructure during direct extrusion along the flow line 
shown in figure 4.69a) is shown in plate X and will now be 
considered. 

Micrograph a) shows the structure at position A in 
figure 4.69a) near the rear of the billet adjacent to the 
shear zone. The substructure is already relatively well 
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DIRECT EXTRUSION 

b) 

c) 

Plate X. Development of Substructure along the Flowline during 
Steady State Direct Extrusion of the Cu Alloy. 
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defined and equiaxed, with a fairly low internal dislocation 
density and the larger second phase particles are aligned in 
the extrusion direction. This is in contrast to the poorly 
defined dislocation structure reported further inside the 
billet in which the particles show no sign of 
alignment27,28. This would tend to indicate that the degree 
of substructural development varies considerably across the 
billet, the substructure increasing in perfection as one 
approaches the more highly strained material associated with 
the shear zone at the billet container interface. 

At position B midway through the deformation zone, 
micrograph b) shows a subgrain structure similar to that at 
A, indicating that the substructure may already be fully 
developed between A and B, where further change in the 
substructure occurs by a combination of dynamic recovery and 
repolygonization. The increase in strain from A to B 
results in further alignment of the particles, although the 
strain is still not sufficient to align all the particles in 
the extrusion direction. At position C close to the die 
mouth micrograph c) shows a well developed substructure of 
low dislocation density, with all the particles aligned in 
the extrusion direction. The change in structure as 
material flows through the die is shown in micrograph d) at 
the centre of the emerging extrude, and is clearly similar 
to that at C. However the structure at the edge of the 
extrude in micrograph e) is characterised by a relatively 
high internal dislocation density and less equiaxed 
subgrains, consistent with the observation made in the 
previous section, that the material at the periphery is 
derived from the heavily worked shear zones. The release of 
the stored energy associated with the high dislocation 
density provides the driving force for static 
recrystallization after d e f o r m a t i o n ! 3 7 r which promotes the 
development of duplex structures exhibited by the low Z 
extrudes discussed in section 4.3.4. The presence of the 
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a) DIRECT 

E D 

E D 
P r e s s Quenched Extrude 

a) DIRECT EXTRUSION 

Position Longitudinal Transverse 

d(pm) + d(pm) + 

A 1.27 0.19 0.96 0.19 

B 1.38 0.11 1.11 0.13 

C 1.36 0.21 1.12 0.22 

D 1.88 0.12 1.25 0.17 

E 1.49 0.25 1.29 0.25 

D' 1.70 0.13 1.17 0.10 

E' 1.57 0.26 1.23 0.25 

b ) 

INDIRECT 

D 

F E 

F E 

Press Quenched Extrude 

b) INDIRECT EXTRUSION 

Position Longitudinal Transverse 

d(pm) + d(pm) + 

A 1.89 0.30 1.46 0.43 

B 1.61 0.05 1.06 0.13 
C 1.63 0.11 1.04 0.26 

D 1.60 0.03 0.98 0.13 

E 1.75 0.23 1.13 0.15 
F 1.71 0.19 1.22 0.20 

E' 1-73 0.13 1.02 0.20 

F' 1.67 0.19 1.05 0.14 

Figure 4.69 Table 4.27 

Location of the T.E.M. specimens and subgrain size 
measurements within the steady state direct and indirect 
deformation zones of the 1% Cu alloy Tj = 325°C 
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large as cast particle which has fractured during extrusion 
shown in micrograph e) is indicative of the more highly 
strained periphery, where Humphreysl07 has shown that the 
lattice rotations which occur at such particles and the 
requirements of high dislocation densities at these sites 
can be beneficial to the initial stages of subgrain wall 
formation. The size and separation of such particles can 
also play a significant role in determining the 
recrystallization behaviour during annealingllO. 

The subgrain size at each position is shown in table 
4.27a), where each diameter represents the mean value of at 
least 100 individual measurements. The subgrain dimensions 
of the press quenched steady state extrudesathird of the way 
along the extrude are also included. The elongated nature 
of the subgrain at all positions within the deformation zone 
is indicative of the low extrusion temperature utilised to 
reduce static recovery and recrystallization. 

The results in table 4.27a) show a sharp decrease in 
subgrain size at position A near the rear of the billet, 
which may be attributed to the combined cooling effect of 
the pressure pad and container, reducing the ease of 
recovery and hence subgrain size. The increase in strain 
gradient and hence strain rate from B to C to E should 
result in a decrease in subgrain size. The results do 
indeed show a slight decrease from B to C, although there is 
clearly a large increase in subgrain size as the material 
flows round and through the die, the increase being far 
greater in the periphery of the extrude. The sudden 
increase in subgrain size is perhaps to be expected due to 

asscctafctd tempera.rise 

the large increase in strain rate^predicted near the die 
mouth, the maximum strain rate being measured closest to the 
diel38,139. it is also evident from the macrosections in 
plate IX that for both direct and indirect extrusion there 
is a distinct boundary across the die mouth between the 
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fibrous extrudate and the structure within the deformation 
zone. Since the rate of internal energy dissipation E 
utilised in the upper bound analysis is a function of:-

E = cr £ dv 4.25. 

where a and £ are the mean equivalent stress and strain 
rate acting along the flow line and v the velocity. A large 
temperature rise and hence increase in subgrain size from C 
to E/D is not unreasonable. It is possible to estimate the 
magnitude of the temperature rise by correlating the 
increase in strain rate and subgrain size d with d~l vs LnZc 

relationship derived in section 4.3.5.3. If one assumes a 
steady state structure exists from midway through the 
deformation zone to the die exit then an 8 fold increase in 
strain rate predicted by the upper bound solution would 
require an absolute temperature rise of 60 deg.C in the 
centre of the extrude and 130 deg.C in the periphery of 
extrude for the increase in subgrain size shown in table 
4.27a). Temperature rises which agree well with a mean 
temperature rise of 110 deg.C predicted by the integral 
profile model. 

The press quenched extrude at 0.3L shows a similar 
variation in subgrain size across the extrudate, although 
the subgrains are evidently smaller due to the temperature 
rise as extrusion proceeds, a topic which will be considered 
in further detail in the following section. 

The variation in structure during steady state indirect 
extrusion is shown in plate XI. The change in flow pattern 
shown in plate IX indicates that material in the deformation 
zone now flows parallel to the die face. With this in mind, 
specimens were taken from the partially extruded billets at 
the positions shown in figure 4.69b). 
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Micrograph a) corresponds to the position at the edge 
of the deformation zone A in figure 4.69b), and shows that 
the subgrain structure is fairly well defined but with a 
relatively high internal dislocation density. The 
subboundary walls formed by the coalescence of the mobile 
dislocations are clearly associated with larger 1.0 to 0.5 
pm particles, which are beginning to be aligned in the 
extrusion direction. 

Micrograph b) shows the structure at the edge of the 
deformation zone near the billet container interface 
corresponding to position B in figure 4.69b). The subgrains 
are smaller and more well developed than those at A where a 
similar structure was seen at the rear of the billet in the 
direct deformation zone shown in plate X a). However the 
increase in strain and strain rate is largely due to the 
flow of material within the deformation zone, as opposed to 
the strain and strain rate variation caused by the shear 
zones at the billet container interface during direct 
extrusion. 

Micrograph c) corresponds to position C in figure 
4.69b) midway through the deformation zone. The subgrains 
are well developed with a low internal dislocation density 
and all the particles are aligned parallel to the die face. 
Micrograph d) shows that a similar substructure exists 
adjacent to the die mouth at D in figure 4.69b). 

The substructures at the centre and edge of the 
emerging extrude are shown in micrographs f) and e) 
respectively. It is evident that the subgrain structures 
are similar in characteristic in comparison to the direct 
case, although the fact that a duplex structure is seen in 
the low Z extrudes implies that a less recovered 
substructure is produced in the periphery of the extrudate 



INDIRECT EXTRUSION 

V -
A ! 

Plate XI. Development of Substructure along the Flowline 
during Steady State Indirect Extrusion of the 
1% Cu Alloy. 
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due to e.g. the friction stresses generated at the die land. 
However the absence of any pronounced variation in 
substructure is a very important feature of steady state 
indirect extrusion since the final product can also be 
expected to have more uniform mechanical properties a factor 
which can limit the use of direct extrudes for high strength 
applications. The mechanical properties of the direct and 
indirect extrudes will be considered in section 4.4. 

The subgrain sizes at each position are shown in table 
4.27b). From A to C there is a large decrease in subgrain 
size due to the increase in strain and strain rate as 
material enters the deformation zone. From B to C to D 
there is no real change in the subgrain size indicating that 
only a small change in strain rate and temperature occurs 
along the flow line similar to direct extrusion between B 
and C in figure 4.69c). The increase in subgrain size from 
D to the extrudate substructure at positions E and F again 
indicatestUUlarge temperature rise occurs as material flows 
round and through the die. The effect is likely to be 
accentuated during indirect extrusion due to the higher 
strain and strain rate gradient predicted adjacent to the 
die m o u t h 2 8 , 2 9 # The upper bound analysis predicts a 10 fold 
increase in strain rate from position C to the die exit, 
which for the increase in subgrain size shown in table 
would require a temperature rise of 55 deg.C and 65 
deg.C at the centre of the edge of the extrude, temperature 
rises which are similar to the mean temperature rise derived 
from the intergral profile model of 50 deg.C at an 
equivalent position along the extrudate. 

The press quenched extrudes at 0.3L show only a slight 
variation in subgrain size across the extrude, whilst a 
smaller increase in subgrain size along the length of the 
extrude is consistent with the lower temperature rise as 
extrusion proceeds. 
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It may be concluded that during steady state direct and 
indirect extrusion that the variation in substructure within 
the deformation zones are not significantly different 
considering the change in flow characteristics shown in 
plate IX. It is however evident from the subgrain size 
measurements that the final product structure and hence 
properties are largely dependent on the temperature and 
strain rate distribution adjacent to the die mouth since the 
steady state structure changes in accordance with the 
prevailing Z conditions. During direct extrusion the less 
recovered material in the periphery of the extrude derived 
from the shear zones outlining the dead metal zone results 
in a greater variation in substructure across the extrudate, 
although the predicted increase in strain rate within the 
deformation zone is smaller. 

Clearly any conclusions which can be drawn from the 
present work relate to the specific alloy, flow lines and 
extrusion conditions considered and as such are fairly 
limited. To establish the affect of alloy content and 
process conditions on the substructure variations within the 
direct and indirect deformation zones would require a large 
number of experimental points, where at high extrusion 
temperatures it is unlikely that the substructure will be 
retained during the long quench delay involved in such 
experiments. The excellent correlation which exists between 
the temperature rises assuming steady state flow through 
part of the deformation zone demonstrates the possibility of 
predicting the variation in substructure within the zone 
from a knowledge of the Ln Z c vs d relationships and the 
temperature and strain rate distribution within the 
deformation zone. Since the strain required to establish 
steady state flow may also be evaluated from the homologous 
strain analysis described in section 4.1.4. it should be 
possible to predict the exact size of the steady state 
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deformation zone and therefore the variation in substructure 
within the direct and indirect zone and hence the final 
extrudate structure for any extrusion condition and alloy. 
The combination of a mathematical and structural model to 
describe the extrusion process is of course the ultimate 
goal, although as already noted in section 4.2.5. the 
dependence of flow stress and structure on the process 
conditions are now fairly well established, but a realistic 
mathematical model for extrusion has yet to be developed. 

4.3.6.3. VARIATION IN SUBSTRUCTURE ACROSS AND ALONG THE 
DIRECT AND INDIRECT EXTRUDES OF THE 2014 ALLOY 

The variation in subgrain size across and long the 
extrude has been investigated in the 4% Cu 2014 alloy for 
direct and indirect extrudes processed at 300 and 400 deg.C, 
with the same mean equivalent strain rates, the results 
shown in table 4.28. Examples of the substructures at 
the centre and edge of the direct and indirect extrudes at 
an initial billet temperature 400 deg.C are shown in plate 
XII c) to d) . 

At a position 0.25L from the front of the extrude, 
corresponding to steady state extrusion, the results in 
table 4.28. and micrographs c) and d) show a gradual 
increase in subgrain size across the direct extrude 
consistent with the results in the previous section. The 
non uniform flow during extrusion results in a greater 
degree of deformation in the periphery of the extrude which 
increases the temperature rise and produces larger 
subgrains. A temperature rise of 100 deg.C also promotes 
the nucleation of the statically recrystallized grain in the 
vicinity of the larger particles as described in section 
4.3.5.1., shown in plate XII b), which is taken from the mid 
radius position at 0.25L of the 300 deg.C extrude. 
Micrographs d) and e), and the results in table 4.28. show 
that a relatively small increase in subgrain size occurs 



Direct Tj - 300°C 

(D4133A) R - 30:1 

v » 8 mm/ s 

distance 
along 
extrude 

Centre 
(pm) i 

Mid-Radius 
(Hm) -

Edge 
(Fm) ± 

0.25 long 

trans 

0.6 long 

trans 

0.8 long 

trans 

1.59 0.22 

1.05 0.19 

1.67 0.28 

1.17 0.11 

1.70 0.36 

1.25 0.11 

1.68 0.12 

1.07 0.13 
1.75 0.15 

1.22 0.18 

1.71 0.19 

1.28 0.11 

1.77 0.33 

1.43 0.16 

Direct Tj - 400°C 
(M343A) R - 30:1 

v • 8 mm/a 

distance 
along 
extrude 

Centre 
(pa) ± 

Mid-Radius 
(pa) 1 

Edge 
(pa) ± 

0.25 long 
trans 

2.51 0.21 
1.70 0.31 

2.70 0.50 
1.74 O.15 

2.87 0.76 
1.84 0.30 

Indirect T x - 300°C 

(14123A) R « 30:1 

v » 6.5 mm/a 

distance 
along 
extrude 

Centre 
(pm) ± 

Mid-Radius 
(pm) * 

Edge 
(pm) t 

0.25 long 

trans 

0.6 long 

trans 

0.8 long 

trans 

1.58 0.07 

0.96 0.18 

1.62 0.15 

0.89 0.15 

1.62 0.06 

1.09 0.06 

1.62 0.41 

0.87 0.08 

1.66 0.12 

1.14 0.20 

1.71 0.31 

1.12 0.30 

1.68 0.28 

1.13 0.11 

Indirect 

(I4333A) 
Tj - 400°C 
R - 30:1 
v - 6.5 mm/a 

distance 
along 
extrude 

Centre 
(pm) * 

Mid-Radius 
(pm) ± 

Edge 
(pm) ± 

0.25 long 
trans 

2.44 0.31 

1.82 0.25 

2.45 0.13 

1.49 0.10 
2.62 0.37 

1-76 0.27 
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Table 4.28 Subgrain size measurements across and along 
the direct and indirect extrudes of 2014 
alloy. 

Direct Extrude - D4133A Indirect Extrude - I4123A 

T, - 300°C T, - 300°C 

Distance 
along 
extrude 

Actual 
Temp T c 

( °c ) 

d c(t) 

(pm) 

d a(t) 

(pm) 

0 .25 380 1 . 27 1.11 

0 . 6 447 1.41 1.23 

0 . 8 459 1 .49 1 .34 

Distance 
along 
extrude 

Actual 
Temp Tc 

( °c) 

d c ( t ) 

(pm) 

• d a ( t ) 

(pm) 
0 .25 338 1 .05 0 . 9 9 

0 . 6 376 1.23 1.01 

0 . 8 388 1 .29 1.11 

Table 4.29 Predicted subgrain size and temperatures 
for direct and indirect extrusion of 2014 
alloy. 



D4462AS D4133A 
a) Tj = 450°C LnZc = 29.84 b) Tj « 300°C LnZc = 27.10 

Direct - D4343A 
t 
I 

T t = 400°C 
c) Centre LnZc = 25.87 d) Edge 

Indirect 
T-r 

- I4333A 
= 400°C 

f) Edge 

Plate XII. Substructures Observed in the Longitudinal Plane 
of the Press Quenched Direct and Indirect 
Extrudes of the 2014 Alloy. 
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across the indirect extrude, confirming the more homogeneous 
deformation described in section 4.3.6. which results in a 
smaller temperature gradient across the extrude, as 
predicted by the temperature rises evaluated in the previous 
section. 

The variation in subgrain size along the extrude has 
been established at distances of 0.25L, 0.6L and 0.8L from 
the front of the extrudes processed at 300 deg.C, the 
results shown in table 4.28. For direct extrusion the 
subgrains at the centre of the extrude show a progressive 
increase in size along the extrude, where at 0.81. they are 
similar in size to those at the edge, which shows only a 
smaller increase in size. The observations are consistent 
with an increase in temperature as extrusion proceeds, the 
high thermal conductivity and hence heat flow reducing the 
temperature gradient across the extrude. The indirect 
extrude shows only a small increase in subgrain size both at 
the centre and edge of the extrude indicative of the lower 
temperature rise associated with the indirect mode. 

The variation in subgrain size can be related through 
the change in Z as extrusion proceeds, using the 
relationships established by Paterson29 for direct and 
indirect extrusion of the 2014 alloy. 

cc 
Direct d-l(t) = 0.096 Ln Z c - 1.747 (0.937) 4.26. 
Indirect d-l(t) = 0.085 Ln Z c - 1.586 (0.966) 4.27. 

The temperature rise at 0.25L, 0.6L and 0.8L are °hown 
in table 4.29. along with the predicted subgrain dimensions 
<3C and the average subgrain size d a from table 4.28. It is 
apparent that the values of d c are consistently lower but 
well within the standard errors of estimate for d(t) shown 
in table 4.28. This therefore suggests that either the 
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temperature rise is too high due to e.g. the assumption of 
90% work energy input, or equations 4.26. and 4.27. are 
incorrect. Perhaps the first point to note is that 
equations 4.26. and 4.27. can only be regarded as 
approximate relations due to the relatively low correlation 
which exists. Secondly, the assumption that the subgrain 
structure, which is continually undergoing rearrangement can 
change as instantaneously as equations 4.26. and 4.27. 
predict, will largely depend on the deformation history and 
the material characteristics. Since the ease of recovery 
decreases with alloy content and decreasing initial billet 
temperature, one might expect the predicted subgrain sizes 
established over the entire temperature range to be higher, 
the difference increasing as extrusion proceeds, which the 
results in table 4.29. do indeed show. 

The fact that the 4% Cu alloy shows a similar variation 
in subgrain size across and along the direct and indirect 
extrudes to that of the 1% Cu alloy, indicates that although 
the substructural variation within the deformation zone may 
change with the flow characteristics and hence alloy 
content, the isotropy of the final product is largely 
dependent on the nature of flow and therefore extrusion 
process. There are clearly other factors which may 
influence the final product structure for a specific 
extrusion condition such as the initial billet structure, 
preheat treatment, friction conditions, liner temperature 
etc. The overall situation is further complicated by the 
fact that the extrudate is often subjected to further heat 
treatment after processing so that the final properties are 
a complex function of the as extruded structure and the 
effects of heat treatment. The relationships between the 
extrusion process, the extrusion conditions and the 
subsequent heat treatment will be discussed in the following 
sections. 
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4.3.7. HEAT TREATED STRUCTURES 

In order to achieve the optimum mechanical properties 
in heat treatable aluminium alloys such as AA2014, it is 
usually necessary to solution heat treat and age the wrought 
product. The effect of this heat treatment on the 
as-extruded structures will now be considered. 

4.3.7.1. SOLUTION TREATED STRUCTURES 

The solution treatment temperature is normally chosen 
as close to the eutectic temperature as possible, the 
soaking time depending on the section thickness. In the 
present work a standard solution heat treatment at 500 deg.C 
for 30 minutes has been used for all the alloys, followed by 
water quenching to obtain a super saturated solid solution. 
In a similar manner to the as-extruded material the solution 
heat treated microstructures could be classified into one of 
two types, fully or partially recrystallized. 

Fully recrystallized structures were found in all the 
alloys below an extrusion temperature of 350 deg.C and were 
characterised by relatively large grains elongated in the 
extrusion direction, examples of which are shown in plate 
XIII a) and b). Above this temperature, depending on the 
alloy content and extrusion mode, the extrudes exhibited a 
fibrous core similar to the as quenched extrudes shown in 
plate VI, surrounded by a recrystallized grain structure. 
The presence of the intermediate particles shown in plates 
VII and VIII restrict static recrystallization nucleation 
and grain growth in the more highly recovered substructures, 
so that the fibrous structure is retained during solution 
treating and ageing, a phenomena which is often referred to 
as the 'press effect'. The effect of alloy content, 
extrusion ratio and temperature on the volume percent of 
material recrystallized calculated using equation 4.20. is 
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shown in figures 4.70. and 4.71. 

The figures show that the percentage recrystallization 
increases with increase in strain, Cu content and decreasing 
temperature, all of which increase the flow stress and hence 
driving force for static recrystallization. The 
relationship between the initial flow stress for each 
extrusion condition and the percentage recrystallization is 
shown more clearly in figure 4.72. for the 1, 2, 3 and 5% Cu 
alloys. It is evident from the figure that the driving 
force for recrystallization increases with the initial flow 
stress and would seem to be little affected by an increase 
in alloy content or by the increase in solute at high 
temperature. This is perhaps to be expected due to the high 
annealing temperature considered where at lower annealing 
temperatures the particle size and distribution have been 
shown to have a significant affect on the recrystallization 
kinetics.104,107,142 

In order to ascertain whether a fully recrystallized 
structure could be obtained by solution treating for longer 
times at 500 deg.C, specimens from the 5%Cu alloy were 
solution treated in a salt bath for various times up to one 
hour and water quenched, the results are shown plotted in 
figure 4.73. The figure shows that at extrusion 
temperatures less than 400 deg.C a combination of the high 
annealing temperature and stored energy of the as-extruded 
substructure results in a fully recrystallized structure in 
less than 60 seconds. At 450 deg.C there is no evidence of 
a nucleation period, whilst at an initial billet temperature 
of 500 deg.C an incubation period of approximately 4 to 5 
minutes exists followed by a slow rate of growth which shows 
little change after 30 minutes. It should be noted that 
an annealing temperature of 500 deg.C the growth kinetics 
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Soak Time (mins) 

Volume % recryn vs solution soak time 
at 500°C-direct extrusion of the 

Cu alloy ER = 30:1 

Volume Percent Recrystallization 
2014- - T6 
ER = 20:1 

TI CH CH SS 
°c Direct Indirect Direct 
4-80 32 16 17 
4-50 48 35 44 
400 100 100 84 

Vol% recystn = a LnZj + b 
2014-T6 
a b cc 

CH Direct 
CH Indirect 
SS Direct 

20.0 -430.0 0.995 
22.0 -494.0 0.994 
14.1 -397-5 0.989 

Table 4.30 The variation in % recrystallization 
after solution treating and ageing direct 
and indirect extrudes of 2014 alloy. 
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will also be a function of solute in solution which 
increases with time. It therefore seems unlikely that an 
extended solution treatment will have any effect on the 
fraction of material recrystallized at high extrusion 
temperatures. 

The presence of a recrystallized annuli has been 
reportedl69 to reduce the fracture toughness and corrosion 
properties in both high strength and medium aluminium alloy 
extrudes and is therefore undesirable. In the context of 
the present work figure 4.72. shows that by extruding at an 
initial flow stress below 30 MN/m2 and above 90 MN/m2 will 
result in either a fully unrecrystallized or recrystallized 
structure after solution treating and ageing. For 2014 
extruding at a temperature of 480 deg.C, the strain rate 
required for an initial flow stress of 30 MN/m2 would be 
0.08s~l, which is equivalent to a ram speed of 0.1mms-l at 
an extrusion ratio of 20:1. Assuming that adequate 
temperature and speed control could be achieved during 
extrusion to avoid overheating and surface cracking such 
production rates may not be economic and could require a 
longer press quench delay to avoid cooling of the extrusion 
billet. Therefore either a fully recrystallized structure 
should be aimed for or a duplex structure which may require 
machining away of the recrystallized annuli. 

The effect of extrusion mode and presolution soak 
treatment on the percentage recrystallization in the 20:1 
extrudes is shown in table 4.30. The results show that for 
the CH material the percentage recrystallization is least in 
the indirect extrude consistent with the results of previous 
workers!66-168 and is indicative of the more uniform nature of 
flow during extrusion. This is again a very important 
feature of indirect extrusion since any reduction in the 
size of the recrystallized annuli will be beneficial to the 
mechanical properties of the extrude. The increased solute 
in solution in the presolution soak extrudes retards primary 
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recrystallization to the extent that the fibrous structure 
is still present in the 400 deg.C extrudes. There is 
considerable experimental evidence33 to show that 
recrystallization is retarded as the solute content of a 
solid solution increases where most theories explain this in 
terms of the boundary migration being controlled by the 
absorbed solute atoms at the grain boundaries. The presence 
of second phase particles can further affect the grain 
growth during recrystallization if f/r >0.2 where f is the 
volume fraction and r the particle radius. The results in 
table 4.30. show that there is a linear relationship between 
the initial process conditions ie Ln Zj and the percentage 
recrystallization, which is to be expected since Ln Zj is 
directly related to the initial flow stress. It is 
interesting to note that for the extrusion conditions used 
in the previous paragraph the maximum ram speed for indirect 
extrusion increases to 0.3mm/s, whilst for the SS billets a 
ram speed 1.3mm/s may result in little or no 
recrystallization after solution treating and ageing. 

The variation in recrystallized grain size at the 
centre and edge of the 2014 extrudes is shown in figures 
4.74. to 4.76., the grain size measurements are listed in 
appendix IV. It is evident that the grain size decreases 
from the centre to the edge of the extrude, the more highly 
strained periphery providing a larger number of nucleation 
sites for static recrystallization, which is also reflected 
in the larger spread of grain sizes in the centre of the 
extrude. It is interesting to note that this is also a 
prominent feature of the indirect extrudes, where one might 
have expected a more uniform structure across the extrude 
due to the more uniform flow characteristics described in 
section 4.3.6. The reduction in strain energy associated 
with an increase in recovery with extrusion temperature 
reduces the driving for recrystallization so that the grain 
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size increases with temperature as shown in figures 4.74. to 
4.76. 

Sheppard et all70 have also shown that the 
recrystallized grain size can be directly related to the hot 
worked subgrain size. Using the data in tables 4.24. and 
4.30. and the subgrain dimensions predicted by equations 
4.26. and 4.27. the recrystallized grain size has been 
plotted as function of the subgrain size in figure 4.77. 
Also included on this figure are the results obtained by 
Paterson.29 A direct correlation between the subgrain size 
and the recrystallized grain size has been associatedH2 
with subgrain coalescence as the primary recrystallization 
mechanism since the time per subgrain coalescence is 
reportedl06 to decrease with the area of the subboundary 
walls in contact with adjacent subgrains. Assuming that a 
specific number of subgrain coalescences are required to 
form a high angled boundary and hence recrystallization 
nuclei , the rate of nucleation will increase with decreasing 
subgrain size as the area of contact decreases. Although it 
should be noted that the increase in subgrain size at the 
edge of the extrudes is also associated with an increase in 
grain size due to the increase in strain energy associated 
with the more highly strained periphery. The results in 
figure 4.77. clearly show that for a constant subgrain size 
the recrystallized grains are larger in the indirect 
extrudes consistent with the decrease in the peripheral 
recrystallization and hence strain energy. However the 
longer press quench delay during indirect extrusion will 
also result in an increase in static recovery and hence 
decrease in strain energy which will increase with 
temperature and decreasing ram speed i.e. subgrain size, 
which agrees with the overall trend shown in figure 4.77. 

It is evident from figures 4.74. to 4.76.that the 
greatest difference between the T6 structures exists at an 
initial billet temperature of 400 deg.C. The relevant 
optical microstructures are shown in plate XIII. 
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Direct CH 

D4362A - T6 
Tj = 400°C 

ER = 20:1 

b ) 

Indirect CH 

14352A - T6 
Tt = 400°C 
ER = 20:1 

Direct SS 

D4362AS - T6 
Tj = 400°C 

ER = 20:1 

Plate XIII. T6 Structures 2014 Alloy 
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Micrographs a) and b) clearly show the large difference in 
recrystallized grain size between the direct (a) and 
indirect (b) extrudes, whilst c) shows the unrecrystallized 
core structure exhibited by the presolution soak extrude. 
The fact that the sudden increase in grain size in the CH 
direct extrudes is not seen in the results from reference 29 
in which a constant container temperature of 300 deg.C was 
used, indicates that the phenomena is associated with higher 
container temperature used in the present work. This is to 
some extent confirmed by the percentage recrystallization 
figures in table 4.31. which show the effect of container 
temperature on the peripheral recrystallization in the T6 3% 
Cu extrudes described in section 4.2.5. The results show 
that above a container temperature of 400 deg.C the 
peripheral recrystallization decreases with container 
temperature and ram speed, which may be attributed to more 
uniform flow characteristics due to the reduction in shear 
stress within the peripheral shear zone. Below this 
temperature the grain size measurements listed in appendix 
IV show that the container temperature has little effect on 
the recrystallized grain size, although the result at 450 
deg.C again shows a marked increase in grain size to 
approximately 0.90mm from an average grain size of 
approximately 0.35mm. 

3% Cu - T6 

ER = 50:1 

Liner Ram Speed 

Temp °C mm/s 

5 13 
500 16 60 
450 89 100 
400 100 100 

Table 4.31 The variation in % recrystallization 
with container temperature - solution treated 
3% Cu alloyo 
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Although it has not been possible to establish the 
exact recrystallization mechanism involved the 
recrystallization kinetics in figure 4.73. indicate that the 
large increase in grain size is associated with secondary 
recrystallization and grain growth, since it was later 
established from the aged microstructures in reference 29 
that the low Z extrudes exhibited a retained substructure 
consistent with the fact that primary recrystallization is 
not complete. The aged microstructures of the extrudes in 
figures 4.74. to 4.76. will be considered in the following 
section. 

Since an increase in grain size is reported^l,61 to 
reduce both the tensile and fracture toughness properties 
the results in the present work show that for direct 
extrusion of press quenched heat treatable alloys the 
temperature differential between the billet and container 
must be carefully chosen if a T6 recrystallised product is 
required. The relationship between the structure and 
properties will be considered in further detail in section 
4.4. 

4.3.7.2. AGED MICROSTRUCTURES 

The effects of ageing have been investigated using the 
C.H. direct, indirect and SS direct 2014 extrudes. For the 
following examples peak strength coincides with ageing at 
160 deg.C for 18 hours in the solution treated T6 and press 
quenched T5 extrudes. The resulting microstructures are 
shown in plate XIV and XV. 

Plate XIV shows examples from the T6 CH direct and 
indirect extrudes where micrograph a) shows the precipitate 
and particle distribution either side of a grain boundary 
and is typical of the aged microstructure found in all the 
fully recrystallized extrudes. The elastic coherency 



a) D4l62A - T6 o TI = 300 C 

Precipitate and particle 
distribution either side 
of a grain boundary. 

c) D4522A - T6 

Substructure retained 
after solution treating 
and ageing. 

e) I45l3A - T6 o Tr = 475 c 
Preferential precipitation 
at the subgrain boundaries. 

b) S.A.D.P. of the T6 

matrix. 

d) 14352A - T6 o Tr = 400 C 

Evidence of a retained 
substructure at the 
centre of the extrude. 

f) D4522A - T6 o Tr = 475 c 
Precipitate distribution 
either side of a subgrain 
boundary. 

Plate XIV. T6 Solution Treated and Aged Microstructures 
of the Direct and Indirect 2014 Alloy -
Longitudinal Plane. 
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strains associated with the 9" precipitates gives rise to 
the matrix strain field contrast shown in all the 
micrographs and results in the characteristic faint [100] 
matrix spot streaking, an example of which is shown in 
micrograph b). The observation of coherency strains is 
consistent with the theories of Mott and Nabarrol43 and 
Geislerl44 that precipitation hardening at peak hardness is 
due to the elastically strained matrix near the coherent 0" 
precipitates. As the precipitates grow, the strain fields 
become larger and at peak strength they extend from one 
precipitate to the next. Further ageing results in the 
transformation of 01 at the expense of 0" resulting in a 
loss of coherency and a decrease in strength. It is evident 
that some intermediate particles still remain aligned in the 
extrusion direction, their presence can be associated with 
the insoluble (FeMn)Al particles which inhibit 
recrystallization and grain growth during solution treating 
and ageing 110. Micrograph a) also shows the absence of any 
appreciable precipitate free zone along the grain boundary. 
This can be attributed to the rapid quench which results in 
a non-equilibrium concentration of vacancies distributed 
uniformly throughout the matrix, where the addition of 
silicon helps stabilize the vacancy clusters near the grain 
boundaries.145 

In the low Zj or high temperature extrude processed at 
480 deg.C micrograph c) clearly shows the presence of the 
subgrain structure retained after solution treating and 
ageing. The misorientation relationships obtained from a 
Kikuchi line analysis varied between O.io to 3° although no 
consistent trend was found in either the direct or indirect 
extrudes examined. Examples of the subgrain sizes in the T6 
and T5 extrudes are shown in table 4.32. In order to 
establish whether any change in the substructure occurs 
during the heat treatment cycle the TI transverse subgrain 
sizes predicted by equations 4.26. and 4.27. and the 



2014 - T6 

Extn T I 
ER d(l) 

+ 
d(t) 

+ 

Code °C pm pm 

D4522A 480 20 4.21 0.45 2.68 0.31 

I4522A 480 20 3-31 0.43 2.62 0 .30 

I4513A 470 30 3.12 0.43 2.26 0.41 

D4562AS 480 20 3-48 0.37 2.51 0.43 

D4362AS 400 20 3.13 0.40 2.11 0 .40 

2014 - T5 

Extn T I 
ER d(l ) 

+ 
d(t) 

+ 

Code °C pm pm 

D4522A 480 20 4.03 0.33 2 .56 0 .22 

I4522A 480 20 3.27 0.43 2.43 0 .30 

D4562AS 480 20 2.90 0.72 2.14 0 .35 

D4543AS 475 30 3 .09 0.49 2.10 0.23 

D4562AS 400 20 3.00 0.53 1.75 0 .35 

D4313AS 400 30 2.56 0.40 1.55 0.30 

Table 4.32 Subgrain size measurement from T6 and 
T5 direct and indirect CH and SS 2014 
extrudes. 

2014 
Tj = 480°C 
ER = 20:1 

Temper CH CH 
Direct Indirect 
d(t)pm d(t)pm 

T1 2.55 2.44 
T6 2.68 2.62 

T5 2.56 2.43 

Table 4.33 Comparison between T1 and T5, T6 subgrain 
dimensions 2014 alloy. 
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temperature corrected values of LnZc, have been compared 
with the T6 results in table 4.32. The results in table 
4.33. indicate that some subgrain growth and coalescence may 
have occurred during the solution treatment, although 
clearly not enough to initiate recrystallization. 

It was shown in section 4.3.7. and plate XIII b) that 
the indirect extrude processed at an initial billet 
temperature of 400 deg.C exhibited a fully recrystallized 
grain structure. However the aged microstructure revealed 
colonies of subgrains 10 to 20 subgrains in diameter 
within the recrystallized matrix, an example of the subgrain 
structure is shown in micrograph d). The existence of a 
retained substructure is indicative of the lower strain 
energy associated with the indirect substructure predicted 
by figure 4.77. and demonstrates the need to investigate not 
only the optical but also the aged microstructures. The 
equivalent direct extrude exhibited a fully recrystallized 
matrix in which no traces of a substructure were found 
confirming the suggestion made in the previous section that 
the large increase in grain size is associated with 
secondary recrystallization and grain growth. However why 
this does not occur in extrudes processed with a constant 
container temperature of 300 deg.C and hence higher 
extrusion load is still not certain. Since the extrusion 
billets and extrudates were subjected to as near as possible 
identical preheat treatments and solution treatment cycles 
one explanation may be associated with a change in either 
the hot worked or primary recrystallization texture due to a 
change flow characteristic associated with a higher 
container temperature. 

The presence of a retained substructure has been 
reported!35 to have little effect on the overall ageing 
characteristics, although as micrograph e) shows 
preferential precipitation does occur at the subgrain 
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boundaries, and as such may have a more significant effect 
on the corrosion and fracture properties which are very much 
dependent on the nature of the precipitate distribution and 
solute concentration at grain boundaries. At a higher 
magnification micrograph f) shows that a precipitate free 
zone ~0.06 |im wide is associated with the subgrain boundary 
and probably forms due to the depletion of the surrounding 
matrix of solute caused by the preferential precipitation at 
the subboundary. Micrograph f) also shows a uniform 
distribution of fine spherical precipitates approximately 10 

o 
- 20 A in diameter. The existence of a fine precipitate 
distribution tends to confirm the findings of previous 
workers55-57 that GPB type zones are present in the peak aged 
2014 alloy. 

Examples of the aged microstructure from the press 
quenched and aged direct and indirect extrudes processed at 
480 deg.C are shown in plate XV a) and b). An effective 
reduction in the solution treatment temperature to 480 deg.C 
and soak time to 20 minutes will reduce the solute content 
of the super saturated solid solution. However micrographs 
a) and b) clearly show that a significant ageing reaction 
still occurs, although it is evident that the size and 
distribution of the ageing precipitates is not the same as 
in the T6 extrudes shown in plate XIV. Micrograph b) also 
shows at a higher magnification the presence of helical 
dislocations which have acted as sites for preferential 
precipitation. Their presence may also account for some of 
the heterogeneous precipitation seen in the T6 extrudes in 
plate XIV. Examples of the subgrain sizes from the T5 
extrudes are shown in table 4.32. and have been compared in 
a similar manner to the T6 extrudes with the Tl subgrain 
dimensions in table 4.33. The results clearly indicate that 
little or no subgrain growth occurs during the ageing 
treatment so that any strength derived from the subgrain 



a) D4522A - T5 Tj - 475°C 
Press quenched and aged. 

b) I4522A - T5 Tj - 475°C 
Preferential precipitation 
at helical dislocations, 

v . / 
«*. > * ,« 

Presolution Soak Extrudes T6 + T5 

c) D4562AS - T6 Tj = 475°C d) D4362AS - T6 Tj = 400°C 
Retained substructure in 
the centre of the extrude. 

e) D4543AS - T5 Tt = 475°C f) D4562AS - T5 Tt = 475°C 
Press quenched and aged. Press quenched and aged. 

Plate XV. T5 and T6 Microstructures of the 2014 Alloy CH 
Direct, Indirect and SS Direct Extrudes. 
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structure is likely to be greater in the T5 extrudes and may 
effectively counter balance the possible reduction in age 
hardening. 

Examples of the retained substructures in the T6 
extrudes from the presolution soak billets processed at 475 
deg.C and 400 deg.C are shown in micrographs c) and d). The 
intermediate particle size and distribution and precipitate 
morphology was found to be similar to the CH extrudes 
although the substructure shown in micrograph d) was 
characterised by a continuous subgrain structure as opposed 
to the recrystallized matrix and subgrain colonies seen in 
the CH direct and indirect extrudes. The larger as cast 
particles > 2pm in size were observed in the high and low Z 
structures although the size and number were smaller in 
comparison to the CH material, consistent with the SS 
torsion structures discussed in section 4.3.5.3. Evidence 
of heterogeneous precipitation at the subboundaries and 
helical dislocations can be seen in both micrographs. 

Examples of the T5 microstructures from extrudes 
extruded at 475 deg.C are shown in micrographs e) and f) at 
low and high magnification. The possible increase in solid 
solution content prior to ageing might be expected to 
enhance the ageing response and hence precipitate 
distribution, which is to some extent confirmed by 
comparison with the CH T5 extrudes shown in micrographs a) 
and b) . Clearly if the age hardening can be increased in 
the T5 extrudes by a presolution soak treatment, then the 
incremental increase in strength which may be derived from 
the as-quenched substructure may produce an extrude with 
equivalent if not superior properties to those of the 
solution treated and aged T6 extrudes. The effect of 
subsequent heat treatment on the mechanical properties of 
the CH direct, indirect and SS direct extrudes will be 
considered in the following sections. 
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4.4 ROOM TEMPERATURE PROPERTIES OF THE EXTRUDE 

4.4.1. INTRODUCTION 

It is clear from the discussion in the previous 
sections that the choice of extrusion process and process 
conditions has a marked influence on the as-extruded and 
heat-treated structures and hence properties. In the 
following sections the relationship between the processing 
conditions and the Tl, T5 and T6 properties has been 
investigated using the direct and indirect extrudes of the 
commercial 2014 alloy. The variation in hardness and 
tensile properties with copper content has also been 
considered in the Tl and T6 tempers. A full listing of the 
results can be found in appendix III 

4.4.2. EFFECT OF EXTRUSION CONDITION 
ON THE HARDNESS PROPERTIES 

The variation of hardness with extrusion temperature 
and reduction ratio is shown plotted in figure 4.78 for the 
1% Cu and 5% Cu alloys. Hardness measurements were taken at 
the centre, mid-radius and edge positions to determine the 
variation in properties across the extrude. The results in 
figure 4.78 represent the average values from these readings 
since little or no variation was found for either alloy. 
The l%Cu alloy shows a slight decrease in hardness with 
extrusion temperature below 400 deg.C, the 5%Cu alloy 
showing a similar trend below 350 deg.C. The decrease in 
strength is consistent with the increase in subgrain size 
with temperature shown by both alloys in section 4.3.5.3. 

The increase in hardness above these temperatures is 
consistent with the microhardness data from the l%Cu and 
5%Cu torsion specimens in section 4.1.3.2. and indicates 
that the amount of solute retained in solution during 



Figure 4.78 Hv/jo vs initial billet temperature T1 
temper-1% Cu and Cu alloys 
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quenching is more important than the substructure 
strenghtening alone. Since the extrudes were tested in the 
naturally aged condition, the increase in hardness is likely 
to be due to a combination of solid solution strengthening, 
and precipitation hardening associated with the formation of 
GPI and GPB zones at room temperature which act as obstacles 
to dislocation motion.44,45 Both forms of strengthening are 
shown more clearly in figure 4.79 which shows the hardness 
properties of homogenized material subjected to identical 
billet pre-heat treatment cycles and tested in the as 
quenched and naturally aged condition, which for both 
alloys corresponded to ageingat room temperature for three 
months. Figure 4.79 shows that for the l%Cu alloy the 
increase in hardness above 350 deg.C is almost entirely due 
to natural ageing. The 5%Cu alloy shows a large increase in 
hardness above 350 deg.C in the as quenched or F temper due 
to solid solution hardening, which further increases after 
natural ageing. However it should be noted that the final 
values of HV^Q above 350 deg.C are /^10% lower than those of 
the Tl extrudes in figure 4.78 indicating that the 
substructure still plays an important role in determining 
the overall mechanical properties. 

The effect of extrusion ratio on the Tl hardness is 
also shown in figure 4.78, and shows that for all 
temperatures the hardness increases with extrusion ratio. 
This is probably due to a combination of a decrease in 
subgrain size associated with the higher strain rates and 
the greater temperature rises at higher extrusion ratios 
taking more solute into solution, the final temperatures in 
the 50:1 extrudes being approximately 30-50 deg.C higher. 

4.4.3. AGEING CHARACTERISTICS 

The artificial ageing characteristics of all five 
alloys have been determined for a constant extrusion 
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Figure 4.80 Ageing characteristics at 120°C solution 
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Figure 4.81 Ageing characteristics at 160°C solution 
treated 2000 series alloys 
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Figure 4.82 Ageing characteristics at 180°C solution 
treated 2000 series alloys 

10' 

Strain Hardening Exponents n 2014 

ER = 20:1 

cr= A £ n 

T6 

Tj °C Direct(CH) Indirect(CH) Direct(SS) 

300 0.183 0.200 0.141 

4 75 0.095 0.113 0.113 

T5 

T z °C Direct(CH) Indirect(CH) Direct(SS) 

300 0.215 

400 0.162 

475 0.121 0.135 0.128 

T1 

Tj °C Direct(CH) Direct(SS) 

300 

475 

0.319 0.305 

0.276 0.256 

Table 4.34 Strain hardening exponents-2014 alloy. 



231 

temperature of 400 deg.C. Samples were solution treated at 
500 deg.C for half an hour and water quenched. The ageing 
treatments were conducted at 120 deg.C, 160 deg.C and 180 
deg.C. The specimens were removed from the ovens at set 
intervals of time to evaluate the hardness versus time 
characteristics. A full listing of the results is shown in 
appendix III. 

At an ageing temperature of 120 deg.C figure 4.80 shows 
that the peak hardness is not achieved after over 500 hours 
ageing. Previous workers5*),135 have reported that for 2104 
the peak is attained after ^ 800 hours, whilst ageing at 100 
deg.C the peak ageing time is A/2000 hours5^. The slow 
initial ageing response in all the alloys indicates that the 
early stages of ageing are dominated by the formation of GPl 
or GPB zones and the nucleation of 6" or S" precipitates 
does not occur until the later stages. The ageing response 
is markedly improved at 160 deg.C as shown in figure 4.81 
where peak hardness in the 4%Cu and 5%Cu alloys is achieved 
after 18 hours. The ageing time below 4%Cu increases with 
decreasing copper content, a similar trend has also been 
reported by Hardy52. At 180 deg.C figure 4.82 shows that 
the peak is attained after ^ 8 hours for all the alloys, 
whilst overageing results in a 20% decrease in hardness 
after 200 hours, which in the binary system and the 2014 
alloy is associated with the continuing transformation of ©" 
to 6' and the growth of e».45,65 

It is evident from figures 4.80 to 4.82 that the ageing 
response and thus peak strength decreases with Cu content as 
the precipitation harder, ng effects are reduced by a 
reduction in the number of ageing precipitates present. 
However the above trends indicate that the hardening 
response does not dramatically change with copper content 



232 

although as discussed in section 1.3.1. a change in the 
nature of the ageing precipitates may occur with a change in 
the Cu:Mg ratio. 

4.4.4. TENSILE TESTS 

The ageing characteristics in section 4.4.3. clearly 
show that the peak hardness decreases with Cu content as the 
precipitation hardening is reduced. The tensile test 
programme has therefore been concentrated on the commercial 
4%Cu 2014 alloy to establish the effect of extrusion 
conditions on the Tl, T6 and T5 temper properties. The 
direct, indirect and presolution soak extrudes have been 
tested. Rapid ageing at room temperature prevents the F 
temper from being considered although the tensile properties 
in this condition have no real practical use. 

The tensile specimens have all been machined from 
sections of the extrude in the steady state region 
corresponding to 0.3L to 0.5L which showed no signs of 
surface cracking. The presence of even the finest cracks 
can be deleterious to the tensile properties. The tests 
were conducted at a strain rate of 5.2 x 10 sec~l at room 
temperature, as described in section 3.6.2. A full listing 
of the results may be found in appendix 111. 

4.4.5. STRESS STRAIN CHARACTERISTICS 2014 

Examples of the stress strain curves from high Z and 
low Z extrudes in the Tl and T6 tempers are shown in figures 
4.83 and 4.84. In the Tl temper figure 4.83 shows that at 
both extrusion temperatures the stress increases linearly 
with strain up to the yield point, followed by an extended 
plastic region in which the stress increases to a maximum 
value where necking commences and the stress decreases until 
failure at ** 22-24% strain. The curves exhibited no 
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reduction in stress at the yield point or any signs of 
serrated yielding, the stress increasing in a more or less 
continuous manner. It is evident from the curves that the 
proof stress (P.S.) and ultimate tensile stress (U.T.S.) are 
higher in the low Z extrude ie high extrusion temperature, 
which is consistent with the hardness results for the l%Cu 
and 5%Cu alloys in section 4.4.2. 

The T6 temper extrudes in figure 4.86 show a marked 
increase in the P.S. and U.T.S. at both extrusion 
temperatures with a corresponding reduction in ductility. 
The low Z extrudes again show a higher P.S. and U.T.S. which 
is also accompanied by a reduction in the strain hardening 
exponent ' n1 as shown in table 4.34. The effect of 
extrusion condition on the tensile properties will be 
discussed in more detail in the following sections. The T5 
temper extrudes tested at low Z showed the same 
characteristics as the low Z T6 extrudes. 

4.4.6. TENSILE PROPERTIES OF THE 2014 ALLOY 

4.4.6.1. Tl TEMPER 

For the Tl temper the press quenched extrudes have been 
aged at room temperature for three months to allow the 
maximum increase in strength to be achieved. Although 
previous workers have shown that the initial ageing 
characteristics are so rapid that approximately 80% of the 
peak strength is obtained after only one day in the solution 
treated 2014 a l l o y 5 7 . 

The effects of extrusion condition on the Tl tensile 
properties of the conventionally heated (C H ) direct 
extrudes are shown plotted in figure 4.85 for reduction 
ratios of 20:1, 30:1 and 50:1. The extrusion conditions 
have been plotted as a function Ln Zj since as shown in 
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section 4.3.5., this parameter can be directly related to 
the microstructure of the extrudes and also allows for the 
variation in ramspeed and temperature at different extrusion 
ratios. The results show that the proof stress (P.S.) and 
ultimate tensile stress (U.T.S.) decrease at low extrusion 
temperatures for Ln Zj > 2 9 , whilst above this value both 
increase with decreasing Ln Zj. The decrease at high Ln Zi 
is consistent with the hardness results in section 4.4.2. 
and indicates that for these extrusion conditions the 
subgrain structure is the dominant strengthening mechanism, 
the substructure strengthening increasing with decreasing 
subgrain size according to the modified Hall Petch equation 
shown in section 1.5, increasing the extrusion temperature 
above 350 deg.C ie Ln Zj < 29 increases the solid solubility 
of Cu and Mg in A1 and hence the solute retained in solution 
after quenching, so that the P.S. and U.T.S. increase with 
the natural ageing and solute strengthening as indicated by 
the hardness results in section 4.4.2. 

The effect of extrusion condition on the Tl tensile 
properties therefore depends on whether the extrudes are a 
function of the substructure strengthening at LnZj > 29 or 
the amount of solute in solution below this value. At high 
Z conditions the maximum increase in strength will be 
limited by the press capacity, whilst in the low Z region 
the increase is limited by the requirements of an adequate 
surface which in the present work has been associated with 
the onset of surface cracking. However the increase in 
strength shown in figure 4.85 indicates that natural ageing 
is a more effective strengthening mechanism and therefore 
extruding at the lowest Z conditions or highest temperatures 
will result in the highest Tl temper strength for press 
quenched extrudes. It should of course be noted here that 
the overall strength at low Zj will still be a function of 
the substructure strengthening. This is shown by the values 



237 

of P.S. and U.T.S. at LnZj< 25 which are higher than the T4 
temper strength reported32,33,35, for AA2014 shown in table 
4.35, the condition which corresponds to the maximum 
increase in strength due to natural ageing after solution 
treating and quenching. Therefore control of the subgrain 
structure is still an important consideration even though 
the solute in solution is the principal source of 
strengthening. 

Temper P.S. U.T.S. * 
MN/m2 MN/m2 Elongation 

TO 97 185 18 
T4 290 425 20 
T6 415 485 15 

Table 4.35 Reported tensile properties of 2014 alloy 
from ref. 32, 35 and 35. 

In section 4.2.10.1. it was shown that by solution 
soaking the billets at 500 deg.C for 2 hours and furnace 
cooling to the extrusion temperature, the flow stress and 
hence extrusion pressure were assumed to increase due to the 
increase in solute in solution. The effect of this solution 
treatment on the Tl temper tensile properties is shown in 
figure 4.86 for extrusion ratios of 20:1, 30:1 and 50:1. It 
is evident that the P.S. and U.T.S. now decrease with 
increasing Ln Zj for all the extrusion conditions 
considered, there being no signs of an increase in strength 
at low extrusion temperatures. The P.S. and U.T.S. are 
higher than the CH extrudes at all extrusion temperatures 
which indicates that the solution treatment does indeed 
increase the solute in solution before extrusion even at an 
extrusion temperature of 300 deg.C. In fact the increase in 
P.S. over the CH extrudes decreases with extrusion 
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temperature from A/40% at 300 deg.C to 9% at 475 deg.C, 
which shows that in terms of the TI strength the solution 
soak treatment is more beneficial to the low temperature 
extrudes since conventional heating does not take any solute 
into solution. 

Both the CH and SS extrudes show a slight increase in 
ductility with decreasing Ln Zj which is somewhat surprising 
since this also corresponds to the greatest increase in P.S. 
and U.T.S. This is probably due to a combination of natural 
ageing which is reported33 to increase the ductility and the 
more perfectly recovered substructures associated with the 
high temperature extrudes. 

The results in figures 4.85 and 4.86 indicate that in 
the TI temper the extrusion conditions chosen should aim to 
maximise the effects of natural ageing and substructure 
strengthening either by extruding at high temperatures and 
ram speeds or at low temperatures by solution soaking and 
cooling as rapidly as possible to decrease the subgrain size 
and increase the solute in solution. However it was shown 
in section 4.3.4. that peripheral recrystallization also 
increases with decreasing Ln Zj so that for high strength TI 
extrudes some peripheral recrystallization must be 
tolerated. 

4.4.6.2. T6 TEMPER 

The T6 temper is perhaps the most commonly used heat 
treatment for the 2000 series alloys and^therefore been 
investigated in the direct, indirect and the presolution 
soak direct extrudes. The extrudes have been solution 
treated at 500 deg.C for 30 minutes and water quenched, 
followed by ageing at 160 deg.C for 18 hours. The tensile 
results are plotted in figures 4.87 to 4.89, as a function 
of LnZj for extrusion ratios of 20:1 and 30:1. 
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The increase in P.S. and U.T.S. shown by the stress 
strain curves in section 4.4.5. is clearly not the result of 
a gradual increase with decreasing extrusion temperature, 
but increases suddenly below a specific value of LnZj for 
all three extrusions considered. The high strength or low Z 
regions correspond to the unrecrystallized substructures 
shown in section 4.3.7., whilst the low strength extrudes 
can be associated with the fully recrystallized grain 
structures shown in plate XIII. The question arises as to 
whether the increase in strength is solely due to 
substructure strengthening or an increase in precipitation 
hardening as a result of the preferential precipitation at 
the subgrain boundaries shown in plate XIV. Recent work!35 
has shown that for the 2014 alloy, high and low temperature 
extrudes exhibiting a retained substructure and a fully 
recrystallised grain structure have identical ageing 
characteristics, indicating that although preferential 
precipitation does occur it has little effect on the 
attainment of peak strength due to precipitation hardening. 
This is perhaps to be expected since from the evidence in 
plates XIV and XV the amount of heterogeneous precipitation 
at the subgrain boundaries or helical dislocations is still 
not as great as the homogeneous precipitation within the 
subgrains. If the increase in the strength can be directly 
related to substructure strengthening one might expect the 
P.S. to increase with LnZj as the subgrain size decreases. 
Figures 4.87 to 4.89 do indeed show a slight increase with 
LnZj in the high strength region. 

An estimate of the increase in strength due to 
substructure strengthening can be obtained by comparing the 
Tl temper strength at high Zj in figure 4.85 with the 
reported TO temper strength in table 4.35 since neither 
condition is affected by age hardening. The incremental 
increase in P.S. of 100 MN/m2 is similar to that shown by 
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the T6 extrudes at low ZIf which indicates that substructure 
strengthening is still effective even after solution 
treating and ageing. Therefore in the T6 temper the maximum 
tensile properties can be obtained by extruding in the low 
Zj region, although as in the TI temper, some peripheral 
recrystallization must be tolerated unless the extrusion 
conditions are chosen such that LnZj < 22 corresponding to 
an initial flow stress of 30 MN/m2, the recrystallized depth 
increasing with LnZj above this value according to the 
equations shown in table 4.30. 

The highest P.S. and U.T.S. in the low Zj regions are 
shown by the indirect extrudes which can be associated with 
the smaller temperature rise and hence smaller subgrains 
exhibited by the indirect extrudes at equivalent values of 
LnZj. 

The tensile properties of all three extrudes in the low 
strength region are close to those of the T6 temper shown in 
table 4.35. However, it is evident that both the P.S. and 
U.T.S. are still a function of the extrusion condition 
especially the CH direct extrudes in figure 4.87. Referring 
back to section 4.3.7.1. it was shown in figure 4.74 to 
4.76. that the recrystallized grain size decreased with 
decreasing extrusion temperature i.e. increasing LnZj, the 
greatest increase occurring in the CH direct extrudes. The 
variation in P.S. and U.T.S. at high LnZj is therefore now 
related to grain boundary strengthening which increases with 
decreasing grain size (D) according to the standard 
Hall-Petch equation. The results of using this equation are 
shown below for all the extrusion data at high LnZj in 
figures 4.87 to 4.89. 

CT.p.S. = 337.5 + 0.86 D"l/2 cc 0.975 4.28. 

The values of stress = 337.5 MN/m2 is normally referred 
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to as the friction stress since it represents the stress 
required to move dislocations in a single crystal of the 
same composition, the value of 0.86 is a measure of the 
effectiveness with which the grain boundaries increase the 
yield stress. However the absolute values can only be 
considered to be approximate due to the small proof stress 
and grain size range considered. 

It is evident from the results in figures 4.87 to 4.89. 
that in the fully recrystallized extrudes, extruding at 
highest Zj conditions i.e. lowest temperatures and highest 
strain rates will result in the maximum tensile properties. 
Therefore for a given press capacity the indirect mode of 
extrusion should enable the highest T6 tensile strength 
extrudes to be processed in the high Zj region. 

The ductility of all the T6 extrudes are lower than in 
the Tl temper, although the ductility shows only a slight 
increase with LnZj, indicating that failure during tensile 
testing is more a function of the precipitate hardening and 
particle distribution than the microstructure of the 
extrudate. 

It is interesting to note in figure 4.88. at LnZj = 
27.6, corresponding to an initial billet temperature of 400 
deg.C, the presence of only a partially retained 
substructure in the centre of the indirect extrude results 
in approximately a 10% increase in tensile strength over the 
fully recrystallised extrude. 

The results in figure 4.89 show that the presolution 
soak treatment has little effect on the T6 tensile 
properties in the high Z region, but clearly extends the low 
Zj by reducing static recrystallization during the solution 
treatment as shown in section 4.3.7.1. 
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In conclusion the above results show that even in the 
solution treated and aged condition the tensile properties 
are still dependent on the extrusion condition, whether the 
extrudes are partially or fully recystallized. For either 
structure the indirect extrudes are likely to show the 
maximum tensile strength due to the increase in substructure 
strengthening and decrease in peripheral recrystallization 
at low Zj, which may be further reduced by presolution 
soaking, whilst the ability to extrude at the highest Zj 
conditions shown in section 4.2.6. decreases the grain size 
and so increases the grain boundary strengthening. 

4.4.6.3. T5 TEMPER 

The alternative to a full solution soak and ageing 
treatment is to use the billet preheat cycle as the solution 
treatment, the press quenched extrudes being aged 
immediately after extrusion. In the present work a billet 
presoak time of 20 minutes enables a large proportion of the 
hardening elements Cu and Mg to be taken into solution prior 
to extrusion as shown by the hardness and tensile results in 
the TI temper in the previous sections. The presolution 
soak treatment can be expected to increase the ageing 
response at all extrusion temperatures if as indicated by 
the TI properties, the solid solution content is increased 
prior to extrusion. Removing a separate heat treatment 
stage has an obvious economic advantage, where ageing in the 
presence of the as-quenched substructure may also improve 
the mechanical properties due to the preferential 
precipitation and the absence of subgrain growth noted in 
section 4.3.7.2. 

The T5 ageing characteristics for the CH and SS 
extrudes extruded at 475 deg.C, 400 deg.C and 350 deg.C are 
shown in figures 4.90 to 4.93. The extrudes were aged 
immediately after extrusion at temperatures of 160 deg.C and 
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Figure 4.92 Ageing characteristics at-l60°C press 
quenched SS direct 2014 extrudes 

Figure 4.93 Ageing characteristics at-180°C press 
quenched SS direct 2014 extrudes 
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180 deg.C, the hardness results are listed in appendix 111. 

Figures 4.90. and 4.91. show that for the 
conventionally heated extrudes ageing at the highest 
extrusion temperature of 475 deg.C results in similar ageing 
characteristics to those of the T6 extrudes in figures 
4.81. and 4.82. although the peak hardness is ̂ 1 3 % lower at 
both ageing temperatures. Below this temperature the ageing 
response and thus peak hardness decreases whilst the peak 
ageing time increases. A similar trend can be seen with 
decreasing Cu content in the T6 temper in figures 4.81. and 
4.82. The ageing characteristics therefore indicate that 
the presence of the hot worked substructure even at the 
highest extrusion temperature, cannot compensate for the 
decrease in age hardening due to the reduction in the solid 
solution content, which decreases with extrusion temperature 
as the solid solubility of copper and magnesium in aluminium 
decreases. 

The ageing characteristics of the SS extrudes are shown 
in figures 4.92. and 4.93. It is evident that the ageing 
response at all the extrusion temperatures is far more 
pronounced where a peak hardness at 475 deg.C of 156 is 
close to the peak of 157 in the T6 extrudes. The overall 
trend of decreasing hardness and increasing ageing time with 
decreasing billet temperature is the same as in the CH 
extrudes, although the peak hardness values are greater at 
all the extrusion temperatures considered, the difference 
increasing with decreasing temperature, similar to the Tl 
extrudes in section 4.4.6.1. Therefore as suggested in 
section 4.3.7.2. the T5 heat treatment is more beneficial to 
the SS extrudes due to the increase in solid solution 
content and hence ageing. 

Using the ageing characteristics shown in figures 4.90 
and 4.92. tensile specimens were machined from the CH peak 
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aged direct and indirect extrudes at extrusion temperatures 
of 475 deg.C and 450 deg.C. Peak aged extrudes from the SS 
matrix were tested at all extrusion temperatures. For 
comparison the tensile data for the CH direct and indirect 
extrudes are shown plotted with the T6 results in figures 
4.87 and 4.88. The SS T5 results are shown separately in 
figure 4.94. 

At an extrusion temperature of 475 deg.C the CH direct 
extrudes in figure 4.87. show a decrease in P.S. of ^12% 
from the T6 result as predicted by the ageing 
characteristics in figure 4.90. However both the P.S. and 
U.T.S. are higher than those of the fully recrystallized 
extrudes at Ln Zj > 27 equal to an extrusion temperature of 
400 deg.C, and confirms the suggestion made in section 
4.3.7.2. that a decrease in the precipitation hardening may 
be compensated for by the increase in strength derived from 
the subtructure. The indirect extrude at 475 deg.C shows 
only a 5% decrease in P.S. which again indicates the greater 
degree of strengthening associated with the indirect 
substructure. A similar increase in the T5 hardness for 
indirect extrudes has been reported by Paterson29, which 
indicates that the T5 treatment may be more beneficial to 
the indirect extrudes. Both modes of extrusion show a large 
decrease in the P.S. and U.T.S. at an extrusion temperature 
of 450 deg.C although the tensile properties are still 
equivalent to the lowest T6 strength, and higher than the TI 
strength at an initial billet temperature of 475 deg.C. 
Therefore if an adequate surface finish cannot be obtained 
at high extrusion temperatures, a press quenching and ageing 
treatment at Ln Zj < 29 can produce extiudes with tensile 
properties equivalent to or greater than the high 
temperature TI extrudes and low temperature T6 extrudes. 

The tensile properties of the T5 presolution soak 
extrudes in figure 4.94. show that the P.S. and U.T.S. 
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decrease in a more or less linear fashion with Ln Zj, as the 
age hardening decreases and the substructure strengthening 
increases. The P.S. and U.T.S. are higher than the in TI 
extrudes in figure 4.86. for all the extrusion conditions 
considered where at 475 deg.C the P.S. is 6% higher than 
the C.H. T5 direct extrudes, but similar to the indirect 
extrudes. Below Ln Zj = 35the tensile strength is greater 
than that of the fully recrystallized T6 extrudes, where at 
the lowest Z conditions the P.S. and U.T.S. are only 3-4% 
lower indicating that at the highest extrusion temperatures 
a solution treatment after extrusion may no longer be 
necessary if a small reduction in the tensile strength can 
be tolerated. 

In conclusion the T5 tensile strength of the three 
extrusions considered cannot quite match the equivalent T6 
extrudes at low Zj conditions due to the greater degree of 
age hardening and substructure strengthening associated with 
these extrudes. However at the low Zj conditions below the 
specific values mentioned the T5 strength is greater than 
the fully recrystallized T6 extrudes at high Zj and the 
naturally aged TI extrudes at the lowest Zj conditions. As 
for the TI and T6 temper the variation in peripheral 
recrystallization with extrusion conditions shown in the as 
extruded material in section 4.3.4. must also be considered 
when choosing the optimum process conditions, since for all 
three extrudes the increase in T5 strength is accompanied by 
an increase in the recrystallized depth, although it should 
be noted this did not increase during the ageing treatment. 

4.4.7. THE EFFECT OF Cu CONTENT ON THE TENSILE PROPERTIES 

The effect of copper content on the TI and T6 tensile 
properties has been investigated using high Z and low Z 
extrudes. Tensile specimens were machined from extrudes 
extruded at 300 deg.C and 450 deg.C at an extrusion ratio of 
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30:1. The Tl temper coincides with ageing the press 
quenched extrudes for 3 months at room temperature, whilst 
the T6 temper extrudes were solution treated at 500 deg.C 
for 30 minutes and aged to peak strength at 160 deg.C, using 
the ageing characteristics shown in figure 4.81. 

In the Tl temper figure 4.95 shows that for an 
extrusion temperature of 300 deg.C the P.S. and U.T.S. 
increase in a more or less linear fashion with Cu content, 
whilst the ductility decreases. The increase in strength 
will be a function of the decrease in subgrain size with Cu 
content shown in section 4.3.5. and an increase in the 
precipitation hardening associated with the 0 precipitates 
in the original homogenized material. At an extrusion 
temperature of 450 deg.C figure 4.96. shows a marked 
increase in the P.S. and U.T.S. due to solute strengthening 
and natural ageing. The percentage increases in P.S. shown 
in table 4.36. indicate that solute strengthening and 
natural ageing are not substantially increased for Cu 
contents greater than 2%Cu. This coincides with the 
reported!23 values for the maximum solid solubility of Cu 
and Mg in A1 at 450 deg.C of 2.4 wt %Cu and 1.1 wt % Mg. As 
for the 2014 results in section 4.4.6.1. there is no 
appreciable decrease in ductility at 450 deg.C, the 
ductility decreasing with Cu content. 

Wt % Cu 
Temper 1 2 3 4 5 

T1 20 55 58 63 61 
T6 58 48 41 32 28 

Table 4.36 Percentage increase in P.S. from the 
high Z to low Z extrudes. 
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In the T6 temper figure 4.97. shows that for the fully 
recrystallised extrudes extruded at 300 deg.C the P.S. and 
U.T.S. increase linearly with Cu content as the 
precipitation hardening increases, there being no 
significant difference found in the recrystallised grain 
size and hence grain boundary hardening. The low Z extrudes 
in figure 4.98. extruded at 450 deg.C, again show a more or 
less linear increase in P.S. and U.T.S. with Cu content, the 
ductility decreasing with Cu content. Perhaps the most 
interesting feature of the T6 temper are the percentage 
increases shown in table 4.36., for the increase in P.S. 
from the high Z and to low Z extrudes. The decrease in % 
increase with Cu content, which represents an increase in 
P.S. of 117 MN/m2 in the 5% Cu alloy as opposed to 132 MN/m2 

in the 1% Cu alloy indicates that substructure strengthening 
after heat treating is more effective in the lower Cu 
alloys. It was noted in section 4.3.7.2. that subgrain 
growth may have occurred during solution treatment of the 
low Z 2014 extrudes, which effectively reduces the 
substructure strengthing. The decrease in peripheral 
recrystallization with initial flow stress and hence Cu 
content shown in section 4.3.7.1. indicates that subgrain 
growth is less likely, to occur in the lower Cu alloys. 
Therefore in terms of the T6 temper strength of the low Z 
extrudes the substructure strengthing increases with 
decreasing Cu content, to the extent that for a Cu content 
as low as 1.8%Cu the P.S. is equivalent to that of the high 
Z 2014 T6 extrudes. The limited surface cracking exhibited 
by the 1% to 3% Cu alloys over the extrusion range 
considered also enhances the possibility of eliminating 
surface recrystallization in the T6 temper by extruding 
below an initial flow stress of 30 MN/m2 as shown in figure 
4.72. 
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4.4.8. FRACTURE TOUGHNESS PROPERTIES OF THE 2014 ALLOY 

It is generally recognised that the fracture toughness 
of metals decreases as the yield strength is raised. This 
is particularly true of high strength aluminium alloys where 
the increase in strength on ageing can result in a decrease 
in toughness, to the extent that alloys such as 2014 are 
often used in the overaged condition to enhance the fracture 
toughness properties*>3. Several recent review 
papers^l,61,63 have listed the important metallurgical 
factors which affect the toughness in aluminium alloys, but 
have largely ignored the effect of process conditions. In 
the present work therefore the' effect of process conditions 
on the fracture toughness of the three 2014 extrudes in the 
T6 and T5 tempers have been investigated. 

The fracture specimens described in section 3.6.3. were 
machined from similar positions along the length of each 
20:1 extrude, and aged to peak strength at 160 deg.C. The 
T6 temper was tested at all extrusion temperatures, whilst 
the T5 temper was tested at low Zx conditions. Values of 
the maximum applied load and the plastic component of the 
clip gauge displacement used in the calculation of the 
critical cracking opening displacement S c are listed in 
appendix III. The experimental procedure and the analysis 
used in the evaluation of S c c a n be found in B.S. 
5762:1979. 

Examples of the load-clip gauge opening displacement 
curves in the T6 temper are shown in figure 4.99. for the 
high and low Z indirect extrudes. The curves are typical of 
all three extrudes considered and show an initial linear 
rise in load followed by a plastic region in which the load 
increases to a maximum where cracking is assumed to be 
initiated. The load decreases as the crack propagates 
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through the extrude at which point the tests were stopped. 
It is apparent that the maximum load and displacement are 
greater in the low Z extrudes, the high Z extrudes 
exhibiting a characteristic unstable crack growth after the 
attainment of the maximum load. Figure 4.100. shows typical 
examples from the T5 temper tests for extrusion temperatures 
of 475 deg.C and 450 deg.C. The curves are similar to the 
low Z T6 temper, where the maximum load decreases with 
increasing Ln Zj. it is therefore evident that there is a 
change in the fracture properties due to the presence of the 
subgrain structure in the low Z T6 and T5 extrudes. 

The fracture toughness K has been evaluated using the 
values of S c and the corresponding P.S. values shown in 
section 4.4.6. using the standard relationship: 

where E is the Youngs Modulus (70 GN/m2) and m is a 
geometric factor dependent on the specimen dimensions and 
the shape of the crack. Typical values of m range from 0.8 
- 1.2, where m = 1 has been assumed in the present work 
which is not unreasonable for the size of specimen used^5? 
and since the results are intended for use on a comparative 
basis only. In order to establish whether the values of K 
listed in appendix I I I can be expressed in terms of KJC the 
plane strain fracture toughness the following criteria must 
be satisfied.158 

where tc is the minimum specimen thickness. The large 
variation in proof stress shown in section 4.4.6. and a 
constant specimen thickness of 10mm means that valid KJC 

K 58 (mop.s. E Sc)1/2 4.29. 

4.30. 
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values are only obtained in the high Z extrudes. However 
since only a relative index of fracture toughness is being 
considered the attainment of plane strain conditions is not 
essential for the present investigation. The fracture 
toughness has therefore been defined in terms of the mixed 
mode or plane stress fracture toughness Kc. 

The effect of the initial extrusion conditions on K c in 
the T6 and T5 tempers is shown in figures 4.101. to 4.103. 
for the CH direct, indirect and S.S. direct extrudes. It is 
apparent from these figures that all three extrudes in the 
T6 temper show a marked increase in Kc at low Zj as 
indicated by the curves in figure 4.99. The results are 
somewhat surprising since these extrusion conditions also 
correspond to the highest proof stresses and lowest strain 
hardening coefficients, deformation characteristics which 
are normally associated with a decrease in the fracture 
toughness63. if the above trend is correct then extruding 
at low Z conditions to retain the substructure during heat 
treatment not only increases the tensile strength but also 
increases the fracture toughness in the transverse plane. 
Before discussing the fracture modes involved it may be 
useful to establish whether the method used in the 
evaluation of £ c and Kc are correct. It is well knownl58 
that the values of the plane stress fracture toughness are 
thickness dependent due to the constraint of the free 
surfaces, which can extend through to the centre of the 
specimen so that crack initiation associated with KJC is 
suppressed. Therefore in the plastic regions shown in 
figures 4.99. and 4.100. the exact load and displacement at 
which cracking is initiated may not be associated with the 
maximum load. A sudden increase in displacement under 
increasing load or 'Pop-in1 is often taken as the load in 
plane stress conditions at which cracking commences. Pop-in 
was difficult to detect in the low Z extrudes and when it 
did occur in the high Z extrudes it was only seen 
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INDIRECT EXTRUDES 

T6 

T j ^ C ) 300 350 400 450 475 

Sc 
(mm) 

0 .020 0 .018 0 .015 0 .020 0 .0115 0 . 0179 0 . 0158 0 .0184 0 .0143 0 . 0 1 4 9 

KN/m 5 / 2 
23-72 22.68 20.23 23 .37 18 .22 24 . 77 24 .17 26 . 05 23 . 02 23 . 43 

T5 

TXCC) 475 450 

So 0.0154 0 .0160 
(mm) 

0 .0154 

Kc 23 .17 21 . 17 

MN/m 3 / 2 

Table 4.37 Values of Kc determined by the off set 
procedure - T6 indirect extrudes of 
2014 alloy. 
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immediately prior to the maximum load. However the 
occurrence of Pop-In is still no guarantee of the correct 
crack initiation position!59. The alternative method to 
estimate crack initiation is to use the off-set procedure 
described by Knottl58. A line is drawn with a 5% decrease 
in slope from the linear elastic region, where the 
intersection with the plastic region is taken as the load 
and displacement at which cracking commences as opposed to 
the maximum load and displacement used for figures 4.101. to 
4.103. The analysis therefore assumes that little or no 
plastic deformation occurs prior to or after crack 
initiation contrary to the nature of the rising load 
displacement curves in figures 4.99. and 4.100. However the 
off-set procedure has been used to evaluate new values of 

S c and Kc for the indirect extrudes the results shown in 
table 4.37. It is apparent that the values of Kc are now 
more or less constant. The results therefore do not 
contradict the trend shown in figures 4.101. to 4.103. the 
presence of the substructure at low Zj in the T6 temper 
enhancing the fracture toughness at high strength levels. 
It should also be noted that the T6 and T5 tensile 
properties in figures 4.87. to 4.89. also show no 
significant change i n ductility from the high Z to low Z 
regions. 

A large decrease in the plane stress fracture toughness 
from an unrecrystallized product to a recrystallized one has 
been reported41 in a 7000 series alloy, due to a change from 
transgranular to intergranular fracture. In the present 
work the fatigue crack surface did indeed show a faceted 
intergranular appearance in the high Z extrudes, which 
changed to a smoot.\ surface in the low Z extrudes. However 
the fracture surfaces were relatively flat and smooth and 
showed no obvious signs of intergranular cracking. This is 
perhaps to be expected since the fracture path in the 
transverse plane is normal to the grain boundaries, whilst 
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intergranular fracture is more likely to occur in the 
longitudinal plane. Indeed there are numerous 
experimental results41,64 to show that wrought products of 
the T6 2000 and 7000 series alloys have a higher fracture 
toughness in the longitudinal transverse direction than in 
transverse longitudinal direction. Preferential 
precipitation at the grain boundaries and precipitate free 
zones are instrumental in reducing the grain boundary matrix 
strength and so promoting intergranular fracture. The 
presence of aligned weak particles or 'stringers' in the 
longitudinal direction also reduce the initiation fracture 
properties by increasing the amount of particle matrix 
decohesion ahead of the crack tip. 

In order to establish the initiation fracture mode in 
the high Z and low Z extrudes, the fracture surfaces were 
examined directly below the fatigue cracks and in the centre 
of the specimens where plane strain conditions are likely to 
exist. The S.E.M. micrographs are shown in plate XV for the 
CH indirect and SS direct extrudes in the T6 and T5 tempers. 
Micrographs a) to d) show that in the T6 temper the fracture 
surfaces have a characteristic dimpled appearance associated 
with a ductile or fibrous mode of fracture. Micrographs a) 
and b) show that for the fully recrystallized high Z 
extrudes the large dimples have an average spacing of 18 pm 
and are associated with inclusions of 3-4 pm in diameter, 
similar in size to the as cast particles shown in section 
4.3.3. The spacing of the smaller dimples of 2-3 pm is 
similar to the separation of the intermediate sized 
particles shown in plates XIV and XV. The observations are 
consistent with the fracture mode reported by several 
workers 41,61,63 for commercial age hardenable aluminium 
alloys. Cracking is initiated within the plastic zone ahead 
of the crack tip by decohesion of the particle matrix 
interface at the large inclusions, the voids grow to a 
critical size until the strain is sufficient to cause 
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Plate XVI. Fracture Surfaces of T6 and T5 Extrudes of 
2014 Alloy just below the Fatigue Crack 
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decohesion at the intermediate particles so that smaller 
secondary dimples are formed in the ligaments between the 
larger voids. The fracture surfaces from the low Z extrudes 
shown in micrographs c) and d) indicate that a similar 
fracture mechanism occurs in the presence of a substructure 
although it is noticeable that the larger dimples are larger 
and fewer in number. Assuming that the initiation stage in 
fracture of the high Z and low Z extrudes involves particle 
matrix decohesion at the large inclusions, the increased 
void size indicates that void growth continues to a higher 
strain and hence stress before decohesion of the ligament 
between the void occurs. The substructure strengthening may 
effectively be increasing the fracture toughness by 
increasing the energy required for decohesion of the 
ligaments. The unstable crack growth in the high Z extrudes 
shown in figure 4.99. is therefore due to the rapid 
decohesion of the inter void ligaments associated with the 
recrystallized matrix. Therefore although the decrease in 
strain hardening coefficient shown in table 4.34. may result 
in an increase in strain and stress localisation at the 
crack tip and hence increase in the particle matrix 
decohesion, the increase in energy required for decohesion 
of the substructure strengthened matrix results in an 
equivalent or greater fracture toughness to the high Z 
extrudes. Since the subgrain structure is relatively 
equiaxed it is likely that the fracture toughness in the 
transverse longitudinal direction will also be enhanced. 

It is interesting to note that the values of Kc in the 
T6 and T5 temper for the SS extrudes are 14-11% higher 
than the equivalent CH direct extrudes which exhibit similar 
tensile properties. This may well be associated with a 
reduction in the size and distribution of the larger as cast 
particles as mentioned in section 4.3.5.3., although clearly 
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further results are required from plane strain tests and 
from particle size analysis since the CH indirect extrudes 
exhibit similar values of Kc to the SS extrudes. 

The fracture surfaces of the T5 indirect and SS direct 
extrudes are shown in micrographs e) and f). The fracture 
surfaces show a reduction in the number of larger voids, 
although an increase in the number of smaller dimples 
indicates that decohesion of the matrix substructure plays a 
more prominant role in the fracture mechanism than in the 
low Z T6 extrudes due probably to the absence of subgrain 
growth during ageing. This is also reflected in the higher 
values of Kc at low Zi in figures 4.101. and 4.102. for the 
CH direct and indirect extrudes. 

The size and separation of the dimples in micrographs 
a) to e) indicate that the ageing precipitates play no role 
in the fracture mechanism but influence the fracture 
toughness by changing the matrix deformation 
characteristics. 

Although the values of Kc in figures 4.101. to 4.103. 
are largely dependent upon whether crack initiation during 
plane stress testing occurs at the maximum load or some 
intermediate load, the off-set values of Kc and the S.E.M. 
micrographs indicate that the fracture toughness in the T6 
and T5 tempers is enhanced by the presence of a subgrain 
structure produced by extruding at low Z conditions. It may 
be possible in future work to derive more accurate values of 
Kc from plain stress tests by using additional 
instrumentation to detect the accoustic emission at crack 
initiation^so that if crack initiation occurs within the 
plastic region prior to the maximum load the accoustic 
emission could be matched with the precise load and 
displacement at which cracking occurs. 
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4.4.9. STRESS CORROSION RESISTANCE OF THE 2014 ALLOY 

The stress corrosion resistance of high strength 
aluminium alloys is often a factor which restricts their use 
in the aerospace industry. In certain environments and 
stress conditions failure can occur well below the stress 
required for gross yielding. It is not intended in the 
present work to investigate and discuss the precise 
mechanisms proposed for stress corrosion cracking (S.C.C.) 
since these have been extensively reviewed in several recent 
papers64,160. However the basic requirement for a 
microstructure which is susceptible to S.C.C. is the 
existance of a continuous zone within the material which is 
more susceptible to corrosion than the rest of the matrix. 
In aluminium copper alloys the copper constituents are 
cathodic with respect to aluminium so that stress corrosion 
resistance is influenced primarily by the copper 
concentration gradient in the Al-Cu solid solution in the 
grain boundary region. The effect of the extrusion 
conditions on the susceptibility to S.C.C. in the 2014 alloy 
has been investigated in the peak aged T6 and T5 tempers. 

Conventionally heated direct and indirect extrudes were 
tested in the T6 temper at extrusion temperatures of 475 
deg.C, 400 deg.C and 300 deg.C, the T5 temper at 475 deg.C. 
Three specimens were tested for each condition and 
pre-stressed to 75% of the proof stress as described in 
section 3.6.7. The specimens were exposed in a solution of 
3% NaCl in an alternate immersion tank for a period of 3 
months, after which no signs of cracking could be seen in 
any of the specimens. Since the object of the test is to 
determine whether failure occurs due to S.C.C. under a 
specified stress below the yield stress, the Alcoa test 
therefore indicates that the 2014 alloy is not susceptible 
to S.C.C. in either the T5 or T6 temper. The first point to 
note is that the grain shape and orientation especially in 
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the recrystallized extrudes is more or less parallel to the 
stress direction. If intergranular corrosion is involved in 
the stress corrosion mechanism then failure is least likely 
to occur in the longitudinal direction, since the corrosion 
cracks are growing parallel to the applied stress. Previous 
workers64 have indeed shown that for wrought products 
exhibiting elongated grains in the longitudinal direction 
(L) then the stress corrosion resistance is alway greatest 
in this direction, and markedly lower in short and long 
transverse directions (S.T. and L.T.). In the present work 
a test specimen length of 51mm would have required extrudes 
of 2:1 or less to test the S.T. or L.T. directions. 

In order to establish the extent to which corrosion has 
occurred during exposure, the specimens were carefully 
sectioned in the longitudinal plane and polished, and 
examined in the unetched and etched conditions. Examples of 
the unetched microstructures in the T6 and T5 extrudes are 
shown in plate XVII. It is evident from micrograph a) that 
intergranular corrosion has occurred in the high Z T6 
extrude. Crack lengths of 0.8 - 1.0mm were measured in the 
direct and indirect extrudes although there was not direct 
correlation with extrusion mode or extrusion conditions. 
Micrograph b) shows an example of a 1OWZT6 extrude and 
clearly shows evidence of stress corrosion cracks developing 
normal to the applied stress. The grain diameters of 5-6 pm 
outlined by the corrosion path are similar in size to the 
retained substructure noted in section 4.3.7.2. It 
therefore seems likely that the presence of the precipitate 
free zone at the subgrain boundaries shown in plate XIV e) 
is sufficient to make the extrudes susceptible to a form of 
intergranular corrosion and therefore S.C.C. in the peak 
aged condition. However an average crack depth of 0.3 mm — 
0.5mm indicates that the S.C.C. resistance may be greater in 
the longitudinal and L-T and S-T directions due to the 
equiaxed nature of the subgrain structure. 
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The T5 extrude in micrograph c) shows a similar 
corrosion structure to the low Z T6 extrude where 
preferential corrosion along the subgrain boundaries has 
lead to a crack ^ 0.5mm long normal to the stress direction. 

It should be noted that all the extrudes tested showed 
susceptibility to pitting corrosion, the degree of attack 
was unaffected by either the heat treatment or extrusion 
mode. 

The evidence presented in plate XVII indicates that in 
the peak aged T6 and T5 tempers the 2014 alloy is 
susceptible to S.C.C. at all extrusion conditions although 
the low Z T6 and T5 tempers are likely to have a greater 
stress corrosion resistance due to the presence of the 
subgrain structure. 

Although only stress corrosions resistance has been 
considered in the present work, Al-Cu-Mg extrudes are also 
susceptible to exfoliation corrosion, which can occur in the 
absence of any stresses and under normal atmospheric 
conditions. Exfoliation corrosion is the result of 
selective corrosion along narrow susceptible bands within the 
directional grain structure which is normally associated 
with intergranular corrosion. The corrosion product lifts 
thin layers of uncorroded metal from the surface producing a 
characteristic layered appearance and may therefore be 
regarded as a form of S.C.C. due to the stresses generated 
by the corrosion product. The effect of microstructure on 
exfoliation has been studied by several workers66,67 who 
have shown that in the overaged extrudes the presence of a 
subgrain structure prevents exfoliation since corrosion only 
takes place at the subgrain boundaries. The rate of 
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penetration of corrosion into the metal was also found to be 
considerably less in the presence of a subgrain structure as 
has been found in the present work. 

4.4.10. LIMIT DIAGRAMS 

Limit diagrams were originally proposed by Hirst and 
UrsellHl to represent graphically the extrusion limits 
within which products with an adequate surface finish could 
be produced for a specific press capacity. This form of 
diagram is shown in figures 4.104. and 4.105. for the 2014 
CH direct, indirect and SS direct extrudes, extruded at 
3mm/s and 13 mm/s. The limiting pressure lines described by 
the maximum extrusion ratios and minimum billet temperatures 
have been established using the empirical pressure equations 
in section 4.2.9. for a press capacity of 1130 MN/m2. The 
surface cracking lines are based on the expressions derived 
in section 4.2.10.2., the limiting line for indirect 
extrusion has been established from a combination of the 
results in the present work and those of Patersonl24 where 
the results and defining equation are shown plotted in 
figure 4.106. It should of course be noted here that 
surface cracking is only one of a number of surface defects 
that can appear during extrusion or after subsequent 
processing and therefore extrusion within these limits does 
not guarantee an adequate surface finish free from e.g. pick 
up, die lines, blistering, etc. 

At specific ram speeds the limiting pressure lines in 
figures 4.104. and 4.105. show that as the initial billet 
temperature increases, the flow stress decreases so that 
higher extrusion ratios become possible. This continues 
until a critical temperature and extrusion ratio are 
reached, where an increase in temperature results in a 
decrease in the possible extrusion ratio due to the 
increased liklihood of surface cracking as a result of the 



268 

Figure 4.104 Limit diagram for CH direct, indirect 
and SS direct extrusion of 2014 alloy 
v = 3mm/s 
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Figure 4.105 Limit diagram for GH direct, indirect 
and SS direct extrusion of 2014 alloy 
v = 13mm/s 
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temperature rise during extrusion. An increase in ram speed 
lowers the pressure limit line due to the increase in flow 
stress and hence load although clearly, as noted in section 
4.2.10.2.,ram sfeeJl has a more pronounced effect on the surface 
cracking limits which may be attributed to the higher 
temperature rise and stresses generated at the die exit. 

It is evident from figures 4.104. and 4.105. that the 
presolution soak treatment described in section 4.2.10. is 
effective in extending the direct extrusion range at high 
and low ram speeds between 450 deg.C to 360 deg.C. Below 
this temperature the increase in extrusion pressure shown in 
figure 4.52. significantly reduces the extrusion range for 
the given press capacity. Therefore in terms of the 
production 1 imits the CH billets can be extruded over a 
greater range of extrusion conditions in the low temperature 
range, whilst the SS billets have a greater extrusion range 
at high temperatures, which increases with ram speed as 
surface cracking becomes more prevalent in the CH billets. 
The indirect mode clearly offers the greatest range of 
extrusion conditions at both ram speeds due to the lower 
loads at low temperatures, whilst at high extrusion 
temperatures the more uniform nature of flow and the lower 
temperature rise reduce the liklihood of surface cracking. 
The optimum production conditions for each extrusion process 
correspond to the positions marked 'A' in figures 4.104. and 
4.105. 

SheppardlOO has shown that limit lines may also be 
constructed to represent specific structures and properties 
which are a function of the process conditions. The results 
in sections 4.3. and 4.4. have shown that for heat treatable 
alloys such as 2014 the situation is not so simple since the 
process conditions structure/property relationships are also 
dependent on the final temper. Perhaps the most important 
structural features in relation to the as extruded and heat 



6-0 

5-0 

4 0 

cc 
c 

3-0 

2-0 

1-0 

20K 

• \ Direct 

Indirect 
' ' / \ \ 

/ ' / \ \ \ \ * \ \ - • \ \ -

/ \ \ 
* \ \ • \ * 

Y \ /X N /' X \ 

li \ v V i v \ j h X ^ ii 1 X N 

i / / x 

i / / 
/ 11 

/ ' i i /I i i i /1 1 / * 
1 i i i » i i i / ' i / / 

/ / / / 

/ l 
/ / 

/ / 
/ / 

/ / i I I I 
/ / 
/ / 

/ / 
/ / 

/ > / / 
V = 3mm/s T1/T5 T6 

1 % Recyn 5 0 % Recyn 

6-0 

200 300 400 
In i t ia l Bil let Temp °C 

500 

5-0 

4 0 / 

CC 

c 

3-0 

2 - 0 

V0 

20K 

Direct 
Indirect 

V a13mm/j T1/T5 T6 
IV.Recyn 50%Recyn 

200 300 400 
In i t ia l Bi l let Temp °C 

Figure 4.109 Ram speed = 1$mm/s Figure 4.108 Ram speed 
Limit diagram showing T6 and T5 % 
recrystallisation lines CH direct and 
indirect extrusion of 2014 alloy 

500 

3mm/s 
ro 

rv> 



273 

treated properties are the percentage recrystallization and 
hence substructure strengthening and the solid solution 
content. In section 4.3.4. and 4.3.7. it was shown that the 
percentage recrystallization could be related to the initial 
flow stress or LnZj and hence extrusion conditions. Using 
these relationships the limiting lines representing 
50% recrystallization in the T6 extrudes and 1% 
recrystallization in the TI and hence T5 extrudes have been 
drawn in figures 4.108. and 4.109. for the CH direct and 
indirect extrudes extruded 3 mm/s and 13 mm/s. The figures 
clearly show that the extrusion range is severely reduced if 
substructure strengthening is to be utilised in the T6 
temper, the extrusion limits decreasing with increasing ram 
speed as the driving force for recrystallization increases 
with the less recovered substructure, which is also 
reflected in the greater extrusion range offered by the 
indirect mode. The limiting lines for the T1/T5 temper 
again show that as the percentage recrystallization 
increases with ram speed the extrusion range is reduced, 
which is accentuated by the larger temperature rises during 
direct extrusion. It should be noted that the arrangement 
of the indirect tooling described in section 3.2.5. almost 
doubles the quench delay time during which static recovery 
and recrystallization take place, so that the limiting lines 
for indirect extrusion may actually be at higher 
temperatures than those shown in figures 4.108. and 4.109. 

The effect of solid solution content on the mechanical 
property limiting lines can be seen in figures 4.104. and 
4.105. which shows the extrusion limits required to give a 
T5 extrude with greater than or equal tensile properties to 
the T6 specifications shown in table 4.35. The figures show 
that for this particular requirement the presolution soak 
treatment now offers the highest production rate shown by 
the positions marked faf, followed by the CH indirect and 
direct extrusion. Clearly other considerations must also be 
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taken into account such as the fracture toughness, corrosion 
and fatigue properties, although inclusion of all this data 
on one or a number of diagrams is likely to be too 
complicated to be of any real practical use. One solution 
would be to computerize the structure/property relationships 
so that either the optimum extrusion conditions and heat 
treatment could be chosen prior to extrusion or the final 
properties predicted for specific extrusion conditions. 
However this assumes that the commercial extruder has 
sufficient control of the process variables such as ram 
speed and temperature which unfortunately is not always the 
case. Infact extrusion conditions are often chosen well 
within the limits shown in figures 4.104. and 4.105. due to 
the standard of error in the control of the ram speed and 
more especially the temperature which can be as great as + 
50 deg.C.100 

The effect of copper content on the extrusion limits 
are shown plotted Ln figure 4.110. for a ram speed of 13 
mm/s. The surface limiting li ne for the 5% Cu alloy has 
been established from the results in figures 4.107., where 
the surface cracking limits are defined by:-

cc 
LnZ j; < 42276.9 0.9823 4.31. 

Tl.135 

where T is in deg.K. For the 2% Cu and 3% Cu alloys the 
surface cracking lines are only approximate since cracking 
did not occur below an extrusion ratio of 100:1 and the 
initial billet temperatures shown plotted in figure 4.110. 
The 1% Cu alloy showed no signs of cracking over the entire 
range of extrusion conditions considered. 
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Figure 4.110 Limit diagram for direct extrusion of 
Cu - 5# Cu alloys v = 13mm/s 
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It is evident from figure 4.110. that increasing the Cu 
content reduces the maximum possible extrusion ratio in the 
low temperature region as the flow stress and hence 
extrusion pressure increases. In the high temperature range 
an increase in Cu content effectively increases the 
temperature rise during extrusion whilst an increase in the 
amount of eutectic phase present increases the liklihood of 
surface cracking associated with incipient melting. 

4.4.11. PROCESS CONDITIONS vs PROPERTIES 

In order to show more clearly the relationship between 
the process conditions and the structure and properties of 
the direct and indirect 2014 T6 temper extrudes the 
relationships derived in sections 4.3. and 4.4. are shown 
plotted in figures 4.111. and 4.112. The maximum ram speeds 
corresponding to the initial billet temperature on the 

occur 

x-axis below which surface cracking does not^are also 
included. 

The figures show that in order to attain the highest 
tensile and fracture toughness properties in the T6 temper 
then a combination of the lowest production rates and 
highest billet temperatures are required to prevent surface 
cracking and avoid excessive recrystallization. Although 
indirect extrusion does offer slightly higher ram speeds and 
lower temperatures the difference may not be sufficient if 
for instance temperature control is in the region of + 50 
deg.C. Conversely higher production rates can be achieved 
at high Z conditions but at the expense of the mechanical 
properties of the extrudate, although a degree of control 
still remains due to the reduction in grain size with Z, 
which favours the indirect mode due to the reduction in load 
at low temperatures shown in figure 4.36. 

In the TI and T5 tempers the hardness and tensile 
properties in figures 4.78. and 4.85. show that again the 
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mechanical properties are enhanced at low Z due to the 
increase in solid solution content, whilst at high Z the 
tensile properties are markedly lower but increase with Z 
due to the increase in substructure strengthening which 
again favours the indirect mode of extrusion. 

It should of course be noted that the results in 
figures 4.111. and 4.112. are relevant to a specific 
homogenization treatment, billet preheat treatment and 
container temperature. Although the affect of the billet 
homogenization treatment and container temperature on the 
structure and properties of the 2014 extrudes have yet to be 
established, the results in section 4.2.10. and 4.4.6. to 
4.4.7. indicate that a presolution soak treatment may reduce 
surface cracking and hence increase production rates whilst 
the TI and T5 properties are enhanced by an increase in 
solid solution content and the T6 properties by a reduction 
in surface recrystallization and a possible change in the 
particle size and distribution. Finally, the observation 
that the stress corrosion resistance may be enhanced in the 
peak and overaged conditions in the presence of a retained 
substructure suggests that the optimum process conditions 
for 2014 TI, T5 and T6 extrudes corresponds to low Z 
conditions, where surface cracking and recrystallization may 
be reduced by indirect extrusion and a presolution soak 
treatment. 
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CHAPTER 5 

Conclusions 

1) All the torque twist curves exhibit a linear increase 
in torque with twist followed by a strain hardening region 
leading to a steady state torque consistent with the 
operation of dynamic recovery. 

2) The predicted temperature rise during testing increases 
with strain and flow stress, the peak temperature can be 
described by a volume average temperature although an area 
average temperature may be more applicable at high strain 
rates. 

3) The graphical analysis in section 2.2.2.2. has been 
shown to apply to the initial temperature high stress data. 

4) The temperature corrected data obtained from torsion 
tests has been correlated over a range of strain rates and 
can be described by the hot working equation: 

Z = A (Sinh ( o< ct) ) n = £ exp ( A H) 
RT 

The predicted flow stress and torque increasing with Cu 
content in the 2000 series alloys and with the additon of 
Mn, Mg and Si in the 2014 alloy. 

5\ The constants in the above equation are alloy 
dependent, the absolute values changing in accordance with 
the flow stress range considered. The activation 
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energies A H in the low Cu alloys below 3 wt% Cu indicate 
that deformation is thermally activated and diffusion 
controlled, whilst a decrease in A H with Cu content and 
temperature in the 4% Cu and 5% Cu 2000 series and 4% Cu 
binary alloy imply a change in the rate controlling 
mechanism with an increase in solid solution content 
independent of the flow stress characteristics which are 
also dependent on second phase particle distribution. 

6) A strain dependent constitutive equation can be 
established at increments of homologous strain using the 
above equation. 

7) The torsion ductility decreases with flow stress below 
350 deg.C independent of Cu content and decreases with Cu 
content above this temperature coinciding with an increase 
in solid solution content. 

8) For all the 2000 series alloys the dependence of peak 
pressure on LnR is linear whilst a power relationship 
provides the best fit for the variation with initial billet 
temperature. 

9) The effect of indirect extrusion is to reduce the 
pressure required for extrusion. 

10) The peak and minimum pressure increase with decreasing 
container temperature below the billet temperature and 
decrease with an opposite temperature differential. The 
change in peak pressure is not a function of the predicted 
mean peak temperature. 

11) The pressure for direct extrusion increases with billet 
length in the 2% Cu, 5% Cu and 5052 alloys due to friction 
between the billet and container. The friction conditions 
may be described by a friction coefficient 1p' or friction 
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factor 'm' although neither method is entirely satisfactory. 

12) The size of the peak height at the start of extrusion 
is alloy dependent increasing with Cu content and Z. The 
peak height during indirect extrusion is smaller. Both 
observations are consistent with the hypothesis that the 
peak is associated with the establishment of the 
quasi-static deformation zone, the formation of which 
requires an excess of dislocations. 

13) A general pressure equation incorporating the hot 
working constants and hence flow stress characteristics has 
been established for constant billet length data. Inclusion 
of a billet dimension term has met with limited success in 
the 2000 series alloys due to the difficulty in defining the 
friction conditions. 

14) Relationships describing the dependence of surface 
cracking on initial extrusion conditions show that surface 
cracking is least during indirect extrusion and may be 
reduced by a presolution soak treatment of 2 hours at 500 
deg.C, which corresponds to the maximum increase in flow 
stress during torsion testing and increase in extrusion 
pressure. 

15) The press quenched extrudes exhibit a fibrous structure 
at high Z and duplex structure at low Z, peripheral 
recrystallization increasing with copper content and 
extrusion temperature. Indirect extrusion of 2014 alloy 
reduces the percentage recrystallization the presolution 
soak treatment results in an increase. 

16) The steady state extrusion and torsion specimens are 
characterized by a subgrain structure of low misorientation 
consistent with the operation of dynamic recovery. The 
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presolution soak treatment results in a less recovered 
substructure at high Z. 

17) For all the alloys and heat treatments the subgrain 
size d may be related to the process conditions by: 

d~l = aLnZc + b 

18) The dependence of flow stress on the subgrain size must 
include the influence of the solute atom atmospheres and the 
second phase particle distribution which also act as sources 
of internal stress. 

19) The steady state flow pattern for indirect extrusion is 
noticeably different to that for direct due to the absence 
of billet container friction during extrusion. 

20) The variation in substructure within the steady direct 
and indirect deformation zone results in a more uniform 
substructure across and along the indirect extrudate. 

21) All the solution treated 2000 series alloys extruded 
above an initial flow stress of 90 MN/m^ are fully 
recrystallized, peripheral recrystallization decreasing with 
flow stress. Indirect extrusion and the presolution soak 
treatment reduce the percentage recrystallization in the 
2014 alloy. The increase in recrystallized grain size with 
extrusion temperature can also be directly related to the 
increase in subgrain size. 

22) The effect of artificial ageing on the sol-tion treated 
2014 alloy is to produce transition precipitates. In the 
low Z partially recrystallized extrudes the presence of a 
retained substructure provides sites for preferential 
precipitation. Artificial ageing of the high extrusion 
temperature press quenched extrudes results in a pronounced 
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ageing reaction which is enhanced by the presolution soak 
treatment. 

23) The hardness and tensile properties of the Tl extrudes 
are governed at low Z conditions by solute strengthening and 
natural ageing and at high Z by substructure strengthening. 

25) The T6 tensile and fracture toughness properties of the 
2014 alloy are enhanced by the presence of a retained 
substructure in the low Z extrudes. 

26) The tensile and fracture toughness properties of the 
high temperature T5 2014 extrudes are superior to the high Z 
recrystallized T6 extrudes. The presolution soak treatment 
enhances the T5 temper properties. 

27) The indirect process offers the highest T6 properties 
due to an increase in grain boundary strengthening at high Z 
and substructure strengthening at low Z. 

28) The T6 and T5 peak aged stress corrosion resistance of 
the 2014 alloy is likely to be enhanced by the presence of a 
retained substructure. 

29) Limit diagrams show that at high and low ram speeds 
indirect extrusion of 2014 enlarges the extrusion range, the 
presolution soak treatment reducing surface cracking in the 
mid temperature range. 

30) An increase in copper content in the 2000 series alloys 
reduces the extrusion range. 
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RECOMMENDATIONS FOR FURTHER WORK 

Torsion: 

Experimental verification of the temperature rise 
during testing is required to establish the correct mean 
temperature. The surface temperature rise could be 
correlated with the temperature rise predicted at the 
surface and central elements by the finite difference model. 
The practice of using solid torsion specimens reduces the 
accuracy of the homologous strain analysis due to the radial 
variation in strain, thin walled specimens are therefore to 
be preferred in order to determine realistic values of £p. 

Extrusion: 

The development of a temperature rise model to predict 
the variation in strain rate and temperature within the 
deformation zone and hence extrudate is required to utilize 
the homologous strain constitutive equations and the 
structure property relationships derived in the present 
work. It may be possible to achieve this by the development 
of a thermally coupled upper bound solution or by the 
application of finite element techniques. 

The results in the present work have shown that is 
possible to establish a general pressure equation 
incorporating the hot working constants, however further 
work is required to define an accurate billet dimension term 
either from a theoretical analysis of friction during 
extrusion or a comprehensive extrusion matrix including 
variable billet lengths and diameters at different extrusion 
ratios. Such an equation may be used to verify the mean 
temperature rise during extrusion since the decrease in 
pressure is a function of the increase in temperature and 
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decrease in friction. 

The presolution soak treatment has been applied to the 
direct extrusion of homogenized 2014. It may be useful to 
establish whether this treatment is effective during 
indirect extrusion and to other heat treatable alloys, and 
for as cast billets so that a separate homogenization 
treatment can be eliminated. 

Structures: 

The variation of hot worked structure with homologous 
strain has yet to be established and the true dependence in 
of flow stress on subgrain size in relation to the total 
dislocation density. 

The recrystallization behaviour of solution treated 
2014 is clearly dependent on the process conditions, 
extrusion mode, billet preheat treatment and container 
temperature. Further work is required to establish the 
recrystallization mechanism and determine the optimum 
process conditions and billet preheat treatment to prevent 
recrystallization or reduce the recyrstallized grain size 
after solution treating and ageing. 

The effect of a retained substructure on the over and 
under aged T6 and T5 microstructures has yet to be 
established to investigate the effects of preferential 
precipitation at the subgrain boundaries. 

The effect of the presolution soak treatment on the 
second phase particle distribution in heat treatable alloys 
should be investigated to establish whether the larger as 
cast particles can be reduced in size to enhance the 
mechanical properties. 
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Mechanical Properties: 

The effect of a retained substructure, billet preheat 
treatment and extrusion mode on the ageing characteristics 
in the T6 and T5 tempers requires further investigation in 
relation to the tensile, fracture toughness and corrosion 
properties in order to determine the effect of process 
conditions on the under and overaged properties. 

The presolution soak treatment demonstrates the 
possibility of developing thermomechanical processing 
treatments specifically for extrusion. The mechanical 
properties of the 2014 alloy may also be further improved in 
the presence of a retained substructure by a worked and aged 
treatment such as the T8 temper. 

The difference in properties in the longitudinal and 
transverse directions should be considered especially in 
relation to the fracture toughness and corrosion properties. 
The S.C.C. may also be more conveniently determined from 
slow strain rate stress corrosion cracking tests as 
described in ref. 161. 

The effect of processing conditions and ageing on the 
fatigue properties of 2014 have yet to be established. 
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APPENDIX I 

Torsion Results 

The experimental torque, twist rate and temperature 
results are listed on the following pages. The mean 
equivalent strain rates and peak stresses evaluated from the 
temperature corrected hot worked constants shown in section 
4.1.2. are also included. The key for the test codes is as 
follows: 

First number: 1 to 5 

Second number: 1 to 5 

Third number: 1 to 5 

denotes the wht%Cu 

denotes the temperature 
range 

denotes the strain rate 
range 

Fourth number: 1 to 3 - repeat test if carried 
out 



1 % C U HOMOLOGOUS STRAINS 2 8 8 
l.OOH 0.7SH 0.50H 

CODE INITIAL TUIST STRAIN PEAK TOROUE TEMP TORQUE TEMP TORQUE TEMP STRAIN 
TEMP RATE RATE STRESS TO 
DEG.C REV/S 1/S MN/M2 NM DEG.C NM DEG.C NM DEG.C PEAK 

11-1 275 .0 .016 .029 60 .06 9 . 15 295, .0 9, .04 295, .0 8, .131 295, .0 .69 
11-2 295 .0 . 16G .303 80 .46 11 , .33 297, .0 11 .33 297, .0 11 .21 297 .0 .47 
11-3 295 .0 1 .540 n ,778 93. .41 14 , .62 313, .0 14, .56 311 , .0 13, .50 300 .0 .45 
11-4 295, .0 4 .690 8: ,459 107, .00 15, .85 308, .0 15, .61 305, .0 15, .03 302 .0 .62 
11-5 295: .0 14 .410 25, .990 115, . 18 17, .02 314 , .0 16 .67 309, .0 15, .73 306, .0 .73 
12-1 355, .0 .016 ,029 39, .41 6, .95 355, .0 6 .86 355, .0 6, .54 355, .0 .54 
12-2 355 < .0 .168 .303 55, .41 7 , . 10 356, .0 7 .03 356, .0 6, .89 356, .0 .46 
12-31 355, .0 1 .570 n .832 72, . 15 9, .67 361 , .0 9 .53 359, .0 9, .24 358, .0 .43 
12-32 355 : .0 1 , .560 n ,814 71 , .70 9, .59 362, ,0 9, .47 360, .0 9, ,30 359 , .0 .54 
12-5 355 i ,0 14, .540 26, ,225 91 . ,18 12, .60 365, .0 12, .05 362, .0 10. .73 360. ,0 .46 
13-1 415, .0 .016 ,029 26, .45 3, .87 415, .0 3, .56 415, .0 3, .59 415. .0 .131 
13-2 415, .0 . 168 ,303 38. ,45 4 , ,74 416. .0 4 , .74 416. .0 4 . ,65 416 . .0 .43 
13-3 415, .0 1 , .580 2 ,850 52. ,58 7, .46 420, .0 7, .35 419, ,0 7. ,00 410. .0 .56 
13-4 415, ,0 4, .820 8. ,694 60. ,43 8, .29 423. ,0 • . . 15 421 . ,0 7. ,92 419. ,0 .81 
13-5 415. ,0 14, ,940 26. ,946 65, ,04 9, .99 439. ,0 9. ,62 434. ,0 9. 24 428. ,0 t .72 
14-11 475, ,0 .016 .029 18. ,62 9 .65 475. ,0 2. .62 475. ,0 n ,54 475. ,0 .86 
14-12 475. ,0 .016 ,029 18. ,62 o .46 475. ,0 n , 22 475. ,0 2, , 17 475. ,0 .64 
14-2 475, ,0 .169 ,305 27. ,58 3, .73 476. .0 3, ,70 475. ,0 3, ,67 475. ,0 .81 
14-3 475. ,0 1 , .540 ,778 39. , 15 5, .33 477. ,0 5, .30 476. ,0 5 < ,26 476. ,0 .23 
14-4 475. .0 4, .730 8, .531 45, .57 7, .18 401 , .0 7, .06 480, ,0 6. ,83 470. ,0 .62 
14-51 475. ,0 15, .000 27, ,055 52, .95 0, .24 405. .0 8, .04 402. ,0 7. ,52 480. ,0 .80 
14-52 475. ,0 15, .230 27. ,469 53. .30 7, .98 484. ,0 7, ,92 481 . .0 7. ,52 480. ,0 .69 

2% Cu 
CODE INITIAL TUIST 

TEMP RATE 
DEG.C REV/S 

STRAIN PEAK 
RATE STRESS 
1/S MN/M2 

HOMOLOGOUS STRAINS 
l.OOH 0.75H 0.50H 

TORQUE TEMP TORQUE TEMP TORQUE TEMP 

NM DEG.C NM DEG.C NM 

STRAIN 
TO 

DEG.C PEAK 

21-1 280. 0 .014 .025 76 .23 11 .21 280 .0 11 .09 280, .0 10 .97 280 .0 .40 
21-21 280. 0 .167 .301 103 .59 14, .64 282 .0 14, .52 282, ,0 14, . 14 282 .0 .25 
21-22 280. 0 . 166 .299 102 .79 15, .41 283 .0 15, .25 283, ,0 15, .01 283 .0 .87 
21—2 280. 0 1 .440 n .597 124 .73 18, .69 290 .0 18, .50 288, ,0 17, .82 286 .0 .45 
21-41 280. 0 4 .570 8 .243 137 .42 23, .11 293 .0 22, ,68 291, .0 22, . 18 288 .0 .46 
21-5 280. 0 14 .930 26 .928 147 .00 22, .80 301 .0 nn > 55 296, ,0 21, .56 n 9 2 .0- .59 
22-1 339. 0 .014 .025 46 .06 6, .09 339 .0 6, ,09 339, .0 5, .84 339 .0 .10 
22-3 339. 0 .166 .299 68 .02 9, .59 340 .0 9, .41 340, .0 8, .89 340 .0 .18 
22-31 339. 0 1 .460 o .633 89 .72 12, .71 344 .0 12, .46 343, .0 12, .27 342 .0 .25 
22-32 339. 0 1 .470 n .651 89 .80 13, .30 344 .0 12, .96 343, .0 12 .46 342 .0 .28 
22-33 339. 0 1 .450 n .615 90 .21 12 .02 343 .0 11, .96 342, .0 11, .78 341 .0 .24 
22-4 339. 0 4 .700 8 .477 103 .11 13, .96 345 .0 13, .71 344, .0 13, .21 343 .0 .26 
22-5 339. 0 15 .290 27 .578 113 .61 15, .30 352 .0 15, .08 349, .0 14, .33 346 .0 .45 
23-1 398. 0 .014 .025 28 .54 4, .47 399 .0 4, .38 399. ,0 4, , 16 398 .0 .24 
23-21 398. 0 .166 .299 44 .44 6, .56 399 .0 6, ,52 399. ,0 6, .24 398 .0 .12 
23-22 398. 0 .166 .299 44 .44 6, .65 399 .0 6, .58 399, .0 6, .38 399 .0 .17 
23-3 398. 0 1 .500 2 .705 63 .30 9, ,19 400 .0 9, ,00 400, ,0 8, ,54 399 .0 .16 
23-41 398. 0 4 .730 8 .531 73 .38 10, .62 404 .0 10, .56 403, .0 10, .28 401 .0 .38 
23-42 398. 0 4 .730 8 .531 72 .96 10, ,25 405 .0 10, ,12 403, ,0 10, ,00 402 .0 .43 
23-5 398. 0 15 .430 27 .830 81 .54 11. ,21 415 .0 11. .12 411, ,0 10, ,84 408 .0 .91 
24-11 458. 0 .014 .025 18 .86 n ( .48 458 .0 n ,42 458, ,0 n ( ,33 458 .0 .02 
24-12 458. 0 .014 .025 18 .86 ,64 458 .0 n ,42 458. ,0 n ,36 458 .0 .07 
24-2 458. 0 .168 .303 30 .04 4. ,84 458 .0 4 , ,78 458. ,0 A, ,53 458 .0 .03 
24-3 458. 0 1 .510 2 .723 44 . 18 6. ,43 459 .0 6. ,37 459, ,0 6, .09 459 .0 .13 
24-4 458. 0 4 .760 8 .585 52 .99 7, ,95 461 .0 7, ,89 460, ,0 7, ,03 460 .0 .25 
24-5 458. 0 15 .430 27 .830 63 .24 9. .28 463 .0 9, ,19 463, ,0 8, .94 461 .0 .36 
25-1 483. 0 .014 .025 16 .09 1 , .46 403 .0 1 , ,43 483, .0 1, .38 483 .0 .03 
25-3 483. 0 1 .490 n .687 38 . 13 5, ,98 484 .0 5, .72 484, ,0 5, .32 483 .0 .07 
25-5 483. 0 15 .570 28 .083 55 .05 8. .07 490 .0 7, ,94 489. ,0 7, .27 487 .0 .52 

3% Cu 
CODE INITIAL TUIST 

TEMP RATE 
DEG.C REV/S 

STRAIN 
RATE 
1/S 

PEAJ< 
STRESS 
MN/M2 

HOMOLOGOUS STRAINS 
l.OOH 0.75H 0.50H 

TORQUE TEMP TORQUE TEMP TORQUE TEMP 

NM DEG.C NM DEG.C NM DEG.C 

STRAIN 
TO 
PEAK 

31-1 280 .0 .013 .023 80 .27 12 .58 280 .0 12 .21 280 .0 10 .96 280 .0 .09 
31-21 280 .0 .166 .299 110 .42 16 .45 282 .0 16 .07 282 .0 14 .33 281 .0 . 14 
31-22 280 .0 . 166 .299 110 .42 17 .82 282 .0 17 .49 282 .0 16 .76 282 .0 .23 
31-3 280 .0 1 .380 n .489 135 .21 19 .69 287 .0 19 .25 286 .0 17 .07 284 .0 .29 
31-41 280 .0 4 .460 8 .044 150 .02 21 .56 289 .0 20 .81 287 .0 17 .44 285 .0 .27 
31-42 280 .0 4 .510 8 .134 149 .40 nn .30 290 .0 21 .68 288 .0 18 .62 286 .0 .32 
31-5 280 .0 14 .400 25 .972 154 .35 24 .70 305 .0 23 .84 299 .0 21 .49 295 .0 .73 
32-1 339 .0 .014 .025 50 .17 6 .89 339 .0 6 .71 339 .0 6 .43 339 .0 .42 
32-2 339 .0 .166 .299 73 .44 9 .66 341 .0 9 .36 341 .0 9 .16 340 .0 .25 
32-31 339 .0 1 .440 2 .597 97 .91 12 .46 343 .0 12 .34 342 .0 11 .90 341 .0 .20 
32-32 339 .0 1 .440 2 .597 9B .49 11 .52 342 .0 11 .34 341 .0 10 .22 341 .0 .16 
32-33 339 .0 1 .460 n .633 96 .35 13 .26 346 .0 13 .08 344 .0 13 .08 343 .0 .38 
32-4 339 .0 4 .640 8 .369 111 .81 14 .58 345 .0 14 .20 343 .0 14 .20 342 .0 .23 
32-5 339 .0 14 .650 26 .423 118 .73 16 .01 359 .0 15 .82 354 .0 14 .58 351 .0 .73 
33-1 398 .0 .014 .025 32 .09 4 .88 398 .0 4 .72 398 .0 4 .56 398 .0 .12 
33-21 398 .0 .166 .299 49 .76 7 .41 398 .0 7 .26 399 .0 7 .11 398 .0 .23 
33-22 398 .0 .166 .299 49 .43 6 .71 399 .0 6 .58 399 .0 5 .96 399 .0 .10 
33-3 398 .0 1 .460 n .633 69 .43 9 .44 401 .0 9 .31 400 .0 9 .06 400 .0 .23 
33-41 398 .0 4 .690 8 .459 81 .56 11 .36 403 .0 11 .23 402 .0 9 .99 400 .0 .25 
33-42 398 .0 4 .780 8 .621 80 .45 11 .70 406 .0 11 .23 404 .0 8 .81 403 .0 .27 
34-11 458 .0 .014 .025 21 .50 2 .55 458 .0 2 .51 458 .0 2 .44 458 .0 .07 
34-12 458 .0 .014 .025 21 .50 3 .28 458 .0 3 .21 458 .0 3 .08 458 .0 .10 
34-2 458 .0 .170 .307 34 .21 5 .06 458 .0 4 .88 458 .0 4 .71 458 .0 .83 
34-3 458 .0 1 .480 n .669 49 .82 8 .32 459 .0 8 .25 459 .0 8 .15 459 .0 .13 
34-4 458 .0 4 .750 Q .567 59 .17 9 .70 463 .0 9 .44 462 .0 8 .81 461 .0 .38 
34-5 458 .0 15 .460 27 .884 68 .80 10 .39 470 .0 9 .81 467 .0 8 .76 464 .0 .73 
35-1 483 ,t> .014 .025 18 .50 1 .70 483 .0 1 .65 483 .0 1 .64 483 .0 .52 
35-3 483 .0 1 .520 2 .742 43 .65 7 .00 484 .0 6 .95 484 .0 6 .26 484 .0 .10 
35-5 483 .0 16 .430 29 .634 62 .16 9 .32 493 .0 9 .26 491 .0 9 .07 489 .0 .73 



Z>7> 
CODE INITIAL TUIST 

TEMP RATE 
DEO.C REV/S 

STRAIN 
RATE 
1/S 

PEAK 
STRESS 
M N / M 2 

HOMOLOGOUS STRAINS 
l.OOH 0.75H 0.50H 

TORQUE TEMP TORQUE TEMP TORQUE TEMP 

NM DEG.C NM DEG.C NM DEG.C 

289 
STRAIN 
TO 
PEAK 

51-2 295. ,0 .052 .094 104, .53 15. ,08 296.0 14. ,73 296, ,0 13. ,68 296. .0 .46 
51-3 295. 0 1 .500 2, ,705 146. ,17 21. 19 304.0 21. 01 302. ,0 20. ,54 300. ,0 .43 
51-42 295. 0 4 .630 8. 351 157. ,19 22. 85 312.0 22. 73 308. ,0 21. 91 304. 0 .62 
51-41 295. 0 4 .360 7. ,864 159. ,02 23. 10 308.0 22 • 82 306. ,0 20. 5 2 302. ,0 .47 
51-5 295. 0 14 .910 26. 892 171, ,10 26. 67 317.0 26. 32 312. ,0 24. .68 308. ,0 .64 
51-1 295. 0 .017 031 90. ,74 13. 60 295.0 13. 54 295. ,0 12. 90 295. 0 .64 
52-1 355. 0 .017 031 60. ,97 8. 97 355.0 8. 91 355. ,0 8. 71 355. 0 .76 
52-2 355. 0 .052 094 72. ,32 10. 50 356.0 10. 41 356. 0 10. 24 356. 0 .48 
52-32 355. 0 1 .527 n 754 Ill, ,46 15. 53 362.0 15. 39 361. 0 14. 90 359. 0 .46 
52-31 355. 0 1 .527 n 754 110. ,93 14. 91 363.0 14. 85 363. 0 14. 26 360. 0 .54 
52-33 355. 0 1 .527 n 754 109. ,89 15. 42 365.0 15. 24 364. 0 14. 77 361 . 0 .73 
52-4 355. 0 4 .670 8. 423 124. ,75 18. 13 366.0 18. 01 364. 0 17. 43 361. 0 .51 
52-5 355. 0 14 .910 26. 892 135. ,84 20. 26 376.0 19. 97 371. 0 19. 26 366. 0 .81 
53-1 415. 0 .017 . 031 42. 02 6. 53 415.0 6. 48 415. 0 6. 33 415. 0 .81 
53-21 415. 0 .052 094 51. 08 7. 91 415.0 7. 79 415. 0 6. 53 415. 0 .13 
53-22 415. 0 .052 094 51. 08 7. 81 415.0 7. 75 415. 0 7. 55 415. 0 .72 
53-3 415. 0 1 .560 2, 814 85. 10 12. 79 420.0 12. 73 419. 0 12. 24 418. 0 .43 
53-42 415. 0 4 .710 8. 495 97. 31 14. 31 424.0 14. 17 422. 0 13. 39 420. 0 .54 
53-41 415. 0 4 .670 8. 423 96. 37 14. 48 426.0 14. 20 424. 0 13. 79 421. 0 .68 
53-5 415. 0 15 .320 27. 632 110. 36 15. 99 430.0 15. 85 427. 0 15. 4 7 423. 0 .71 
54-12 475. 0 .016 029 29. 78 4. 40 475.0 4. 33 475. 0 4. 08 475. 0 .66 
54-2 475. 0 .051 092 36. 86 5. 47 475.0 5. 40 475. 0 5. 04 475. 0 .68 
54-3 475. 0 1 .560 2 f 814 64. 79 9. 43 480.0 9. 37 479. 0 9. 14 478. 0 .54 
54-4 475. 0 4 .710 8. 495 76. 24 11. 26 482.0 10. 91 481. 0 10. 66 479. 0 .54 
54-52 475. 0 14 .400 25. 972 88. 91 12. 94 484.0 12. 83 482. 0 12. 0 8 480. 0 .51 
54-51 475. 0 16 .060 28. 966 88. 91 12. 78 488.0 12. 67 485. 0 12. 54 482. 0 .74 
54-11 475. 0 .031 . 056 33. 65 4. 23 475.0 4. 22 475. 0 4. 10 475. 0 .73 

Cu (Binary) 
CODE INITIAL TUIST 

TEMP RATE 
DEG.C REV/S 

STRAIN 
RATE 
1/S 

PEAK 
STRESS 
MN/M2 

HOMOLOGOUS STRAINS 
l.OOH 0.75H 0.50H 

TORQUE TEMP TOROUE TEMP TORQUE TEMP 

NM DEG.C NM DEG. C NM DEG. C 

STRAIN 
TO 
PEAK 

41-1 300 .0 .018 .032 50 .23 7 .62 300 .0 7 .50 300 .0 7 .27 300 .0 .74 
41-12 300 .0 .018 .032 50 .23 6 .86 300 .0 6 .80 300 .0 6 .62 300 .0 .36 
41-3 300 .0 1 .390 2 .507 93 .13 13 .62 303 .0 13 .26 303 .0 12 .29 301 .0 .58 
41-51 300 .0 15.950 28 .768 115 .85 17 .07 311 .0 16 .24 309 .0 14 .33 306 .0 .49 
41-52 300 .0 15 .770 28 .443 115 .23 17, .19 312 .0 16 .72 310 .0 15 .28 307 .0 .46 
42-11 350 .0 .018 .032 32 .69 4, . 55 350 .0 4 .18 350 .0 3 .94 350 .0 .43 
42-12 350 .0 .018 .032 32 .69 5, .82 350 .0 5 .58 350 .0 4 .52 350 .0 .27 
42-3 350 .0 1 .460 2 .633 69 .46 9, ,51 357 .0 9 .30 356 .0 8 .88 354 .0 .61 
42-51 350 .0 15 .770 28 .443 93 .45 13, .25 360 .0 12 .30 358 .0 10 .63 356 .0 .40 
42-52 3 5 0 .0 15 .770 28 .443 93 .45 13, .37 360 .0 12 .06 358 .0 10 .15 356 .0 .46 
43-1 390 .0 .018 .032 23 .37 3, .15 390 .0 3 .02 390 .0 91 .74 390 .0 .61 
43-2 390 .0 .169 .305 38 .05 4, .87 391 .0 4 .75 391 .0 4 .57 390 .0 .53 
43-3 390 .0 1 .480 n .669 55 .83 7, ,31 395 .0 7 .13 394 .0 6 .89 393 .0 .57 
43-4 390 .0 4 .750 8 .567 66 .65 10. ,32 397 .0 9, .96 395, .0 9 .72 394 .0 .47 
43-5 390 .0 16 .150 29 .129 78, .27 11 . ,58 400 .0 11, . 10 398, .0 9 .79 395 .0 .46 
44-1 430 .0 .018 .032 17, .06 2. ,67 430 .0 9 .59 430, .0 9 .48 430 .0 .64 
44-2 430 .0 .169 .305 28, .67 3. 74 431 .0 3, .71 431, .0 3, .53 431 , .0 .31 
44-31 430 .0 1 .490 n .687 44, .64 5. 95 433 .0 5, .89 433. ,0 5, .62 432 .0 .40 
44-32 430 .0 1 .490 o .687 44, .64 6. .46 433 .0 6, .34 433. ,0 6, 9>9> 432 .0 .38 
44-4 430 .0 4 .750 8 .567 54 , .28 7. ,25 436 .0 6 , .89 434, .0 6, . 10 433 .0 .46 
44-5 430 .0 16 .340 29 .472 66, .40 9. ,83 436 .0 9, .36 434, .0 7, .99 434 , .0 .54 
45-1 475 .0 .018 .032 12, .34 1. 73 475 .0 1 , .69 475. .0 1 , .63 475 . 0 .71 
45-2 475 .0 .172 .310 21 , .26 •y 68 476 .0 9 .63 475, ,0 91 ,59 475 . 0 .63 
45-3 475 .0 1 .530 •y .760 34 , ,64 4 . 83 477 . 0 4 , ,71 476. ,0 4 , ,57 476, . 0 9>"•» 

45-4 475, .0 4 .750 8 .567 43, ,41 6. 70 478 . 0 6 < ,65 478. ,0 6 , ,40 477, .0 .36 
45-5 475 .0 16 .340 29 .472 54 . ,00 8. 55 480 .0 8. ,34 479. ,0 7, ,93 470, . 0 .36 

Cu-2014 SS Tests HOMOLOGOUS STRAINS 
l.OOH 0.75H 0.50H 

CODE INITIAL TUIST STRAIN PEAK TORQUE TEMP TORQUE TEMP TORQUE TEMP STRA 
TEMP RATE RATE STRESS TO 
DEG.C REV/S 1/S MN/M2 NM DEG .C NM DEG .C NM DEG .C PEAK 

41-12 275.0 .018 .032 132.59 19 .08 275 .0 19 .08 275 .0 18 .83 275 .0 .52 
41-3 275.0 1 .390 2.507 184.51 27 .97 287 .0 27 . 18 284 .0 24 .82 282, .0 .35 
41-51 275.0 14 .360 25.900 213.24 32 .38 294 .0 32 .06 290 .0 29 .82 285 .0 .36 
41-52 275.0 14 .360 25.900 213.24 29 .01 294 .0 28 .14 290 .0 25 .40 285, .0 .38 
42-1 330.0 .016 .029 85.27 12 .04 330 .0 11 .80 330 .0 10 .73 330, .0 .08 
42—2 330.0 .169 .305 113.91 15 .92 331 .0 15 .75 331 .0 13 .82 331, ,0 .08 
42-4 330.0 4 .430 7.990 150.97 23 .71 342 .0 21 .50 339 .0 17 .90 336, .0 .36 
42-5 330.0 14, .930 26.928 172.42 26 .68 338 .0 26 .81 336 .0 25 .17 334, ,0 .18 
43-1 390.0 ,018 .032 54.65 8 .60 390 .0 8 .38 390 .0 7 .88 390, ,0 .06 
43-31 390.0 1, .490 2.687 99.05 13 .63 394 .0 13 .39 394 .0 12 .17 392. ,0 .22 
43-32 390.0 1, ,66 0 2.994 99.21 14 .00 396 .0 13 .24 394 .0 12 .17 393. ,0 .29 
43-5 390.0 15, .810 28.516 123.32 16 .08 405 .0 15 .60 403 .0 14 .40 398. ,0 .52 
44-1 430.0 ,019 .034 42.84 5 .50 425 .0 5 .43 425 .0 5 .30 425. ,0 .36 
44-22 430.0 ,169 .305 59.75 8 .36 426 .0 7 .91 426 .0 7 .60 426. ,0 .23 
44-3 430.0 1, ,540 2.778 81.14 11 .64 428, .0 11 .27 427 .0 8 .86 427. ,0 .16 
44-41 430.0 4, ,560 8.225 90.18 13 .95 435, .0 13 .93 433 .0 13 .87 431. 0 .54 
44-42 430.0 4. ,580 8.261 93.31 14 . 18 429, .0 13 .93 428 .0 13 .29 427. 0 .18 
44-5 430.0 15. ,240 27.488 105.11 15 .06 435, .0 14 .58 433 .0 13 .38 430. ,0 .40 
45-11 450.0 ,018 .032 35.84 51 .41 450, .0 5 .42 450 .0 51 .33 450. 0 .02 
45-12 450.0 ,018 .032 35.84 4, .80 450, .0 4 .79 450 .0 4, .66 450. 0 .03 
45-3 450.0 1 . ,500 2.705 69.77 11 .17 453, .0 10 .78 452 .0 9, .51 451 . 0 .18 
45-51 450.0 15. ,370 27•722 94.87 13 .33 455, .0 12 .73 454 .0 9 .04 452. 0 . 18 
45-52 450.0 14. 960 26.982 93.00 12, .98 458, .0 12 .62 457 .0 11 , .20 455. 0 .36 
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APPENDIX II 

Extrusion Results 

The experimental results and calculations for all the 
extrusion runs are presented on the following pages. The 
key for the run codes is as follows. 

First letter: 
D - Direct 
I - Indirect 

Second number: 
1 to 5 - denotes the wht%Cu 

Third number: 
1 to 5 - denotes the temperature range 

Fourth number: 
1 to 5, 7, 10 or 15 - denotes the extrusion ratio 

Last symbols, if any: 
LI to L5 - billet length variation runs 
A - air circulating furnace heated 
AS - presolution soak extrudes 
CTl to CT6 - variable liner temperature runs 



1 % C U RUN EXT FURNACE INITIAL PEAK 
CODES RATIO TEMP TEMP TEMP 

FINAL BILLET CTNR RAM 
TEMP LENGTH TEMP SPEED 

DEG .C DEG. C DEG ,C DEG .C HMS DEG .C MMS/S 
D1522 20 .0 500 .0 495. ,0 496 o 530 .5 95 .0 450 .0 3. 7 
D1422 20 .0 450 .0 445. 0 448 . 1 500 .8 95 .0 400 .0 3. 6 D1332 20 .0 400 .0 397. 0 401 .3 485 .5 95 .0 360 .0 7. 1 
D1232 20 .0 350 .0 348. 0 354 . 1 442 .0 95 .0 300 .0 7. n 
D1162 20 .0 300 .0 298. 0 309 .7 458 95 .0 260 .0 13. 1 
D1062 20 .0 250 .0 246. 0 259 .4 435 .9 95 .0 200 .0 13. 4 
D1553 30 .0 500 .0 495. 0 497 .7 562 .7 95.0 440 .0 11 . 4 
D14 4 3 30 .0 450 .0 445. 0 447 .0 524 .6 95 .0 390 .0 8. 4 
D1343 30 .0 400 .0 396. 0 401 .3 494 .7 95 .0 350 .0 8. 1 
D12 4 3 30 .0 350 .0 348. 0 355 .8 452 .3 95 .0 300 .0 8. O 
DILI : 30 .0 300 .0 298. 0 311 .6 448 .9 95 .0 250 .0 7. 9 
D154U 50 .0 500 .0 495. 0 498 .5 580 • 5 95 .0 450 .0 7. 8 
D14 4 5 50 .0 450 .0 445. 0 449 .6 545 . 1 95 .0 400 .0 7. 9 
D1345 50 .0 400 .0 397. 0 402 .7 508 .0 95 .0 360 .0 7. 8 
D12 4 5 50 .0 350 .0 348. 0 356 O 482 .9 95 .0 305 .0 7. 8 
DLL 45 50 .0 300 .0 298. 0 310 . 1 460 , 1 95 .0 255 .0 7. 9 
D14 510 100 .0 450 .0 445. 0 451 .0 568 .8 95 .0 400 .0 10. 5 
D13510 100 .0 400 .0 396. 0 402 .8 538 . 1 95 .0 350 .0 10. 4 
D12510 100 .0 350 .0 298. 0 306 n 473 . 1 95 .0 300 .0 10. 0 
D13A15 150 .0 400 .0 395. 0 406 .0 563 N 95 .0 350 .0 12. 6 
D14 615 150 .0 450 .0 442. 0 451 .9 599 .4 95 .0 400 .0 12. 6 
D15615 150 .0 500 .0 491 . 0 497 .7 613 .9 95 .0 450 .0 12. 4 
D113 4 40 .0 325 • 0 323. 0 332 .9 487 .6 95 .0 270 .0 6. 7 
D13 3 4 40 .0 400 .0 396. 0 403 .4 514 .7 95 .0 350 .0 6. 7 
D1534 40, .0 480, .0 475. 0 479 .0 563 .3 95 .0 430 .0 6. 7 
11124A 40 .0 325, • 0 323. 0 334 n 400 .3 95 .0 275 .0 4. 8 

STRAIN MAX MIN 
RATE PRESSURE 

- 1 2 

SEC MN/M MN/M 

MAX MIN PEAK 
OIL PRESSURE DELTAP 

2 2 
MN/M MN/M MN/M 

O .33 338 .64 
'.•> .27 436 .16 
4 .47 522 .32 
4 .53 604 .55 
8 .24 854 .25 
8 .43 1053 • 22 

10 .43 354 .39 
7 .68 488 .97 
7 .41 577 .45 
7 .50 655 .74 
7 .23 881 .35 

11 . 52 487 .35 
11 .66 560 .08 
11 .52 634 .66 
11 .52 771 .79 
11 .66 916 .09 
31 .66 673 .81 
31 .36 759 .05 
30 .15 858 .42 
56 .17 867 .45 
56 .17 776 .42 
55 .28 613 .35 
8 .01 851 .93 
8 .01 638 .60 
8 .01 495 .45 
7 .90 599 .45 

280 .97 375. 88 
390 .99 491. 32 
444 .26 566. 08 
441 .02 649. 27 
637 .44 890. 41 
688 .40 1122. 20 
398 .40 485. 67 
398 .86 514. 63 
474 .84 612. 30 
453 .30 728. 55 
662 .46 936. 73 
444 .26 508. 78 
498 .00 601. 31 
498 .00 670. 73 
589 .26 809. 48 
688 .86 991. 57 
523 .25 716. 95 
592 .27 793. 25 
660 .37 948. 23 
676 .82 924. 81 
676 .82 818. 52 
549 .65 690. 76 

0 921 . 94 
0 683. 16 
0 543. 28 
0 705. 34 

297 .73 0 
392 .72 4 .69 
462 .56 11 .05 
448 .08 35 .18 
649 .99 41 .05 
686 .65 0 
404 .74 5 .86 
402 .38 0 
479 .30 11 .73 
485 .67 52 .78 
670 .73 49 .84 
445 .20 5 .86 
508 .78 11 .73 
518 .63 17 .59 
601 .31 41 .05 
696 .72 0 
526 .13 64 .73 
597 .30 64 .73 
685 .01 70 .59 
687 .78 11 .80 
651 .43 11 .80 
551 .91 0 

0 
0 
0 
0 



RUN INITIAL LOG PEAK LOG FINAL 
CODES Z Z 

1 
Z Z 

P 
Z 

DL 522 .26923E+11 24 .02 . 25979E+11 23 .98 .96605E+10 
D1422 .13152E+12 25 .60 . 11842E + 12 25 .50 •22036E+11 
D13 3 2 .15314E+13 28 .06 . 12918E + 13 27 .89 .69101E+11 
D1232 .12628E+14 30 .17 .95747E+13 29 .89 .29151E+12 
D116 2 .28250E+15 33 . 15124E + 15 32 .65 .30561E+12 
D1062 .65607E+16 36 .42 . 2 7 6 8 3 E M 6 35 .56 .67239E+12 
DL 553 . 1 2 0 5 6 E H 2 25 .52 . 11115E + 12 25 .43 .18430E+11 
D14 4 3 .44602E+12 26 .82 . 4 1 6 0 4 E H 2 26 .75 .37556E+11 
D13 4 3 .26420E+13 28 .60 .21414ET13 28 .39 .86398E+11 
D1 2 4 3 .20902E+14 30 .67 . 14636E+14 30 .31 . 33974E + 12 
D1143 .24761E415 33 .14 . 11996E + 15 32 .42 .36678E+12 
D15 4 5 .13314E+12 25 .61 . 11990E + 12 25 .51 .13081E+11 
HI 4 45 .67703E+12 27 .24 . 5 7 7 6 0 E +12 27 .08 .32622E+11 
D1 3 4 5 .39465E+13 29 .00 . 3160 3 E- +13 28 .78 .90546E+11 
D1245 .32090E+14 31 . 10 . 2 2 0 6 7 E M 4 30 .73 .19269E+12 
D114 5 .39964E+15 33 . 62 .20942E+15 32 .98 .40659E+12 
D14510 .18376ET13 28 .24 . 1 4 9 6 4 E H 3 28 .03 . 4 7 9 7 7 E H 1 
D1 3 51 0 .1118 IE F14 30 .05 . 85690E+13 29 . 78 .10596E+12 
D12 510 . 10331 E-F 16 34 .57 .66488E+15 34 . 13 .68755E+12 
D13615 . 20843E+14 30 .67 .13519E+14 30 .24 .98125E+11 
D14 6 1 5 .36179E413 28 .92 . 25774ET13 28 .58 .40570E F11 
D15615 .72154E+12 27 .30 • 58876E+12 27 . 10 •28605E+11 
DL 134 .74287E+14 31 .94 . 45632E+14 31 .45 .11622E+12 
D13 3 4 .28574E+13 28 .68 .21348E+13 28 .39 .51868E+11 
D15 3 4 .17214E+12 25 .87 . 15159ET12 25 .74 . 13959E + 11 
11124A .73245E+14 31 • 92 . 4 2 3 2 4 E H 4 31 .38 . 23735E+13 

LOG INITIAL PEAK 
Z FLOW FLOU 
F STRESS STRESS 

o 
MN/M MN/M 

FINAL EXTRUDE 
FLOU QUALITY 

STRESS 

MN/M 

2r> .99 34 .85 34 .65 29 .53 A 
23 .82 44 .57 43 .87 33 .75 A 
24 .96 63 .06 61 .66 40 .41 A 
26 .40 81 .72 79 .15 50 .13 A 
26 .45 112 .09 105 .80 50 .47 A 
27 .23 144 .52 135 .53 56 .43 A 
23 .64 43 .99 43 .46 32 .80 A 
24 .35 53 .28 52 .75 36 .74 A 
25 . 18 67 .67 65 .88 41 .82 A 
26 . 55 86 .45 83 .09 51 .25 A 
26 .63 110 . 76 103 . 48 51 .81 A 
23 . 29 44 .65 43 .96 31 .03 A 
24 .21 56 .48 55 .25 35 .93 A 
25 .23 71 . 17 69 42 .12 A 
25 .98 90 . 5 5 86 .97 47 . 18 A 
26 , 73 115 .61 109 .07 52 .58 A 
24 .59 64 .59 62 .87 38 . 18 A 
25 .39 80 .59 78 .14 43 .14 A 
27 .26 125 .34 120 .81 56 .60 A 
25 .31 86 .43 82 .35 42 .64 A 
24 .43 70 .40 67 .46 37 . 19 A 
24 .08 56 .98 55 .40 35 . 19 A 
25 .48 98 .73 93 .96 43 .75 A 
24 .67 68 .35 65 .85 38 .65 A 
23 .36 46 .40 45 .53 31 .36 A 
28 .50 98 .60 93 .23 66 .76 A 



2 % C u RUN EXT 
CODES RATIO 

FURNACEINITIAL PEAK 
TEIMP TEMP TEMP 

DEG.C OEG.C DEG.C 

FINAL BILLET CTNR RAM 
TEMP LENGTH TEMP SPEED 

DEG.C MMS DEG.C MMS/S 

STRAIN MAX MIN 
RATE PRESSURE 

- 1 2 
SEC MN/M~ MN/M 

MAX MIN PEAK 
OIL PRESSURE DELTAP 

2 2 
MN/M MN/M MN/M 

D2321 10, ,0 400. 0 395 .0 398. 0 443 . 7 95 .0 350 .0 
D2522 20, ,0 500. 0 407 .0 409. O 536 o 95 .0 450 .0 
D2422 20, ,0 450. 0 442 .0 445. 5 492 . 4 95 .0 400 • 0 
D 2 3 4 2 20, ,0 400. 0 395 .0 401 . 4 481 .3 95 .0 350 .0 
D2252 20, ,0 350. 0 345 .0 353. 6 460 .4 95 .0 300 .0 
D2162 20, ,0 300. ,0 295 .0 305. 1 439 .9 95 .0 250 .0 
D2062 20, ,0 250. 0 247 .0 258. 0 436 .8 95 .0 200 .0 
D2543 30, ,0 500. 0 493 .0 495. 9 560 . 1 95 .0 450 .0 
D2443 30, ,0 450. 0 442 .0 447. o 528 .7 95 .0 400 .0 
D2353 30, ,0 400. 0 395 .0 405. 3 507 .3 95 .0 350 .0 
D2253 30, ,0 350. 0 345 .0 356. 8 474 .9 95 .0 300 .0 
D2163 30, ,0 300. 0 294 .0 309. 1 464 .4 95 ,0 250 .0 
D2545 50, ,0 500. 0 493 .0 497. 0 577 . 1 95 .0 450 .0 
D2455 50, ,0 450. 0 442 .0 440. 9 548 .3 95 .0 400 .0 
['2345 50, ,0 400. 0 395 .0 402. A 515 .4 95 .0 350 .0 
D2255 50, ,0 350. ,0 347 .0 350. 7 489 .8 95 .0 250 .0 
D2155 50, .0 300. 0 295 .0 303. 9 475 .9 95 .0 250 .0 
D24610 100.0 450.0 441 .0 451 . 0 500 .0 95 .0 400 .0 
D236 10 100, ,0 400. 0 395.0 403. 1 550 .3 95 .0 350 .0 
D22610 100.0 350. 0 347 .0 359. 0 519 .5 95 .0 300 .0 
D21610 100, ,0 300. 0 295 .0 305. 4 489 .3 95 .0 250 .0 
D23615 150, .0 400. 0 396 .0 409. 6 573 .7 95 .0 350 .0 
D 2 4 6 1 5 150, ,0 450. 0 443 .0 454. 6 599 . 5 95 .0 400 .0 
D214L1 30, ,0 300. 0 296 .0 310. 1 426 .8 60 n 250 .0 
D214L2 30, ,0 300. 0 296 .0 309. 4 434 .5 75 .7 250 .0 
D214L3 30, ,0 300. 0 297 .0 310. 4 443 .9 90 .5 250 .0 
D214L4 30.0 300. 0 297 .0 310. 9 449 .9 105 .3 250 .0 
D214L5 30.0 300. 0 295 .0 309. 2 456 .7 120 .4 250 .0 
D234L1 30, ,0 400. 0 395 .0 408. 1 483 .4 60 .4 350 .0 
D2341 2 30, ,0 400.0 395 . 0 399. 4 492 .6 75 .3 350 .0 
D234L3 30. ,0 400. 0 395 .0 400. o 499 .3 90 350 .0 
D234L4 30. .0 400. 0 394 .0 400. 2 504 .3 105 .3 350 .0 
D234L 5 30. 0 400. 0 395 .0 4 00. 7 508 .0 120 . 1 350 .0 
D254L1 30. 0 500. 0 491 .0 494 . 5 557 o 60 » 2 450 .0 
D254L.2 30. .0 500. 0 493 .0 496. 9 561 . 5 75, .0 450 .0 
D254L3 30. .0 500. 0 491 .0 494 . 9 566 .4 90, 450, .0 
D254L4 30. ,0 500. 0 491 .0 494 . 6 573 . 1 105 .0 450 .0 
D254L5 30, ,0 500. 0 493 .0 496. 1 573 .3 120 n 450 .0 

3 . 1 1 .52 429 .44 370. 61 506. 52 ,419 .32 0 
3 .9 n .45 365 .97 349. 99 455. 89 402 .38 8. 57 
3 .9 9 .45 411 .84 338. 41 506. 52 391 .18 11 . 28 
6 .5 4 .09 550 . 12 447. 04 661. 29 484 .03 38. 12 
9 .0 5 .66 679 .60 511 . 90 754. 13 551 .50 49. 62 

12 .5 7 .87 797 .27 582. 55 928. 61 630 .37 64. 50 
13 . 1 8 .24 1044 .41 691 . 41 1125. 59 675 .36 0 
7 ,7 7 .04 420 .64 353. 00 453. 01 360 .17 17. 14 
7 .6 6 .95 523 .48 428. 51 557. 15 427 .75 21. 88 

10 .2 9 .33 648 .56 500. 32 725. 99 506 .52 0 
9 .9 9 .06 729 .63 579. 07 808. 04 681 .00 0 

11 .5 10 .52 929 .53 691 . 41 1007. 38 675 .36 0 
7 .5 11 .07 494 .30 429. 44 537. 43 444 .59 15. 79 
9 .8 14 .47 592 ,97 482. 48 709. 14 521 .31 29. 32 
9 .7 14 .32 673 .58 529. 50 748. 48 560 .02 41 . 95 

10 .0 14 .76 835 .48 688. 40 894 . 83 703 .49 62. 93 
10 .7 15 .80 964 .96 711 . 79 1035, 52 771 .07 87. 96 
12 . 2 36 .78 712 .03 600. 15 768. 20 610 .65 57. 29 
11 .9 35 . 88 817 .88 617. 75 877. 98 6-'- •• . 44 45. 33 
11 .6 34 .97 900 .11 706. 00 984. 89 731 .63 68. 79 
11 .6 34 .97 988 .36 776. 65 1103. 10 799 .21 0 
12 .5 55 .72 941 .34 691 . 41 984. 89 683.78 57. 51 
12 . 4 55 .28 804 .68 652. 96 832. 90 649 .99 23. 00 
8 .3 7 .59 811 .86 664. 77 906. 12 699 .59 0 
8 . 1 7 .41 834 . 79 644 . 16 906. 12 681 .00 0 
8 .4 7 .68 908 .91 582. 55 1010. 26 596 .58 85. 93 
7 .4 6 .77 947 . 13 594, 13 1063. 66 602 .23 0 
8 .3 7 .59 999 .01 553. 13 1097. 45 619 .08 0 
7 .9 7 .23 580 .23 529, 50 641 . 57 571 »22 0 
8 . 1 7 .41 595 .98 476. 46 642. 70 506 .52 0 
8 .0 7 .32 617 .75 487. 11 678. 13 489 .57 0 
8 .0 7, .32 657 .83 473. 68 709. 14 495 0 
8 .0 7 .32 688 .40 444 . 26 745. 70 504 .87 0 
8, .0 7, ,32 420 .64 408. 82 457. 02 427 .75 0 
8, .0 7, .32 435 .46 382. 42 475. 60 404 .12 0 
8, .0 7, ,32 451 .68 393. 77 514 . 42 410 .80 0 
8 .0 7, .32 488 .27 391 . 2'? 531 . 88 410 .80 0 
8 .0 7 .32 480 .63 370. 61 539. 17 385 .54 0 



RUN INITIAL 
COFIES 1 

D2321 . 13539E+13 
D2522 .70241E +11 
E'2422 . 35850E+12 
D 2 3 4 2 . 3 6 4 6 4 E H 3 
D2252 . 46777E+14 
D2162 . 89073E+15 
D2062 . 1 8 5 0 9 E H 7 
D2543 . 1 8 5 7 7 E H 2 
D24 43 . 10154E413 
D 2 3 5 3 . 83165E M 3 
D2253 . 74784E F14 
D2163 . 12610E + 16 
D2545 .29204EL12 
D2455 . 21132E+13 
D2345 . 12765E + 14 
D2255 . 11077E+15 
D2155 . 17886E+16 
D24610 . 55693E+13 
D236I0 . 31980E+14 
D22610 .26239E+15 
D21610 . 39598E+16 
[123615 . 47668E + 14 
D24615 .77891E+13 
D214L1 . 81208E + 15 
D214L2 .79251E+15 
D214L3 .77658E+15 
D214L4 • 68413E + 15 
D214L5 .85961E+15 
D234L1 . 64412E H 3 
D234L2 .66043E+13 
D234L3 .65227E+13 
D234L4 . 67975E + 13 
D234L5 • 65227E+13 
D254L1 .20552E+12 
D254L2 . 19301E+12 
D254L3 . 20552E + 12 
D254L.4 . 20552E+12 
D 2 5 4 L 5 . 19301E+12 

LOG PEAK 
r 

L 
7 

n ~r , 93 . 1 1970ET13 
25, ,08 .73074E+11 
26 , ,61 . 31 6 6 3 E H 2 
28. ,92 .28101E+13 
31 , , 48 .31033E+14 
34 , , 42 .50490E+15 
37, , 46 . 8 9 2 2 6 E +16 
25 , ,95 .16947EL12 
27 , ,65 . 8 4 4 5 4 E +1 2 
29 , . 75 .54 734E413 
31 , .95 .42767E+14 
34 , .77 . 5 4 4 5 7 E 415 
26, . 40 . 2 5 7 7 5 E H 2 
28, ,38 .16538E+13 
30, .18 . 92046E413 
32, .34 • 63991E+ 1 4 
35, . 12 . 10857E + 16 
29, ,35 . 39078E + 13 
31 . 10 .23033E+14 
33, ,20 .14929E+15 
35, ,91 .22163E+16 
31 , ,50 .27551E+14 
29, ,68 .51651E+13 
34, ,33 .37271E+15 
34, ,31 •37737E415 
34, .29 .37125E+15 
34, .16 . 31821E + 15 
34 , ,39 .39118E+15 
29, , 49 .38002E+13 
29, .52 .55107E+13 
29, ,51 • 52796E F13 
29, , 55 . 52677E + 13 
29, ,51 .51649E+13 
26, ,05 ,18426E+12 
25, ,99 .17113E+12 
26, ,05 .18212E+12 
26, , 05 .18369E+12 
25, ,99 . 1 7 5 3 2 E M 2 

LOG FINAL 
•J 

P 
•7 

27 .81 .20G51E + 12 
25 .01 . 17966E + 11 
26 .48 .66010E411 
28 .66 .15640E+12 
31 .07 . 43438E+12 
33 .86 . 12403E + 13 
36 .73 . 14540E+13 
25 .86 .26903E+11 
27 . 46 •62898E411 
29 .33 .15829E+12 
31 .39 .42714E+12 
33 .93 .70374E112 
26 .28 .27223E+11 
28 .13 .75883E+11 
29 .86 .19101E412 
31 .79 . 43083E + 12 
34 .62 .72138E+12 
28 .99 . 83878E + 11 
30 .77 . 17832E + 12 
32 .64 . 41396E + 12 
35 .33 .10362E+13 
30 .95 .14941E+12 
29 .27 . 77852E + 11 
33 .55 .19369E+13 
33 .56 . 14234E + 13 
33 .55 . 10466E+13 
33 .39 . 74539E + 12 
33 .60 .66040E+12 
28 .97 .25871E+12 
29 .34 . 19766E + 12 
29 .29 .15862E+12 
29 .29 . 13629E+12 
29 .27 . 12172E + 12 
25 .94 .30148E+11 
25 .87 .26921E+11 
25 .93 . 23699E+11 
25 .94 .19889E+11 
25 .89 . 1 9 7 9 9 E M 1 

/ 

LOG INITIAL PEAK FINAL EXTRUDE 
Z FLOW FLOW FLOW QUALITY 
F STRESS STRESS STRESS 

n n "> 
MN/M MN/M MN/M 

26 .06 59. 67 58. 52 43, , 77 A 
23 .61 36. 84 36. 40 28, , 19 A 
24 .91 48. 01 47.02 35, ,74 A 
25 . 78 69. 46 66 . 80 41 , ,64 A 
26 .80 98. 16 93. 26 49, ,59 A 
27 .85 135. 25 127. 91 58, ,85 A 
28 .01 175. 37 165 . 63 60, ,35 A 
24 .02 42. 90 42. 30, ,37 A 
24 .86 57. 00 55. 33 35, ,43 A 
25 .79 78. 24 73. 71 41 , , 73 A 
26 . 78 103. 85 97. 08 49, , 45 A 
27 .28 139. 79 128. 88 53, ,71 A 
24 .03 46. 37 45. 39 30. , 43 A 
25 .05 63. 96 61 . 58 36, .64 A 
25 .98 83. 00 79. 45 43. 11 A 
26 .79 108. 70 101 . 95 49, ,52 A 
27 .30 144. 37 137. 83 53, ,93 A 
25 . 15 73. 90 70. 17 37, ,30 B 
25 .91 93. 62 89. 77 42.60 B 
26 .75 119. 53 112. 42 49, ,19 A 
27 .67 154. 84 147. 18 57, ,19 A 
25 .73 98. 38 91 . 86 41 , ,31 B 
25 .08 77. 52 73. 10 36, ,81 B 
28 .29 134. 05 124 . 01 63, ,11 A 
27 .98 133. 74 124. 17 60, ,15 A 
27 . 68 133. 47 123. 96 57, .28 A 
27 .34 131 . 83 121 . 99 54 , , ̂ ^ A 
27 134. 79 124 . 63 53, ,16 A 
26 .28 75. 46 69. 88 45, ,42 A 
26 .01 75. 73 73. 79 43, ,37 A 
25 .79 75. 59 73. 33 41 , ,74 A 
25 .64 76. 04 73. 31 40, ,65 A 
25 .52 75.59 73. 10 39, ,85 A 
24 .13 43. 66 42. 84 31 , ,01 A 
24 .02 43. 19 42. 30 30. 37 A 
23 .89 43. 66 42. 76 29, ,67 A 
23 .71 43. 66 42. 82 28. ,73 A 
23 .71 43. 19 42. 47 28, , 70 A 

rv> 
VD [\3 



4 % C l l RUN EXT FURNACE INITIAL PEAK FINAL BILLET CTNR RAM 
CODES RATIO TEMP TEMP TEMP TEMP LENGTH TEMP SPEED 

DEG.C DEG.C DEG.C DEG.C MMS DEG.C MMS/S 

D4541A 10 .0 450. 0 443. 0 445. 8 496.3 95 0 300.0 7.9 
D4162A 20 .0 300. 0 296. 0 315. 0 452.8 95 0 250.0 12.8 
D4262A 20 .0 350. 0 348. 0 358. 3 475.2 95 0 300.0 12.4 
D4362A 20 .0 400. 0 395. 0 403. 2 510.1 95 0 350.0 12.4 
D4432A 20 .0 450. 0 444. 0 450. 4 530.0 95 0 400.0 7.1 
D4462A 20 .0 450. 0 444. 0 450. 6 547.6 95 0 400.0 12.4 
D4522A 20 .0 480. 0 474. 0 478. 0 529.0 95 0 430.0 3.3 
D4133A 30 .0 300. 0 298. 0 309. 1 470.8 95 0 275.0 7.9 
D4243A 30 .0 350. 0 348. 0 357. 0 480.8 95 0 300.0 7.8 
D4343B 30 .0 400. 0 396. 0 403. 5 501.2 95 0 350.0 7.0 
D4443A 30 .0 450. 0 445. 0 451. 0 541.6 95 0 400.0 8.2 
D4543A 30 .0 475. 0 470. 0 476. 1 546.3 95 0 375.0 7.3 
D4115A 50 .0 300. 0 297. 0 312. 1 335.0 95 0 275.0 .2 
D4265A 50 .0 350. 0 348. 0 363. 6 506.4 95 0 300.0 12.0 
D4315A 50 .0 400. 0 396. 0 404. 5 490.2 95 0 350.0 2.7 
D4365A 50 .0 400. 0 396. 0 405. 9 536.9 95 0 350.0 12.9 
D4465A 50 .0 450. 0 445. 0 453. 1 568.1 95 0 400.0 12.8 
D4515A 50 .0 475. 0 470. 0 474. 9 525.1 95 0 390.0 2.9 
I4152A 20 .0 299. 0 297. 0 308. 9 386.9 95 0 250.0 10.6 
I4252A 20 .0 350. 0 348. 0 354. 3 417.4 95 0 300.0 10.5 
I4352A 20 .0 400. 0 396. 0 406. 0 460.9 95 0 350.0 10.6 
I4432A 20 .0 450. 0 445. 0 451 . 9 484.2 95 0 400.0 6.1 
I4452A 20 .0 450. 0 445. 0 449. 8 500.5 95 0 400.0 10.4 
I4522A 20 .0 480. 0 475. 0 478. 1 496.7 95 0 430.0 3.2 
I4123A 30 .0 300. 0 296. 0 316. 9 397.7 95 0 275.0 5.9 
I4333A 30 • 0 400. 0 396. 0 404. 6 457.5 95 0 340.0 6.1 
I4513A 30 .0 470. 0 464. 0 471. 3 488.8 95 0 375.0 3.4 
I4533A 30 .0 475. 0 471. 0 478.5 526.4 95 0 440.0 6.2 
I4533A 30 • 0 475. 0 470. 0 479. 7 512.4 95 0 400.0 6.2 
I4524A 40 .0 480. 0 473. 0 480. 4 522.0 95 0 430.0 4.9 

STRAIN MAX MIN MAX MIN PEAK 
RATE PRESSURE OIL PRESSURE DELTAP 
— 1 r> 2 2 2 

SEC MN/M*" MN/M*" MN/M*" MN/M*" MN/M 

3.87 482. 48 417. 63 535. 79 413. 68 0 
8.06 911. 92 600. 15 973. 60 596. 58 82. 10 
7.80 735. 42 505. 88 778. 36 495.22 58. 64 
7.80 644. 85 486. 42 675. 36 478. 38 38. 34 
4.47 547. 11 426. 20 590. 94 457. 02 0 
7.80 564. 71 465.57 599. 36 419. 32 29. 32 
2.08 437. 08 406. 04 512. 16 405. 25 0 
7.23 994. 61 647. 17 1069. 31 655. 12 87. 96 
7.13 773. 18 596. 68 838.55 590. 94 52. 78 
6.40 669. 41 472. 52 709. 14 486. 80 40. 60 
7.50 568. 42 465. 57 609. 52 461. 53 23. 91 
6.68 552. 20 463. 26 607. 78 514. 94 17.59 
.30 951. 07 694. 89 1091. 70 718. 90 0 

17.72 894. 32 617. 75 945. 46 616. 82 70. 37 
3.99 730. 56 555. 21 821. 70 607. 78 45. 33 

19.05 779. 66 547. 11 830. 12 540. 30 61. 80 
18.90 694. 19 479. 47 714. 79 517. 81 47. 14 
4.28 558. 465. 57 692. 20 531 • 88 0 
9.71 603. 16 528. 58 686. 65 607. 78 65. 18 
9.61 498. 00 405. 35 590. 94 520. 59 40. 15 
9.71 444. 26 447. 04 517. 81 512. 16 23. 46 
5.59 352. 08 370. 61 440. 07 450. 24 0 
9.52 377. 55 386. 82 458. 04 470. 37 0 
2.93 297. 18 349. 99 393. 96 424. 87 0 
7.56 718. 05 626. 56 821. 70 706. 27 70. 37 
7.82 493. 37 500. 32 579. 64 579. 64 15. 11 
4.36 447. 04 474. 84 543. 08 562. 80 0 
7.95 394. 23 435. 46 453. 01 495. R>O 0 
7.95 416. 47 447. 04 472. 73 512. 16 0 
8.07 425. 04 0 484. 03 0 



RUN INITIAL LOG PEAK LOG FINAL 
CODES Z Z Z Z Z 

I P 

D3321 .39419E+12 26. 70 .32972E+12 26 .52 .65618E+11 
D3522 .20437E+11 23. 74 .18829E+11 23 .66 •68449E+10 
D3422 .11319E+12 25. 45 .10431E+12 25.37 •23489E+11 
D3342 .10873E+13 27. 71 .89048E+12 27 .52 .58242E+11 
D3252 .11641E+14 30. 09 •76494E+13 29 .67 •14555E+12 
D3162 .23096E+15 33. 07 .10316E+15 32 .27 .29684E+12 
D3062 .40788E+16 35. 94 .17047E+16 35.07 •47874E+12 
D3543 .63335E+11 24. 87 .57069E+11 24 .77 »79774E+10 
D3443 .32482E+12 26.51 •23804E+12 26 .20 • 19080E+11 
D3353 .23738E+13 28. 50 .15866E+13 28 .09 . 45790E+11 
D3253 .19010E+14 30.58 .12808E+14 30 . 18 »13612ET12 
D3163 .26889E+15 33. 23 . 1 4 6 4 6 E H 5 32 .62 •22512E+12 
: ; r . " . 10854E + 12 25. 41 .95569E+11 25.28 .10007E+11 
D3455 .69762E+12 27. 27 .56432E+12 27 • 06 •24162E+11 
D3345 •36781E+13 28. 93 .25657E+13 28 .57 •47601E+11 
D3255 .31296E+14 31. 07 •19261E+14 30 .59 »98225E+11 
D3155 •40060E+15 33. 62 .30266ET15 33 .34 •21715E+12 
D34610 . 16685E + 13 28. 14 .12453E+13 27 .85 »26304E+11 
D33610 .89195E+13 29. 82 »67365E + 13 29 .54 .63613E+11 
D32610 .72684E+14 31. 92 .44419E+14 31 .42 .12355E+12 
D34615 •24189E+13 28. 51 . 14969EF13 28 .03 .34082E+11 
D325CT1 .13017E+13 27. 89 .78391E+12 27 .39 .12516E+12 
D365CT1 .55659E+13 29. 35 .33268E+13 28 .83 •77301E+11 
D325CT2 .12941E+13 27. 89 .84712E+12 27 .47 •76132E+11 
D365CT2 .52239E+13 29. 28 .33296E+13 28 .83 »60770E+11 
D325CT3 .11111E+13 27. 74 •87776E+12 27 .50 •52568E+11 
D365CT3 .48222E+13 29. 20 »32607E + 13 28 .81 •40734E+11 
D325CT4 .11877E+13 27. 80 •96410E+12 27 .59 .30682E+11 
D365CT4 .47892E+13 29. 20 .32243E+13 28 .80 »44868E+11 
D325CT5 .11335E+13 27. 76 .92799E+12 27 .56 .25720E+11 
D365CT5 .45341E+13 29. 14 .30590E+13 28 .75 «40597E+11 
D325CT6 .10812E+13 27. 71 .88842E+12 27 .51 «15589E+11 
D365CT6 .40342E+13 29. 03 .29176E+13 28 • 70 »27770E+11 

LOG INITIAL 
Z FLOU 
F STRESS 

PEAK FINAL 
FLOW FLOW 

STRESS STRESS 

EXTRUDE 
QUALITY 

MN/M MN/M MN/M 

4.91 
2.65 
3.88 
4.79 
5.70 
6.42 
6.89 
2.80 
3.67 
4.55 
5.64 
6.14 
3.03 
3.91 
4.59 
5.31 
6.10 
3.99 
4.88 
5.54 
4.25 
5.55 
5.07 
5.06 
4.83 
4.69 
4.43 
4.15 
4.53 
3.97 
4.43 
3.47 
4.05 

65.91 
40.12 
53.89 
76.84 

105.65 
146.09 
186.89 
48.87 
63.94 
85.88 

112.05 
148.22 
53.52 
71.94 
91 .15 

118.67 
153.82 
81.73 

102.23 
130.08 
86.10 
78.88 
96.27 
78.81 
95.48 
77.09 
94.49 
77.84 
94.40 
77.31 
93.72 
76.78 
92.28 

64.09 
39.54 
53.16 
74.62 

100.27 
134.89 
174.38 
48.00 
60.86 
81.15 

106.89 
139.74 
52.39 
69.67 
86.80 
112.22 
149.88 
78.38 
98.67 

123.38 
80.48 
73.21 
89.93 
74.06 
89.94 
74.46 
89.69 
75.50 
89.55 
75.07 
88.92 
74.59 
88.34 

49.16 
32.95 
41.13 
48.17 
56.18 
63.04 
67.93 
33.88 
39.64 
46.22 
55.57 
60.32 
35.30 
41 .33 
46.53 
52.63 
59.97 
41 .96 
48.90 
54.68 
43.91 
54.80 
50.55 
50.42 
48.52 
47.33 
45.29 
43.11 
46.06 
41 .79 
45.26 
38.23 
42.36 



5 % C U RUN EXT FURNACE INITIAL PEAK FINAL BILLET CTNR RAM 
CODES RATIO TEMP TEMP TEMP TEMP LENGTH TEMP SPEED 

DEG.C DEG.C DEG.C DEG.C MMS DEG.C MMS/S 

D5522 20 .0 500. 0 494. 0 496 2 543. 0 95. 0 450. 0 3 .6 
D5422 20 .0 450. 0 445. 0 452 .0 504. 4 95. 0 405. 0 3 .6 
D5322 20 .0 400. 0 392. 0 399 .3 468. 4 95. 0 350. 0 3 .5 
D5222 20 .0 350. 0 347. 0 355 .1 446. 9 95. 0 300. 0 3 .5 
D5122 20 .0 300. 0 298. 0 307 .1 419. 1 95. 0 260. 0 3 .6 
D5545 50 .0 500. 0 494. 0 497 .6 596. 1 95. 0 450. 0 9 .5 
D5445 50 .0 450. 0 445. 0 453 .9 559. 8 95. 0 395. 0 9 .0 
D5345 50 .0 400. 0 396. 0 406 .5 531. 7 95. 0 365. 0 8 .8 
D5245 50 .0 350. 0 348. 0 356 .8 507. 5 95. 0 300. 0 8 .6 
D5145 50 .0 300. 0 298. 0 311 .4 495. 0 95. 0 250. 0 8 .6 
D5447 70 .0 450. 0 445. 0 452 .3 572. 4 95. 0 410. 0 8 .9 
D5347 70 .0 400. 0 396. 0 407 .6 538. 0 95. 0 355. 0 9 .0 
D5247 70 .0 350. 0 348. 0 350 .4 529. 1 95. 0 310. 0 8 .7 
D5147 70 .0 300. 0 298. 0 307 .7 507. 8 95. 0 265. 0 8 .7 
D54610 100 .0 450. 0 444. 0 453 .5 594 . 0 95. 0 400. 0 13 .4 
D53610 100 .0 400. 0 396. 0 407 . 5 584. 3 95. 0 350. 0 13 .5 
D52610 100 .0 370. 0 368. 0 379 . 5 563. 6 95. 0 300. 0 13 .6 
D553L5 30 .0 500. 0 494. 0 497 .9 589. 6 104. 6 455. 0 7 .0 
D553L4 30 .0 500. 0 494. 0 498 .7 584. 9 96. 0 440. 0 6 .7 
D553L2 30 .0 500. 0 494. 0 497 576. 5 72. 3 445. 0 7 . 1 
D553L1 30 .0 500. 0 494. 0 503 569. 4 66. O 450. 0 6 .4 
D543L5 30 .0 450. 0 444. 0 449 .7 554. 6 106. 2 397. 0 6 .2 
D543L4 30 .0 450. 0 445. 0 450 540. 9 96. 0 390. 0 6 .5 
D543L3 30 .0 450. 0 444. 0 450 .6 543. 8 82. 5 400. 0 6 .3 
D543L2 30 .0 450. 0 445. 0 450 .7 537. 0 71 . 1 400. 0 6 .4 
D543L1 30 .0 450. 0 445. 0 450 T 2 531 . O 63. 9 405. 0 6 . 5 
D533L5 30 .0 400. 0 396. 0 403 .5 513. 7 102. 3 345. 0 6 ( 9 
D533L4 30 .0 400. 0 395. 0 403 . 1 510. 5 95. 6 345. 0 6 .2 
D533L3 30 .0 400. 0 396. 0 404 .5 509. 0 82. 6 355. 0 6 
D533L2 30 .0 400. 0 396. 0 403 .8 503. 8 72. 3 350. 0 6 .1 
D533L1 30 .0 400. 0 396. 0 403 .4 497. 9 65. 4 350. 0 6 .6 
D523L5 30 .0 350. 0 346. 0 356 .3 483. 9 106. 4 300. 0 6 . 1 
D523L4 30 .0 350. 0 346. 0 358 .0 480. 8 95. 0 300. 0 6 .0 
D523L3 30 .0 350. 0 346. 0 356 .4 476. 3 82. 5 303. 0 6 .0 
D523L2 30 .0 350. 0 345. 0 354 .9 470. 5 73. o 300. 0 6 .0 
D523L1 30 .0 350. 0 345. 0 356 .4 468. 0 65. 6 300. 0 6 .4 
D513L5 30 .0 300. 0 297. 0 308 2 466. 9 105. 1 255. 0 5 .6 
D513L4 30 .0 300. 0 295. 0 312 .7 462. 7 95. 3 250. 0 6 .2 
D513L3 30 .0 300. 0 297. 0 312 .3 455. 0 76. 4 260. 0 5 .7 

STRAIN MAX MIN MAX MIN PEAK 
RATE PRESSURE OIL PRESSURE DELTAP 
— 1 2 2 '1 2 

SEC MN/M MN/M MN/M*" MN/M" MN/M 

2« 27 419. 25 333 .55 464 .61 343 .02 0 
2. 27 472. 29 393 .77 529 • 62 433 .29 11 .73 
2. 20 586. 02 451 .68 631 .91 541 .64 0 
2, 20 730. 56 550 .35 757 .72 586 .83 67 .66 

27 850. 54 587 .87 938 .88 630 .68 79 .16 
14. 03 568. 65 462 .79 616 .20, 477 .14 0 
13. 29 659. 21 531 • 59 649 .99 529 .62 0 
12. 99 775. 96 545.72 749 .71 559 .72 64 .50 
12. 70 890. 38 667 .79 878 .70 662 .00 0 
12. 70 1090. 97 800 .05 1150 .24 794 .38 94 .73 
17. 93 705. 54 537 .84 740 .26 550 .68 0 
18. 13 792. 86 606 .64 831 .87 643 .93 0 
17. 53 953. 61 711 . 10 974 .62 740 . 16 73 .30 
17.53 1114. 60 813 .02 1232 .40 818 .52 0 
40. 40 808. 62 567 .49 907 .77 600 . 18 108 .48 
40. 70 975. 62 716 .20 1046 .51 719 .82 114 .35 
41 . 00 1078. 00 706 .93 1156 .40 716 .95 152 .46 
6. 40 572. 12 437 .78 589 .81 481 .46 0 
6. 13 567. 49 471 .13 592 .17 505 .49 0 
6. 49 516. 53 463 .26 553 .66 488 » 65 0 
5. 85 504. 02 485 .03 520 .69 503 .74 0 
5. 67 646. 48 547 .34 676 .48 559 .72 20 .52 
5. 95 612. 89 478 .31 643 .93 493 .47 23 .46 
5. 76 594 . 13 550 .35 627 .09, 565 .67 15.83 
5. 85 566. 10 531 .59 601 .82 550 .68 17 .59 
5. 95 554. 06 494 .06 578 .92 505 . 49 44 .43 
5. 67 728. 70 550 .35 769 . 12 565 .67 38.34 
5. 67 712. 26 562 .86 749 .30 574 .71 35 . IB 
5. 67 675. 43 589 .73 649 .37 601 .82 29 .32 
5. 58 665. 47 597 .37 692 . 10 620 .51 0 
6. 04 642. 31 569 .11 670 .43 585 .60 0 
5. 58 851 . 23 592 .97 908 .79 608 .50 46 .91 
5. 49 818. 11 643 .93 874 .49 668 .06 49 .84 
5. 49 810. 01 625 .40 865 .45 650 .60 35 .18 
5. 49 775. 49 656 .20 788 .43 678 .23 17 .59 
5. 85 775. 49 656 .67 796 .23 662 .00 17 .59 
5. 12 1050. 67 680 .99 1116 .97 680 .08 90 "IT 
5. 67 1044. 41 708 .78 1102 .48' 711 .30 83.45 
5. 21 993. 69 731 .02 1053 . 19 742 .01 0 



RUN 
CODES 

INITIAL 
Z 

LOG 
Z 
I 

PEAK 
Z 

LOG 
Z 
P 

FINAL 
Z 

LOG 
Z 
F 

INITIAL 
FLOU 

STRESS 

PEAK 
FLOU 

STRESS 

FINAL 
FLOU 

STRESS 

EXTRUDE 
QUALITY 

MN/M MN/M MN/M 

D4541A •13282E+12 25. 61 .12069E+12 25.52 •24763E+11 23. 93 72. 00 71. 05 56 .32 A 
D4162A .14567E+15 32. 61 .54335E+14 31 .63 •19934E+12 26. 02 152. 09 140. 08 76 .10 A 
D4262A .10951E+14 30. 02 .69416E+13 29 .57 •94339E+11 25. 27 120. 88 115.50 68 .63 A 
D4362A .15304E+13 28. 06 .11164E+13 27 .74 •33462E+11 24. 23 98. 08 94.55 58 .97 A 
D4432A •14822E+12 25. 72 .11982E+12 25.51 • 11065E+11 23. 13 73. 09 70. 98 49 .63 A 
D4462A .25887E+12 26. 28 .20786E+12 26 .06 .12146E+11 23. 22 78. 79 76.52 50 .37 C 
D4522A •26040E+11 23. 98 •22985E+11 23 .86 »52892E+10 22» 39 56. 76 55. 68 44 .00 A 
D4133A .11742E+15 32. 40 .65836E+14 31 .82 .10023E+12 25. 33 149. 45 142. 41 69 .22 A 
D4243A .10012E+14 29. 93 .67216E+13 29 • 54 •72512E+11 25. 01 119. 81 115. 12 66 .10 A 
D4343B .12078E+13 27. 82 •90738E+12 27 • 53 .35447E+11 24. 29 95. 42 92. 25 59 .48 B 
D4443A .24055E+12 26. 21 •19707E+12 26 .01 »13646E+11 23. 34 78. 03 75. 98 51 .31 C 
D4543A .94887E+11 25. 28 .78326E+11 25.08 .10765E+11 23. 10 68. 69 66. 84 49 .41 C 

' 1 5A .50608E+13 29. 25 .23023E+13 28 .46 .75491E+12 27. 35 111. 80 102. 71 90 .22 A 
D4265A .24861E+14 30. 84 .12504E+14 30 . 16 »84441E+11 25. 16 130. 65 122. 45 67 »56 A 
D4315A .75190E+12 27. 35 •54327E+12 27 .02 .30474E+11 24. 14 90. 18 86. 64 58 • 14 A 
D4365A •35924E+13 28. 91 .24585E+13 28 .53 •39194E+11 24. 39 107. 82 103. 46 60 .39 B 
D4465A .60604E+12 27. 13 .46334E+12 26 .86 .17580E+11 23. 59 87. 83 84. 93 53 .40 B 
D4515A .60839E+11 24. 83 .52229E+11 24 .68 .12128E+11 23. 64. 44 63. 02 50 .36 A 
I4152A .16636E+15 32. 75 .89241E+14 32 .12 .26170ET13 28. 59 153. 71 146. 11 104 . 18 A 
I4252A .13492E+14 30. 23 .10172E+14 29 • 95 •81239E+12 27. 42 123. 35 120. 00 91 .03 A 
I4352A . 18308E + 13 28. 24 .12476E+13 27 .85 .18422E+12 25. 94 100. 10 95. 79 75 .29 A 
I4432A .17913E+12 25. 91 .14209E+12 25 .68 • 51166E+11 24. 66 75. 01 72. 67 62 .83 A 
I4452A .30540E+12 26. 44 .26005E+12 26 .28 »53774E+11 24. 71 80. 51 78. 84 63 .29 C 
I4522A .35614E+11 24. 30 •32341E+11 24 .20 . 18494E411 23. 64 59. 52 58. 66 53 .83 A 
I4123A .13675E+15 32.55 . 4 6 3 8 0 E H 4 31 .47 .13332E+13 27. 92 151. 31 138. 17 96 .53 A 
I4333A .14748E+13 28. 02 .10596E+13 27 .69 .16591E+12 25. 83 97. 66 93. 97 74 .23 A 
I4513A .74909E+11 25. 04 .59542E+11 24 .81 .34745E+11 24. 27 66. 41 64. 24 59 .30 A 
I4533A .10943E+12 25. 42 . 8 6 6 2 9 E H 1 25 .18 .21687E+11 23. 80 70. 08 67. 81 55 . 18 C 
I4533A . 1 1 2 9 3 E H 2 25. 45 .03633E+11 25 . 15 .32005E111 24. 19 70. 39 67. 47 58 .57 C 
I4524A . 1 0 4 3 2 E H 2 25. 37 .82910E+11 25 . 14 .24862E+11 23. 94 69. 61 67. 38 56 .36 C 



5052 alloy 

RUN EXT 
CODES RATIO 

FURNACEINITIAL 
TEMP TEMP 

DEG•C DEG.C 

PEAK FINAL 
TEMP TEMP 

DEG.C DEG.C 

BILLET CTNR 
LENGTH TEMP 

MMS DEG.C 

RAM STRAIN 
SPEED RATE •~1 
MMS/S SEC 

D50-•1 30 .0 500 .0 494 .0 501 .6 578 .3 80 .0 455 ,0 8 .4 7. 68 
D50-.'y 30 .0 500 .0 494 .0 499 .6 595 .5 119 .5 455 .0 8 .3 7. 59 
D50-•3 30 .0 500 .0 494 .0 500 .7 582 .4 109 .8 440 .0 8 2 7. 50 
D50-•4 30 .0 500 .0 494 .0 501 .3 580 .3 89 .7 455 .0 8 ,4 7. 68 
D50-•5 30 .0 438 .0 433 .0 441 .7 550 .2 99 .6 395 .0 8 7. 50 
D50-•6 30 .0 438 .0 433 .0 441 .3 547 .5 89 .7 388 .0 8 .3 7. 59 
D50- 7 30 .0 438 .0 432 .0 440 .8 557 .7 119 .8 392 .0 8 n 7. 50 
D50-•8 30 .0 438 .0 433 .0 442 .4 555 .5 110 . 1 383 .0 8 .0 7. 32 
D50-•9 30 .0 438 .0 433 .0 440 .7 542 . 5 80 • 0 398 .0 8 . l 7. 41 
D50-•10 30 .0 375 .0 370 .0 372 . 1 521 .6 99 .5 320 .0 8 .0 7. 32 
D50-•11 30 .0 375 .0 371 .0 372 .0 531 .0 109 .7 325 .0 8 •y 7. 50 
D50- 12 30 .0 375 .0 371 .0 373 .7 529 .3 119 .6 325 .0 8 n 7. 50 
D50- 13 30 .0 375 .0 371 .0 371 .6 514 .7 89 .7 325 .0 7 .9 7. 23 
D50- 14 30 .0 375 .0 371 .0 372 .4 522 o 80 . 1 330 .0 8 . 1 7. 41 
D50- 15 30 .0 325 .0 322 ,0 323 .4 505 .6 109 .6 270 ,0 8 ,4 7. 68 
D50- 16 30 .0 325 .0 322 .0 325 . 1 503 . 1 99 .3 280 .0 8 .4 7. 68 
D50-•17 30 .0 325 .0 321 .0 322 . 5 493 .8 89 .7 275 .0 8 .4 7. 68 
D50-•18 30 .0 325 .0 321 .0 322 .6 486 .2 80 .0 275 .0 8 . 1 7. 41 
D50- 19 30 .0 550 .0 545 .0 549 .7 612 .4 99 .3 495 .0 8 2 7. 50 
D50- 20 30 .0 550 .0 544 .0 544 .5 616 . 1 109 .8 490 .0 8 .0 7. 32 
D50- 21 30 .0 550 ,0 545 .0 549 . 5 612 .9 89 .9 505 .0 8 . 1 7. 41 
D50-n o 30 .0 550 .0 545 .0 550 .6 608 .7 80 .0 500 .0 8 .0 7. 32 
D50- 23 30 .0 550 .0 545 .0 549 . 1 626 .5 119 .7 505 .0 8 .3 7. 59 
D50- 24 10 .0 500 .0 493 .0 497 .8 556 .2 89 .7 460 .0 8 n 4. 02 
D50- 25 20 .0 500 .0 492 .0 497 12 575 .4 89 .9 455 .0 8 .0 5. 04 
D50- 26 50 .0 500 .0 494 .0 501 .0 595 .7 91 .0 440 .0 7 .9 11. 66 
050- 27 80 .0 500 .0 494 .0 502 .0 605 .8 90 .0 450 .0 8 .0 18. 51 
D50- 28 80 .0 400 .0 395 .0 407 .8 557 .1 89 .9 345 .0 8 . 1 18. 74 

050-29 50 .0 400 .0 395 .0 404 .9 543 .9 90 • 0 360 .0 8 .0 11 . 81 

050-30 20 .0 400 .0 395 .0 404 .8 509 . 1 90 < 2 345 .0 8 .0 ir a . 04 

050-31 10 .0 400 ,0 395 .0 395 .9 492 . 2 90 . 1 345 .0 8 . 1 3. 97 

MAX MIN MAX MIN PEAK 
PRESSURE OIL PRESSURE DELTAP •.•> ':> -;> 2 

MN/M MN/M MN/M MN/M MN/M 

500 .32 451 .68 469 .34 326 .59 0 
569 .81 453 .99 525 .82 387 . 18 0 
544 .33 427 .35 505 .28 364 .59 0 
521 . 16 423 .88 466 .26 364 .59 0 
678 .67 515 .37 642 .39 455 .99 0 
669 .41 c-jcr .06 636 .74 472 .42 0 
718 .05 521 . 16 705 ir c-* \J\ J 461 . 12 0 
706 .47 555 .91 690 .14 478 .58 0 
619 .61 544 .33 592 .58 495 .01 0 
862 .82 613 .82 86 7 .82 563 .82 0 
881 .35 625 .40 876 .03 545 i .34 0 
906 . 36 579 .07 911 .98 527, .88 0 
822 .28 592 .97 794 .90 530, .96 0 
807 .92 683 .30 778 .47 600, .80 0 

1027 .97 683 .30 7 . 19 620 .31 0 
1002 .95 692 .57 1004 .41 675 .77 0 
972 .84 677 .51 962 .30 595 .66 0 
933 .46 690 .25 939 .71 683 .98 0 
414 .62 377 . 55 376 .91 333 .77 0 
430 .83 375 .24 383 .07 ^•yy .48 0 
405 .35 379 .87 364 .59 333 .77 0 
403 .03 384 .50 356 .37 328 .64 0 
437 .08 422 .72 400 .53 306 .05 0 
390 .76 34 7 .44 350 .21 294 .75 0 
469 .05 451 .68 420 .04 367 .67 0 
599 .45 515 .37 550 .47 450 .85 0 
646 .24 525 .80 614 . 15 462 . 15 0 
938 . 10 683 .30 929 .44 633 .66 0 
838 .50 632 .35 845 569 .99 0 
690 .25 544 .33 678 .85 467 .28 0 
584 .86 460 .94 564 . 85 347 . 13 0 



RUN INITIAL LOG PEAK LOG FINAL LOG INITIAL PEAK FINAL EXTRUDE 
CODES Z Z Z Z Z z FLOW FLOW FLOW QUALITY 

I P F STRESS STRESS 
O 

STRESS 
n 

MN/M MN/M MN/M 

D5522 .16979E+10 21. 25 .16015E+10 21. 19 »49763E+09 20 .03 58.76 58.19 47.72 A 
D5422 .68480E+10 99 65 •55492E+10 22. 44 .12916E+10 20 . 9 0 73.33 71 .00 56.15 A 
D5322 .37923E+11 24. 36 .29392E+11 24. 10 .33400E+10 21 .93 93.81 90.60 65.56 A 
D5222 .20981E+12 26. 07 .15125ET12 25. 74 .62765E+10 99 .56 116.49 112.02 72.36 A 
D5122 .18889E+13 28. 27 .12302E+13 27. 84 .15497E+11 23 .46 147.65 141 .45 82,78 A 
D5545 .10510E+11 23. 08 •95491E+10 22. 98 •95190E+09 20 .67 78.21 77.10 53.34 C 
D5445 .40160E+11 24. 42 . 30732E + 11 24. 15 . 19808E + 10 21 .41 94.54 91 .16 60.26 D-C 
D5345 .19427E+12 25. 99 .13532E+12 25. 63 . 37409E+10 9 9 .04 115.43 110.51 66.75 D 
D5245 .11611E+13 27. 78 . 81676E+12 27. 43 •66733E+10 99 .62 140.61 135.57 73.04 A 
D5145 .10585E+14 29. 99 .56519E+13 29. 36 . 9 2 5 5 4 E H 0 22 .95 173.00 163.71 76.74 A 
D5447 .54202E+11 24. 72 . 43521E + 11 24. 50 .20178E+10 21 .43 98.39 95.57 60.44 C 
D5347 .27117E+12 26. 33 . 1S190E + 12 25. 93 . 44868E + 10 I:>9 . 22 120.03 1.14.53 68.69 C 
D5247 .16031E+13 28. 10 . 14532E+13 28. 00 .53751E+10 22 .41 145.27 143.85 70.65 B D5147 .14615E+14 30. 31 .92193E+13 29. 85 .91433E+10 99 .94 177.79 170.95 76.60 D 
D54610 .12588E+12 25. 56 •94543E+11 25. 27 . 28679ET10 21 .78 109.53 105.70 63.99 D-C 
D53610 .60862E+12 27. 13 .40991EP12 26. 74 .35453E+10 21 .99 131.38 .125.79 66.19 D 
D52610 .17061E+13 28. 17 .11094E+13 27. 73 •56158E+10 22 .45 146.17 139.96 71.13 B 
D553L5 .47983E+10 99 29 .43289E+10 22. 19 . 49870E+09 20 .03 69.41 68.31 47.74 C 
D553L4 .45927E+10 99 25 • 40517E+10 99 , 12 .52713E+09 20 .08 68.94 67.60 48.20 C 
D553L2 .48668E+10 22 . 31 . 44662E + 10 22. 22 .66909E+09 20 .32 69.57 68.64 50.23 C 
D553L1 .43870E+10 99 20 •34433E+10 21 . 96 .70485E+09 20 .37 68.45 65.88 50.68 C 
D543L5 .17671E+11 23. 60 . 1 4 0 7 2 E H 1 23. 42 .95280E+09 20 .67 84.35 82.29 53.35 A-D 
D543L4 .17970E+11 23. 61 .15356E+11 23. 45 . 13740E+10 21 .04 84.56 82.67 56.73 B 
D543L3 .17956E+11 23. 61 .14694E+11 23. 41 . 12409E + 10 20 .94 84.55 82.14 55.77 A-D 
D543L2 . 17694E+11 23. 60 .14920E+11 23. 43 .14837E+10 21 .12 84.37 82.33 57.46 A-D 
D543L1 . 17970E+11 23. 61 .15376E+11 23. 46 . 17323E + 10 21 .27 84.56 82.68 58.95 A-B 
D533L5 .84803E+11 25. 16 •65332E+11 24. 90 .25452E+10 21 .66 104.25 100.82 62.77 A 
D533L4 . 87830E + 11 25. 20 • 6 6 3 0 0 E H 1 24. 92 .27603E+10 21 .74 104.72 101.01 63.59 A 
D533L3 .84803E+11 25. 16 .63156E+11 24. 87 . 28684E + 10 21 .78 104.25 100.38 63.99 A 
D533L2 .83435E+11 25. 15 .63722E+11 24. 88 . 32352E +10 21 .90 104.04 100.50 65.23 A 
D533L1 .90274E+11 25. 23 .69820E+11 24. 97 .40850E+10 99 .13 105.08 101.69 67.69 A 
D523L5 .55363E+12 27. 04 .36619E+12 26. 63 .54885E+10 99 .43 130.03 124.21 70.88 A 
D523L4 .54455E+12 27. 02 .33686E+12 26. 54 •58766ET10 99 .49 129.80 123.05 71 .63 A 
D523L3 .54455E+12 27. 02 .35863E+12 26. 61 »66635ET10 99 .62 129.80 123.92 73.02 A 
D523L2 . 56732E +12 27. 06 .38000E+12 26. 66 •78435E+10 99 .78 130.38 124.73 74.85 A 
D523L1 . 60515E+12 27. 13 .38183E+12 26. 67 •89863E+10 22 .92 131.29 124.80 76.40 A 
D513L5 •44812E+13 29. 13 .26410E+13 28. 60 .01031E+10 99 .82 160.29 152.54 75.22 A 
D513L4 . 54657E+13 29. 33 •23725E+13 28. 49 .10131E+11 23 .04 163.21 150.97 77.78 A 
D513L3 .45612E+13 29. 15 •22203E+13 28. 43 .116B1E+11 23 . 18 160.55 150.00 79.44 A 



RUN INITIAL LOG 
CODES Z Z 

I 

D50- 1 .25844E+12 26, ,28 
D50- o . 25536E+12 26, ,27 
D50- 3 .25229E+12 26, ,25 
D50- 4 .25844E+12 26, .28 
D50- 5 . 20485E+13 28, ,35 
D50- 6 . 20735E+13 28, ,36 
D50- 7 .21264E+13 28, ,39 
D50- 8 .19985E+13 28, ,32 
D50- 9 .20235E+13 28, ,34 
D50- 10 .26377E+14 30, ,90 
D50- 11 .25849E+14 30, ,88 
D50- 12 .25849E+14 30, ,88 
D50-•13 .24903E+14 30, ,85 
D50-•14 .25534E+14 30, ,87 
D50-•15 .28536E+15 33, ,28 
D50- 16 .28536E+15 33 , , 28 
D50-•1 .30077E+15 33, , 34 
D50- IB . 29003E+15 33 , , 30 
D50-•19 .55665E+11 24 , . 74 
D50- 20 .55839E+11 24 , , 75 
D50- 21 .54986E+11 24. ,73 
D50- 2? .54307E+11 24 , ,72 
050- 23 .56343E+11 24 , ,75 
D50- 24 .13949E+12 25, , 66 
D50- 25 .18043E+12 25, ,92 
050- 26 .39229E+12 26, , 70 
D50- 27 .62242E+12 27, ,16 
D50- 28 .22887E+14 30, ,76 
D50-•29 .14427E+14 30, ,30 
D50-•30 .61502E+13 29, , 45 
D50- 31 .48481E+13 29. 21 

PEAK LOG FINAL 
Z Z Z 

P 

.21286E+12 26, 08 .20085E+11 
•21434E+12 26. 09 .15035E+11 
.20474E+12 26. 05 .20608E+11 
.20740E+12 26. 06 .23557E+11 
. 14840E + 13 28. 03 .48249E+11 
.15245E+13 28. 05 .52513E+11 
.15388E+13 28. 06 .39309E+11 
.14139E+13 27. 98 .40738E+11 
.15218ET13 28. 05 .58902E+11 
.24012E+14 30. 81 .10602E+12 
.24750+1 + 14 30. 84 .82642E+11 
.22866E+14 30. 76 .86954E+11 
.24293E+14 30. 82 .12852E+12 
.23998E+14 30. 81 .10542E+12 
.26495E+15 33. 21 .18022E+12 
.24 331E +15 33. 13 .19453E+12 
. 2 7 8 11 E +1 5 33 . 26 .26008E+12 
.26659 EI +15 33. .31932E+12 
. 48930E+11 24 . 61 . 98719+1+10 
.55007E+11 24 . 73 .882951:"+10 
.48563E+11 24 . 61 . 96282E+10 
.46491E+11 24 . 56 . 10522E + 11 
.50331E+11 24 . 64 .71888E+10 
.11978E+12 25. 51 .21920E+11 
.15312E+12 25. 75 .16566E+11 
.31541E+12 26. 48 .22995E+11 
. 4 8 4 2 4 E +12 26. 91 .28472E+11 
. 135801: +14 30. 24 .99893E+11 
. 962751: +1 3 29. 90 .90348E+11 
.41084E+13 29. 04 .10594E+12 
. 4 6 714 E + 13 29. 17 .14122E+12 

A1 Mg Cr Fe Cu Mn Ti Si 

Rem 2.55 0.24 0.17 0.005 0.005 0.019 0.07 
Alloy composition weight % 5052 Alloy 

B 
(ppm) 
13 

LOG INITIAL PEAK FINAL EXTRUDE 
Z FLOW FLOW FLOW QUALITY 
F STRESS STRESS STRESS 

2 2 2 
MN/M MN/M MN/M 

23. 72 70 .24 68 .39 47. 98 A 
23. 43 70 .13 68 .46 45. 77 A 
23. 75 70 .01 68 .03 48. 18 A 
23. 88 70 .24 68 . 15 49. oo A 
24. 60 91 . 13 87 .75 55. 08 A 
24. 68 91 .25 88 .03 55. 79 A 
24. 39 91 .52 88 .13 53. 36 A 
24. 43 90 .87 87 .25 53. 66 A 
24. 80 91 .00 88 .02 56. 78 A 
25. 39 118 .87 117 .82 61. 95 A 
25. 14 118 .64 118 . 16 59. 73 A 
25. 19 118 .64 117 .28 60. 18 A 
25. 58 118 .23 117 .95 63. 70 A 
25. 38 118 .51 117 .82 61 . 90 A 
25. 92 145 .65 144 .81 66. 83 A 
25. 99 145 .65 143 .85 67. 55 A 
26. 28 .146 .25 145 .36 70. 30 A 
26. 49 145 .84 144 .88 72. 28 A 
23. 01 56 .29 55 .20 42. 69 A 
22. 90 56 .32 56 .19 41 . 90 A 
' > ' > , 99 56 .19 55 .13 42. 51 A 
23. 08 56 .08 54 .76 43. 15 A , 70 56 .40 55 .43 40. 47 A 
23. 81 64 .45 63 .06 48. 66 A 
23. 53 66 .84 65 .31 46. 50 A 
23. 86 74 .29 72 .16 49. 03 A 
24. 07 78 .87 76 .36 50. 73 A 
25. 33 117 .29 111 .52 61 . 42 A 
25. 23 112 . 19 107 .75 60. 52 A 
25. 39 102 .87 98 .52 61 . 95 A 
25. 67 100 .30 99, ,90 64. 56 A 

A H = 154567 J/mole cx = 0.017 m2/MN 

n = 5.11 A = 5.252x1010sec_1 

Steady state temperature corrected hot 
working constants from reference 122 



4 % C u 

2014-SS 

RUN EXT FURNACEINITIAL PEAK 
CODES RATIO TEMP TEMP TEMP 

FINAL BILLET CTNR RAM 
TEMP LENGTH TEMP SPEED 

DEG.C DEG.C DEG.C DEG.C MMS DEG.C MMS/S 

STRAIN 
RATE 
-1 

SEC 

MAX MIN 
PRESSURE 

MN/M MN/M 

MAX MIN PEAK 
OIL PRESSURE DELTAP 

- 2 2 
MN/M MN/M MN/M 

D4162AS 20. 0 300 .0 298. 0 316 .1 477 .8 95.0 250. 0 13 .4 8 .43 1074. 29 600 .15 1150. 34 605.52 151 .79 
D4262AS 20. 0 350 .0 348. 0 364 .9 500 .4 95.0 300. 0 12 .9 8 .12 908. 91 553 .13 968. 56 557 .15 137 .58 
D4362AS 20. 0 399 .0 395. 0 405 .6 524 .1 95.0 350. 0 12 .9 8 .12 754. 18 488 .27 803. 63 495 .22 71 .04 
D4462AS 20. 0 450 .0 445. 0 452 .0 547 .8 95.0 400. 0 12 .6 7 .93 606. 87 411 .84 640. 44 430 .52 49 .84 
D4522AS 20. 0 480 .0 473. 0 476 . 1 512 .8 95.0 425. 0 3 . 1 1 .95 385. 43 335 .40 444. 59 371 .47 0 
D4562AS 20. 0 480 .0 475. 0 482 .3 567 .4 95.0 425. 0 12 .7 7 .9? 547. 11 400 .02 579. 64 430 .52 29 .77 
D4243AS 30. 0 350 .0 347. 0 359 .8 488 .4 95.0 300. 0 8 .3 7 .59 915. 40 511 .90 999. 48 594 .32 21 .20 
D4323AS 30. 0 400 .0 395. 0 406 .5 499 .4 95.0 350. 0 3 .7 3 .38 823. 67 470 .21 942. 68 574 .09 115 .25 
D4443AS 30. 0 450 .0 444. 0 450 .6 545 .9 95.0 400. 0 8 .3 7 .59 633. 04 438 .24 695. 07 467 .08 29 .77 
D4543AS 30. 0 473 .0 466. 0 472 .0 562 .7 95.0 425. 0 8 . 1 7 .41 611. 27 408 .82 652. 86 436 .17 40 .15 
D4365AS 50. 0 398 .0 394 . 0 407 .6 573 .7 95.0 350. 0 12 .1 17 .86 996. 70 662 .46 1005. 12 612 .30 123 .14 
D4465AS 50. 0 450 .0 445. 0 455 .9 582 .6 95.0 400. 0 12 .8 IB .90 778. 97 523 .71 832. 28 534 .25 77 .81 
D4565AS 50. 0 473 .0 464 . 0 473 . 1 596 .3 95.0 425. 0 11 .6 17 .13 714. 34 547 .11 763. 68 568 .55 34 .28 
D4467AS 70. 0 430 .0 426. 0 438 588 .8 95.0 400. 0 12 .7 25 .59 873. 24 594 .13 917. 32 C- < ' . %J " » ) .58 80 .29 
D4367AS 70. 0 400 .0 396. 0 409 .4 656 .3 95.0 350. 0 12 .8 25 .79 1158. 14 1158 . 14 1058. 02 669 .71 0 

RUN 
CODES 

INITIAL 
Z 

LOG 
Z 
I 

PEAK 
Z 

LOG 
Z 
P 

FINAL 
Z 

LOG INITIAL 
Z FLOU 
F STRESS 

PEAK 
FLOU 

STRESS 

FINAL 
FLOU 

STRESS 

EXTRUDE 
DUALITY 

MN/M MN/M MN/M 

D4162AS .12772E+1B 39 .39 . 4 0 6 3 7 E H 7 38 .24 • 1 7 0 2 7 E M 4 30 .47 191 .78 174 .34 71 .42 A 
D4262AS •61233E+16 36 .35 .24695E+16 35 .44 •71774E+13 29 .60 146 .25 133 .22 62 .96 A 
D4362AS .54981E+15 33 .94 . 3 3 5 0 5 E H 5 33 .45 . 31639E + 13 28 .78 112 .61 106 .13 55 .65 A 
D4462AS .58460E+14 31 .70 • 43836E+14 31 .41 . 14277E+13 27 • 99 84 .81 81 .55 49 .21 B- C 
D4522AS .47302E+13 29 . 18 .41996E+13 29 .07 • 11158ET13 27 .74 59 .15 58 . 10 47 .34 A 
D4562AS .17956E+14 30 .52 .13637E+14 30 .24 •78716E+12 27 .39 71 .97 69 .17 44 .81 B- C 
D4243AS •60514E+16 36 .34 .30215E+16 35 .64 »1034BE+14 29 .97 146 .08 136 .09 66 .45 A 
D4323AS .22920E+15 33 .07 .13354E+15 32 .53 •30986E+13 28 .76 101 .28 94 .58 55 .47 A 
D4443AS .58330E+14 31 .70 .44422E+14 31 .42 . 14533E+13 28 .00 84 .78 81 .70 49 .35 B- C 
D4543AS .23534E+14 30 .79 .18646E+14 30 .56 »84261ET12 27 .46 74 .79 72 .36 45.29 A- B 
D4365AS . 1 2 6 8 9 E H 6 34 .78 . 66997E+15 34 .14 .14558E+13 28 .01 123 .93 115.24 49 .36 B 
D4465AS .13931E+15 32 .57 .89446E+14 32 .12 • 1 1 8 5 7 E H 3 27 .80 95 .09 89 .76 47 .80 B 
D4565AS .58817E+14 31 .71 .41383E+14 31 .35 .72668E+12 27 .31 84 .88 80 .91 44 .24 A- B 
D4467AS . 4 2 2 1 0 E H 5 33 .68 . 25022E H 5 33 . 15 . 1 3 4 4 7 E H 3 27 .93 109 .13 102 .39 48 .75 C 
D4367AS . 1 6 6 5 4 E H 6 35 .05 . 89018E + 15 34 .42 . 2 2 5 6 0 E M 2 26 . 14 127 .69 119 .08 36 .66 C 

r\) vQ -o 



APPENDIX III 

Microhardness Data from the T1 
Torsion Specimens 

Cu 
Initial Mean Twist Rate 
Temp 
°C 

0.016 0.17 1.56 4.7 14 75 

295 54.0 52.6 52.6 51.5 55 5 
355 52.0 52.5 51.2 53 .6 
415 49.8 51.0 52.6 52.6 52 6 
475 72.4 74.1 75.4 77-0 

5* Cu 
Initial Mean Twist Rate 
Temp 
°C 

0.016 0.052 1.53 4.7 14.75 

295 56.3 55.5 63.1 63.1 67.0 
355 57.0 54.4 58.7 63.1 61.3 
415 79.8 77.8 81.8 80.5 79.2 
475 110.0 109.0 110.1 110.4 111.9 

l%Cu 

5%Cu 

ncu 

5%Cu 

TF 

T1 

TF 

T1 

HARDNESS RESULTS 

AS EXTRUDED 

ER 

2 0 : 1 
50:1 

2 0 : 1 
50:1 

EXTRUSION TEMP DEG.C 

300 350 400 450 

62 

63 

84 
90 

59 

64 

8 1 

90 

58 

60 

89 

101 

64 

70 

114 

121 

BILLET PREHEAT MATERIAL 

TEMP DEG.C 

300 350 400 450 

50.2 

50 

58 

58.9 

50.5 

50.3 

62 
6 2 . 2 

51 

54 

63.8 

82.2 

53 

64.8 

81.5 

109 

500 

76 

84 

125 

135 

500 

57 

75.1 

95 

119 

VARIATION IN HARDNESS 

ACROSS THE EXTRUDE 

Tl + T6 

4%Cu 2014 

Tl TEMPER 

EXTN 
CODE 

BILLET 
TEMP 

I4152A 300 

I4352A 400 

I4512A 475 

D4162A 300 

D4352A 400 

D4522A 475 

CENTRE 

94.1 

110 

115 

93.6 

89.2 

115 

MID-RADIUS 

94 . 1 

110 
116 
91.6 

91.6 

115 

T6 TEMPER 

T1,TF and T6 hardness measurements 
specimens and extrudes. 

from torsion 

EDGE 

94.1 

113 

113 

93.6 

97.5 

113 

EXTN 
CODE 

BILLET 
TEMP 

CENTRE MID-RADIUS EDGE 

I4152A 300 161 160 164 

I4352A 400 171 176 170 

I4522A 475 165 169 165 

D4162A 300 159 156 159 

D4362A 400 156 153 156 

D4522A 475 155 153 159 

rv) vD 00 



AGEING CHARACTERISTICS 

l%Cu To 5%Cu 

T6 

INITIAL BILLET TEMP = 400 DEG.C 

120 DEG.C 

% Cu Time (Hours) 

1 5 20 40 183 528 

1 76 81 86 89 102 126 

2 86 93 100 105 114 132 

3 100 104 105 106 115 137 

4 111 112 115 117 128 150 

5 118 119 124 128 138 156 

160 DEG.C 

» Cu Time (Hours) 

1 10 ]J) 40 100 1000 

1 106 120 121 122 122 103 
2 106 122 126 132 128 112 

3 107 134 136 140 139 122 

4 113 153 157 156 151 134 

5 115 155 163 162 159 138 

180 DEG.C 

% Cu Time (Hours) 

0.5 3 8 19 44 86 230. 

1 112 121 121 116 107 104 95 

2 116 128 131 126 121 115 106 

3 117 139 142 138 135 124 116 

4 120 150 157 154 145 134 125 

5 128 159 163 159 152 141 131 

T5 TEMPER 

4%Cu (C.H.) 

180 DEG.C 

Time (Hours) 
EXTN 
TEMP 0.75 3 8 18 95 300 

475 103 127 135 130 117 98 

400 81 87 96 98 90 89 

350 74 74 77 77 73 68 

160 DEG.C 

EXTN Time (Hours) 
TEMP 1 10 18 36 100 500 

475 107 130 138 137 121 104 

400 86 90 97 101 103 84 

350 76 78 79 79 78 65 

T5 TEMPER 

4%CU (S.S.) 

180 DEG.C 

Time (Hours) 

EXTN 
TEMP 0J> 4_jJ5 8 y £8 300 
475 113 152 155 150 138 118 
400 101 134 137 135 124 98 
350 94 111 116 115 111 93 

160 DEG.C 

Time (Hours) EXTN 
TEMP 1.5 12 18 y 75 225 950. 
475 115 147 155 156 155 142 100 
400 104 118 127 137 136 123 84 
350 99 108 112 122 124 114 72 



500 

TENSILE RESULTS 

TI TEMPER 

l%Cu 

2%Cu 

3%Cu 

5%Cu 

EXTRUDE 
rr'DE 

D1443 

D1143 

D2443 

D2163 

D3443 

D3163 

D543L4 

D513L4 

PROOF 
STRESS 
MN/m 2 

153.1 

129.4 

237.1 

153.3 

278.4 

162.3 

308.7 

191.4 

U.T.S 

MN/m2 

284,3 

224. 5 

405.3 

290.1 

453.8 

306.4 

470.3 

337.5 

% 
STRAIN 

31.3 

30.2 

29.6 

29.0 

28.9 

26.1 

20.5 

20.5 

T6 TEMPER 

l%Cu 

2%Cu 

3%Cu 

5%Cu 

EXTRUDE 
CODE 

D1443 

D1143 

D2443 

D2163 

D3443 

D3163 

D543L4 

D513L4 

PROOF 
STRESS 
MN/m 2 

357.0 

225.4 

418.3 

283.7 

437.3 

311.4 

542.0 

425.3 

U.T.S 

MN/m 2 

394.3 

323.6 

492.7 

418.6 

512.3 

445.3 

589.0 

520.2 

% 
STRAIN 

22.6 

2 6 . 2 

20.0 

25.3 

19.3 

23.3 

1 6 . 0 

19.1 



T6 TEMPER 
301 

EXTRUDE 
CODE 

Tl TEMPER 

4% Cu ~ CONVENTIONALLY HEATED (C.H.) 

PROOF 
STRESS 
MN/m2 

U.T.S. 

MN/m2 
STRAIN 

EXTRUDE 
CODE 

4 %Cu - (C.H.) 

PROOF 
STRESS 
MN/m2 

U.T.S. 

MN/m2 

% 
STRAIN 

D4162A 183.1 331.8 24. 1 D4162A 402.8 507.3 19.4 

D4432A 290.5 468. 7 24. 3 D4262A 393.3 490.4 16.8 

D4133A 216.2 382.0 18.1 D4362A 384.2 472.3 13.9 

D4243A 158.1 316.1 22.9 D4432A 525.9 579.5 17.7 

D4343A 206.4 367.8 24.4 D4522A 522.9 579.0 17.6 

D4543A 295.7 479.5 22.0 D4133A 399.3 519.3 18.0 

D4315A 283.4 456.8 26.7 D4343A 357.4 446.7 15.4 

D4365A 196.3 357.9 23.3 D4543A 516.7 576.7 18.0 

D4515A 321.0 497.4 27.0 D4115A 403.2 518.0 18.6 

D4315A 377.0 462.3 21.3 

4% Cu - PRE SOLUTION SOAK (S.S.) D4365A 364.4 470.2 16.8 

D4465A 395.7 497.8 15.4 

D4515A 515.3 575.4 16.9 
EXTRUDE PROOF U.T.S. % 
CODE STRESS 

MN/m 2 
STRAIN I4152A 400.6 505.2 18.5 

M N / m 2 MN/m 2 
I4152A 400.6 505.2 

I4252A 390.2 489.7 16.7 
D4162AS 252.3 420.1 20.0 

I4352A 413.2 502.4 17.7 
D4243AS 285.3 458.4 22.1 

I4352A 

I4432A 528.0 584.1 17.4 
D4443AS 300.8 509.9 21.6 

I4522A 528.0 586.6 16.8 
D4543AS 354.3 535.7 24.7 

D4365AS 300.1 464.8 22.0 

D4565AS 349.8 522.1 23.1 

T5 TEMPER 

4%Cu - (C.H.) 
T6 TEMPER 

EXTRUDE PROOF U.T.S. % 
CODE STRESS STRAIN 

4% Cu - (S.S.) 
MN/m 2 MN/m 2 

4% Cu - (S.S.) 
MN/m 2 MN/m 2 

D4522A 456.9 531.0 16.1 

D4432A 358.2 455.4 15.9 
EXTRUDE PROOF U.T.S. % 
CODE STRESS STRAIN I4522A 497.6 571.6 16.8 

MN/m 2 M N / m 2 
STRAIN 

I4432A M N / m 2 
I4432A 401.0 504.4 15.8 

D4162AS 410 .6 515 .2 

D4262AS 400 .1 511, .6 

D4363AS 517 .2 574, .6 

D4462AS 525 .4 576, .4 

D4562AS 510 .6 573. .1 

D4243AS 388 .0 495. ,2 

D4323AS 512 .4 569. ,8 

D4443AS 530, .5 579. ,0 

D4543AS 515, .2 581. 5 

D4465AS 519, .5 566. 7 

D4565AS 518, .2 569. 3 

1 8 . 6 
17.5 

17.0 

15.8 

18.1 

16.1 

18.8 

16.1 
17.8 

16.9 

16.9 

4%Cu - (S.S.) 

EXTRUDE 
CODE 

PROOF 
STRESS 
MN/ji>2 

U.T.S. 

MN/m2 

% 
STRAIN 

D4162AS 325. 0 439 .3 18. 8 

D4362AS 431. 0 516 .5 13. 9 

D4462AS 458. 0 524 .5 16. 2 

D4562AS 462. 5 546 .8 17. 3 

D4243AS 364. 7 459 .1 14. 2 

D4323AS 428. 9 514 .9 16. 8 

D4543AS 505. 0 584 .1 18. 5 

D4443AS 436. 3 525 .6 18. 3 



FRACTURE TOUGHNESS TESTS (C.O.D.) 

T6 TEMPER 4% Cu (C.H.) 

EXTRUSION 
CODE ar 

mm 
VP 
mm 

Vc 
mm 

Pc 
KN 

Sc 
mm mm M N / m 3 / 2 

D4522A 5. 70 0. 178 0. 413 2. 92 0. 0531 44. 11 

D4522A 5. 83 0. 124 0. 375 3. 21 0. 0480 41. 92 

D4432A 5. 97 0. 174 0. 409 2. 94 0. 0540 44. 58 

D4432A 5. 46 0. 178 0. 406 3. 18 0. 0556 45. 23 

D4362A 5. 68 0. 107 0. 328 3. 26 0. 0522 37. 46 

D4362A 5. 15 0. 114 0. 341 3. 13 0. 0561 40. 40 

D4262A 6. ,45 0. 12 5 0. 359 2. 12 0. 0422 34. 06 

D4262A 5. ,50 0. ,138 0. ,350 3. 31 0. ,0562 39. 31 

D4162A 5, .31 0. .113 0. ,314 3. ,46 0. ,0505 37 . ,73 

D4162A 5, .88 0. ,073 0. ,291 2. ,73 0, ,0377 32. ,62 

I4522A 5, .75 0. .222 0, .474 3, .30 0, .0699 49, ,73 

I4522A 5, .34 0, .199 0, .425 4, .04 0 .0704 51, .00 

I4432A 5 .61 0, .160 0, .399 3, .58 0 .0580 46, .28 

I4432A 5 .60 0 .199 0 .437 3 .72 0 .0677 50 .01 

I4352A 5 .69 0 .141 0 .395 3 .51 0 .0615 42 .15 

I4352A 5 .99 0 .182 0 .406 2 .86 0 .0604 41 .78 

I4252A 5 .45 0 .121 0 .337 3 .61 0 .0574 39 .59 

I4252A 5 .89 0 .125 0 .346 2 .90 0 .0514 37 .45 

I4152A 5 .56 0 .126 0 .385 3 .47 0 .0568 39 .92 

I4152A 5 .68 0 .182 0 .406 2 .86 0 .0585 40 .52 

T6 TEMPER 4% Cu (S.S. ) 

EXTRUSION 
CODE 3 

mm 
Vp Vc PC £c K 
mm mm KN mm MN/m3/2 

D4562AS 4. 71 0. ,182 0. ,391 4. 75 0. 0726 50. ,97 

D4562AS 5. 13 0. ,192 0. ,437 3. 73 0. ,0648 48. 16 

D4462AS 5. 55 0. ,191 0. 426 3. 79 0. 0668 49 . ,56 

D4462AS 5. ,60 0. ,192 0. ,437 3. ,61 0. .0648 48. ,79 

D4362AS 6. ,14 0. ,170 0. ,441 2. .88 0. .0545 44 , .40 

D4362AS 5. ,56 0. .166 0, ,404 3. .81 0, ,0627 47, . 63 

D4262AS 5. .77 0. .153 0. .367 2, .95 0. .0546 39, .62 

D4262AS 5, .94 0, .172 0, .387 3, .14 0, .0639 42, .86 

D4162AS 5, .93 0, .139 0, .386 3, .14 0, .0577 40. .76 

D4162AS 5, .89 0, .131 0, .369 2, .95 0 .0520 38 .66 

T5 TEMPER 4%Cu 

EXTRUSION 
CODE ar 

D4522A 5.56 

D4522A 6.14 

D4432A 5.84 

D4432A 5.55 

I4522A 5.25 

I4432A 5.51 

D4562AS 5.38 

D4362AS 5.62 

Vp Vc 
mm mm 

0.229 0.483 

0.261 0.521 

0.340 0.575 

0.340 0.580 

0.246 0.460 

0.284 0.514 

0.205 0.432 

0.265 0.502 

Pc 6c 
KN mm 

3.42 0.0727 

2.62 0.0680 

2.70 0.0890 

2.54 0.0873 

4.10 0.0825 

3.24 0.0843 

3.58 0.0690 

3.20 0.0782 

K 
MN/m3/2 

48.22 

46.63 

47.20 

46.77 

53.50 

48.65 
VN 

47.24 O IV) 
48.59 



2014 - T6 
CH Direct Extrudes 

ER = 20: : 1 
ctn. TI Centre • 

3de (°C) (mm) 
162A 500 0.266 0.041 
>62A 350 0.521 0.040 
562A 400 0.659 0.100 
+52A 450 0.019 0.005 
522A 480 0.014 0.005 

ER = 50 : 1 
133A 500 0.251 0.050 
343A 400 1.068 0.158 

Edge 
(mm) 
0.180 

0.266 
0.487 
0.510 

0.248 
0.992 

0.028 

0.040 
0.0J6 
0.065 

0.052 

0.150 

Extn. 
Code 

SS Direct Extrudes 
ER - 20:1 

Tj Centre -
(°C) (mm) 

Edge 
(mm) 

S4162A 500 0.297 0.110 0.152 0.015 
S4262A 550 0.400 0.150 0.178 0.014 
S4562A 400 0.028 0.004- 0.240 0.01? 
S4462A 450 0.051 0.005 
S4562A 480 0.057 0.004 

5/ Cu - T6 
Tj = 400°C 
ER = 50:1 

CH Indirect Sxtrudes 
Liner 
Temp °C 

V 

mm/s 
Centre 
(mm) 

+ Edge 
(mm) 

+ 

ER = 20 :1 
450 13 0.940 0.220 0.680 0.086 

ctn. Centre i Edge 1 400 0.550 0.070 ctn. I Centre Edge 400 3 0.550 0.070 0.4-32 0.155 
3de (°c) (mm) (mm) 400 13 0.525 3de (°c) (mm) 400 13 0.525 0.140 0.578 0.085 
152A 500 0.518 0.060 0.156 0 028 350 0.4-18 0.045 152A 500 0.518 0.156 350 3 0.4-18 0.045 0.505 0.059 
?52A 350 0.540 0.090 0.208 0 500 350 13 0.4-12 0.085 
?52A 350 0.540 0.090 500 350 13 0.4-12 0.085 0.418 0.079 
552A 400 0.585 0.111 0.204 0 045 500 0.4-51 0.022 552A 0.585 045 500 3 0.4-51 0.022 0.594 0.061 
*52A 450 0.021 0.005 0.510 0 .055 500 13 0.4-74 0.056 *52A 450 0.005 0.510 .055 500 13 0.4-74 0.056 0.528 0.056 
522A 480 0.027 0.006 200 0.507 0.129 522A 480 0.027 0.006 200 3 0.507 0.129 0.251 0.041 

ER = 50 :1 200 0.279 ER = 50 200 13 0.279 0.019 0.207 0.045 
125A 500 0.269 0.045 0.180 0 021 The Effect of Liner Temperature on the Transvers 
325A 400 0.560 0.050 0.250 0 050 Recrystallized Grain Size 

1/ Cu 

T6 Temper 
Recrystallized Depth Measurements 

2/ Cu Cu 5/ Cu 
Extn Depth Extn Depth Extn Depth Extn Depth 
Code (mm) Code (mm) Code (mm) Code (mm) 
D1522 0 D2522 0 D5522 0.59 D5522 0.8 
D1422 0.2 D2422 1.18 D5422 1.0 D5422 2.5 
D1552 2.6 D2542 3-05 D5543 1.2 D553L4 0.99 
D1553 0 D2545 0.46 D5445 1.6 D54-5L4 1.77 
D1445 0.9 D2445 1.0 D3545 1.2 
D1545 2.74 D2545 0.4 D34-55 1.9 
D1545 0.09 D2455 1.6 > tt 

tt 
H 
X 

D1445 
D1545 
D14510 

0.8 
4.7 
0.84 

D2545 
D24510 

3-58 
1.0 

> tt 

tt 
H 
X 

D15510 1.7 H 

CH Direct Extrudes 
ER « 50:1 

/Cu Extn. TI Centre + 

Code (°C) (mm) 
1 D1145A 500 0.198 0.021 
2 D2165A 500 0.213 0.060 

3 D5165A 500 0.220 0.040 

5 D513L4 500 0.267 0.051 

T6 Temper - Recrystallized 
Grain Size Measurements 

VM o 
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APPENDIX V 

EXPERIMENTAL ERROR 

During the course of the experimental work repeat tests 
were made where possible to estimate the accuracy of the 
results. Listed below are the percentage reproducibilities 
found from the duplicate tests: 

The accuracy of the temperature rise during extrusion 
and torsion testing could not be experimentally verified but 
are considered to be realistic after comparison with the 
structure and properties of the extrudate and torsion 
specimens. 

It should be noted that the figures quoted are for the 
maximum error observed, and it was generally found that 
percentage error was well within these limits. 

Parameter % Reproducibility Error 

Extrusion Load 
Extrusion Ram Speed 
Torque 
Twist Rate 
Tensile Strength 
Elongation 
Fracture Toughness 
Hardness 
Microhardness 

4% 
4% 
4% 
5% 
3% 
8% 

14% 
8% 
6% 
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Billet cooling curve 

Container 50°C below billet temperature 
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APPENDIX VI 
Programme THTEMP 

Computer programme to calculate the temperature 
distribution and the volume average and area average 
temperature rise in a torsion specimen using a finite 
difference method which allows for heat generation, radial 
and axial conduction and correction heat transfer from the 
surface. The stress distribution and hence energy input is 
determined from the homologous strain analysis described in 
section 2.2.1. where 90% of te energy input is assumed to be 
converted into heat energy. 

Input Data: 
Initial Temperature (°C) 
Shear strain to peak 
Shear strain rate (sec~l) 
Hot Working Constants at 1.0, 0.75 and 0.5 homologous 

strain 
A Value of Modulus 

The modulus value determines the time increment for the 
analysis. The stress as a function of strain is determined 
using the appropriate strain dependent hot working 
constants. 

Internal Data: 
Thermal conductivity 
Specific heat 
Density 
Specimen radius 
Specimen length 

193.2 (W/mOK) 
913.0 (J/KgOK) 

2800.0 (Kg/m3) 
0.005 (m) 
0.010 (m) 

Output Data: 
Volume average and area average temperature rise (OC). 
Temperature distribution on Tape 6. 



00100 PROGRAM 1MTFMP ( INPUT . OUTPUT . TAPE5=INPUT . TAPE6 . IAPF9, I APE10 »1 APF1 
00110C 
00120C 
00130C 
00140C 
00150C 
00160C 
00170C 
00180C 
00190C 
00200C 
00210C 
00220C 
00230C 
00240C 
00250C 
00260C 
00270C********** ***************************************************** 
00280C 
00290 DIMENSION TOLD < 100.50> . TNEW(100 . 50 ) . TRISE ( 50) . H < 100) . EL.VUL < 21) . 
00300+STRESS(100)fSTRAN(IOO) fAVAREAT(SO)>ELAREA(SO)FHTMP(3) F A IMP(3)F 
00310+TART <100 > F DOT(100)fRMAX(100)»NUM(100).MSG!4)fINAMF(4)FNNAME(4) 
00320 REAL LENGTH 
00330C 
00340C SET NUMBER OF STEPS ALONG THE SPECIMEN RADIUS 
00350C FRAC = FRACTION OF WORK TURNED TO HEA1 
00360C 
00370 R-8.314 
00380 PI = 3.14159 
00390 NSTEPS = 10 
00400 MAX1 = NSTFPS + 1 
00410 FRAC = .90 
00420 RADIUS = .005 
00430 LENGTH = .01 
00440 VOL = PI*RADIUS*RADIUS*LENGTH 
00450 AREA = PI*RADIUS*RADIUS 
00460C SET THERMAL PROPERTIES UP ALUMINIUM 
00470C ALL UNITS ARE MNS 
00480 ALK = 176 
00490 ALC = 913 
00500 ALRHO = 2800 
00510 ALPHA = ALK/(ALC*ALRHO) 
00520C 
00530 PRINT*.' DO YOU REQUIRE INFORMATION ON DATAPILE FORMA! ' 
00540 REAIK5.1000) ANS 
00550 1000 FORMAT(A3) 
00560 IFIANS.EO.1HY) CALL INFO 
00570C 
00580C 
00590 PRINT*.' ENTER THE CONSTS DATAFILE NAME ' 
00600 READ!5.2000) INAME<3) 
00610 2000 FORMAT(A10) 
00620 DATA INAME<1)/9HGET.TAPE9/.INAME<2>/1H=/.INAME< 4)/1H./ 
00630 CALL PFREO(INAME.MSG.ICODE> 

R.P.V 4/82 VERSION 1.0 
FINITE DIFFERENCE METHOD FOR CALCULATING TEMPERATURE 
RISE IN A TORSION SPECIMEN. ALLOWING FOR HEAT 
GENERATION AND C0NVECT1VE UFA I TRANSFER FROM Till 
SURFACE. 

CONDUCTION CONSIDERED ALONG DOTH THE SPEC 1 MAN AXIS 
AND ITS RADIUS. ENDS OF GAUGE LENGTH ARE HELD A1 INITIAL 
TEMPERATURE. 1= LENGTH AXIS OF SPECIMEN 

J= RADIAL AXIS 

THIS VERSION HAS BEEN ADAPTED FOR I HE HOMOLOGOUS SI RAIN 
MODEL . VALUES OF THE HOT WORKING CONSTANTS ARF READ ONTO 
TAPE9. DATA FOR INDIVIDUAL SPECIMENS ON TAPE10. 

00640C 
00650 REAIKVf*) DH1.ALFA1 .ENO.AC0N1 . DH3 . ALE A J «l.'N3 • AC'ON 3 > 
00660+DH4fALFA4.EN4.AC0N4 
00670C SET AMBIEN1 ROOM TEMP 
00680 TAMB = 20 
00690C 
00700C WORK OUT DIMENSIONS OF ELEMENT 
00710C 
00720 DELTA = RADIUS/FLOAT<NSTEPS) 
00730C DHALF = DELTA/2.0 
00740 DSQUARE = DELTA*DFI.TA 
00750 LMAX = IFIXILENGTH/DELTA) 
00760 LMAX1 = LMAX+1 
00770 PRINT*.' ENTER THE DATA FILE NAME ' 
00780 READ <5f678)NNAME(3> 
00790 678 FORMAT < A10) 
00800 DATA NNAME( 1 )/10HGET. TAF'EIO/ .NNAMf > / 1 H=/. NNAME ( 4 ) / 1H . / 
00810 CALL PFREQINNAME.MSG.ICODE) 
00820C 
00830 READtlO.*) NPTS 
00840 DO 453 L=1.NPTS 
00850 453 READ( 10»* H NUM( 1.). TART < L ) . DOT (L ) . RMAX (L > ) 
00860 PRINT 711 
00870 711 FORMAT!* CLACULATED PEAK TEMPERATURES:*/ 
00880+* SPECIMEN T(0.5H) T(0.75H) T(J.OH)*/ 
00890+* NUMBER*/ 
00900+* */) 
00910 DO 454 L=1.NPTS 
00920 TSTART = TART(L) 
00930 GDOT = DOT(L) 
00940 GMAX = RMAX(L) 
00950 DH=DH1 
00960 EN=EN0 
00970 ALFA=ALFA1 
00900 AC0N=AC0N1 
00990 DO 10 I=1.LMAX1 
01000 DO 10 Jsl.MAXl 
01010 TNEU(I.J) == TSTART 
01020 10 TOLD!I.J) = TSTART 
01030 K=0 
01040 
01050C CALCULATE HEAT TRANSFER COEFFICIENT AND BIOT NUMBER 
01060 
01070 H(1) = 3.79*(TSTART-TAMB>**0•25 
01080 BIOT = H(1)*2.*DELTA/ALK 
01090 BIGGEST = 1./(2.*(3.+BIOT)) 
01100 DO 15 I*1.LMAX1 
O H I O 15 H( I) = H(1) 
01120 IF (BIGGEST .GT. 0.25) BIGGEST = 0.25 
01130C 
01140C READ IN MODULUS ETC 
01150C 
01160 AM0D=0.1667 
01170 GDOT=GDOT*PI 
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0 2 2 6 0 74 TAREA=TAREA+TNFW(I.J)*EI AREA!.I) 
0 2 2 7 0 73 A V A R E A T ( I ) = T A R E A / A R E A 
0 2 2 8 0 C P R I N T * . ' A R E A A V E T E M P P R O F I L E ' 
0 2 2 9 0 C P R I N T * . ( A V A R E A T < I) .1 = 1.I.MAX 1 > 
0 2 3 0 0 A T M P < K ) = A V A R E A T ( 1 1 ) 
0 2 3 1 0 I F ( T I N ,E0. 1.0) GO m 6 0 6 
0 2 3 2 0 G L I M I T = G L I M I T 1 G M A X / 4 . 0 
0 2 3 3 0 I F ( G L I M I T . L E . G 3 ) GCI TO 90 
0 2 3 4 0 GO TO 9 9 
0 2 3 5 0 98 0 M = D H 3 
0 2 3 6 0 A C 0 N = A C 0 N 3 
0 2 3 7 0 A L F A = A L F A 3 
0 2 3 8 0 E N = E N 3 
0 2 3 9 0 GO TO 111 
0 2 4 0 0 99 D H = D H 4 
0 2 4 1 0 A C 0 N = A C 0 N 4 
0 2 4 2 0 ALFA=Al.FA4 
0 2 4 3 0 E N = E N 4 
0 2 4 4 0 111 C O N T I N U E 
0 2 4 5 0 IA=1 
0 2 4 6 0 GO TO 47 
0 2 4 7 0 48 IF IGAMTOT .GE. G O U T ) GO 10 40 
0 2 4 8 0 GO TO 17 
0 2 4 9 0 C 
0 2 5 0 0 C W R I T E OUT R E S U L T S 
0 2 5 1 0 C 
0 2 5 2 0 C 40 W R I T E (6-600) GAM TO! • T S T A R I . D U O T • S T R E S S . E N 
0 2 5 3 0 C 6 0 0 F O R M A T ( 1HS/'1 T E M P E R A flJRE. I" 1 01 K IHU T J U N ACROSS; A T O R S I O N S P E C I M E N ' / 
0 2 5 4 0 C + ' T W I S T E D TO A S H E A R S T R A I N O F ' . E 5 . 2 . ' F R O M '.Ffi.l.' D E G R E E S C ' / 
0 2 5 5 0 C + ' W I T H A S H E A R S T R A I N R A T E Or ' , ) ! • . . ' P E R S E C ' / / 
0 2 5 6 0 C + ' S T R E S S = ' . F 5 . 1 . ' ( S T R A I N R A T E ) * * *.f 6 . 4 . ' ( M N / M * * 2 > ' > 
0 2 5 7 0 C W R I T E (6.620) 
0 2 5 8 0 C 620 F O R M A T ( / * T E M P E R A T U R E P R O F I L E A L O N G T H E A X I S O F T H E S P E C I M E N * / 
0 2 5 9 0 C + * IN G R O U P S F R O M THE: f'E'NTPE' 10 THE O U T S I D E R A D I U S * ) 
0 2 6 0 0 40 S U M = 0 . 0 
0 2 6 1 0 DO 60 J = 1 » M A X 1 
0 2 6 2 0 T O T A L = 0 . 0 
0 2 6 3 0 W R I T E ( 6 . 6 3 0 ) ( T N E W ( I . J ) . I = 1 . L M A X 1 > 
0 2 6 4 0 6 3 0 F 0 R M A 1 ( / • 2 0 ( I X . F 5 . 1 ) > 
0 2 6 5 0 DO 50 I = 1 . L M A X 1 
0 2 6 6 0 50 T O T A L = T O T A L + T N E W ( I . J ) 
0 2 6 7 0 TOTAL = 7 0 T A L * ELVCII. ( J > /PI (V. I (I.MAX t i 
0 2 6 8 0 60 S U M = SUM + T O T A L 
0 2 6 9 0 TAV = S U M / V O L 
0 2 7 0 0 W R I T E ' 6 » 6 4 0 ) TAV 
0 2 7 1 0 6 4 0 F O R M A I ! * VLUIIME AVI R A G E TEMPERATURE'- * . F 6 . 2 ) 
0 2 7 2 0 I R O U N D = I R O U N D + 1 
0 2 7 3 0 G O U T = G M * F L O A T ( I R O U N D ) / F L O A 1 < EPREM I > 
0 2 7 4 0 IF ( I R O U N D .I.E. I P R I N T ) (ill TO 17 
0 2 7 5 0 IT ( GM .GE. G M A X / 5 . ) GO 10 120 
0 2 7 6 0 G M = G M A X / 5 . 
0 2 7 7 0 GO TO 110 
0 2 7 0 0 120 IF (E1M . OF. HMA* > GO 10 13<-
02""70 GM =•- Oh.'.* 

02LI00 G O TO 1 1 0 
0 2 0 I O C 130 P R I N T 6 4 0 , LAV 
0 2 0 2 0 130 T I N * 1 . 0 
0 2 0 3 0 K - N H . O 
0 2 0 4 0 H T M P < K ) = T A V 
0 2 0 5 0 P R I N T * » D H »E:N , A L F A , A C O N 
0 2 0 6 0 G O TO 6 0 5 
0 2 0 7 0 6 0 6 P R I N T 4 0 0 0 , < NI.JM (L. > » H T M P ( 1 ) • H E ME'( 2 ) , H I M P ( 3 ) > 
0 2 0 0 0 4 0 0 0 F O R M A T ( 3 X , I 3 , 7 X , F 6 . 2 , 5 X , F 6 . 2 , 6 X . F 6 . 2 ) 
0 2 0 9 0 W R I T E ( 1 1 , 5 0 0 0 ) (NUM(l.) , ATME:' ( 1 ) , A T M P ( 2 ) , A I M P ( 3 > I 
0 2 9 0 0 5 0 0 0 F O R M A T ( 3 X , 1 3 . 7 X , F A . 2 , 5 X . F 6 . 2 . 6 X . F A . 2 > 
0 2 9 I O C 
02920E' D H = D H 1 
0 2 9 3 0 C A L F A = A L F A 1 
0 2 9 4 0 C E N = E N 1 
0 2 9 5 0 C A C 0 N = A C 0 N 1 
0 2 9 6 0 4 5 4 C O N T I N U E 
0 2 9 7 0 C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
0 2 9 8 0 C 
0 2 9 9 0 P R I N T * , ' M A X I M U M AEi'E'A AVFEiAGF TEMPE.-RA I UREiS ARE.' O N TAPL'll ' 
0 3 0 0 0 C 0301 oc: 
0 3 0 2 0 S T O P 
0 3 0 3 0 E N D 
0 3 0 4 0 S U B R O U T I N E I N F O 
0 3 0 5 0 P R I N T 3 0 0 0 
0 3 0 6 0 3 0 0 0 F O R M A K * T W O D A T A F I L E S A R E R E O U I R F D , O N E C O N T A I N I N G T H E * / 
0 3 0 7 0 C 
0 3 0 0 0 1 * H O T W O R K I N G C O S T A N T S IN T H I S O R D E R : */ 
0 3 0 9 0 1 * D E L T A H , A L P H A , N , L O G A * / 
0 3 1 0 0 + * W I T H 0 . 5 H F I R S T T H E N 0 . 7 5 A N D I . O H .*/ 
0 3 1 1 0 + * A S E C O N D D A T A E I L E W I T H T H E N U M B E R O F T E S T S T H E N : */ 
0 3 1 2 0 + * S P E C I M E N N U M D E R ( N U M E R I C ) , T E M P ( D E G . C ) » S H E A R S T R A I N R A T E . */ 
0 3 1 3 0 + * A N D S H E A R S T R A I N TO P E A K T O R O U E . * / 
0 3 1 4 0 + * T H I S P R O G R A M W I L L N O W T E R M I N A T E : * / 
0 3 1 5 0 + * H A V E A N I C E D A Y - R I C K --*) 
0 3 1 6 0 S T O P 
0 3 1 7 0 E N D 

VM O vO 
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Programme TRQGRAF 

Computer programme to calculate values of the 
stress-strain rate exponents and hot working constants from 
raw torque twist data via the graphical analysis described 
in section 2.2.2.2. 

Input Data: 

Initial test temperatures (oc) 
Mean Twist rate (Rev/sec) 
Peak Torque (Nm) 

The date is entered in free format in the form of a 
matrix:-

x y 
X(l) X(2) X (x) 
Y(l) Tyixi Tyix2 Tygxx 
Y(2) Ty2xi Ty2X2 Ty2Xx 

Y(y) Tyyxi Tyyx2 Ty yx x 

x - number of twist rates considered 
y - number of temperatures considered 

X(l) ... X(x) the mean twist rates 
Y(1) ... Y(y) the initial temperatures 

Tyx are the relevant values of torque at the 
appropriate temperatures and twist rates. Note the matrix 
must be completed, if experimental points are not available 
these should be estimated from invididual torque -
temperature or twist rate characteristics. The data must be 
on Tape 7. 

Output Data: 

The output data is in the form of a table listing the 
individual constants, standard errors and correlation 
coefficients. The data may be saved on Tape 6. 
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01180 70 CONTINUE 
01190 TAN=AVAN/FL QAT(NSA) 
01200 TALNA=AVALNA/FLOAT(NSA) 
01210 PRINT* r' AVERAGE VALUE of N ' 
01220 WRITE < 6 F *) TAN 
01230 PRINT*F* AVERAGE VALUE OF LOG(A> • 
01240 WRITE(6 f *) TALNA 
01250 DO 90 K=1FKT 
01260 DO 95 1=1»NSA 
01270 ALZ(I)=ALOG(SA(I)*CA*EXP(DR*TI(K) ) ) 
01280 SHI (I) =ALOG(SINH< UUALPHA*CS*Sf" (K »I) ) ) 
01290 95 CONTINUE 
01300 CALL LINFIT(SHIFALZFNSA) 
01310 AN(K)=AM 
01320 ALNA(K>=B 
01330 AVAN=AVAN+AN< K> 
01340 AVALNA=AVALNA+ALNA(K) 
01350 90 CONTINUE 
01360 PRI-NT*rJ TEMP N LNA ' 
01370 DO 80 K=1»KT 
01380 PRINT *F(T(K>fAN(K)FALNA(K)> 
01390 80 CONTINUE 
01400 STOP 
01410 END 
01420C****************************************************************** 
01430 SUBROUTINE LINFIT(X.YrNTS) 
01440 COMMON RCOEFFSDEVfBFAM 
01450 DIMENSION X(50)FY(50) 
01460 SY=0 
01470 SX=0 
01480 DO 12 1=1fNTS 
01490 SX=X(I)+SX 
01500 SY=Y(I)+ SY 
01510 12 CONTINUE 
01520 SXM=SX/FLOAT(NTS) 
01530 SYM=SY/FLOAT < NTS) 
01540 AY1=0 
01550 AX1=0 
01560 DO 13 I=1fNTS 
01570 V=(X(I)-SXM)*(Y(I)-SYM) 
01580 AX1=V+AX1 
01590 W=(X<I)-SXM)**2.0 
01600 AY1=AY1+W 
01610 13 CONTINUE 
01620 AM=AX1/AY1 
01630 B=SYM-(Ah*SXM) 
01640 AX2=0 
01650 AY2=0 
01660 DO 14 I=1fNTS 
01670 AX12=(X(I)-SXM)**2.0 
01680 AX2=AX12+AX2 
01690 AY12=(Y(I)-SYM)**2.0 
01700 AY2=AY12+AY2 
01710 14 CONTINUE 

01720 DXY=SQRT< AX2*AY2) 
01730 RC0EF=AX1/DXY 
01740 SDEV=SORT (AX2) / (FLOAT < NTS ) --1 ) 
01750 WRITE(6 f *) AMFDFRCOFFFSDEV 
01760 RETURN 
01770 END 
01780C**************************************************************** 
01790 SUDROUTINE HEAD 
01800 PRINT*f' M D CORRELATION SIANDARD 
01810+ niFFEniFNT DEVIATION 01820+ —- —- -
01830 RETURN 
01840 END 
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Subroutine EXTEMP 

Subroutine to calculate the temperature rise during 
direct or indirect extrusion using the theory outlined in 
section 2.3.2. This routine calculates the temperature rise 
using an integral profile calculation and is part of a 
simple main programme used in processing the extrusion data. 

Input Data: 

BL -
BLT -

ER -
TB -
AQ1 -

DB -
v -
XI -

RANGLE -

IFLAG 

TEMPCON 
TEMPAD 

Initial billet length (m) 
Billet length at which temperature rise is 
required (m) 
Extrusion ratio 
Billet temperature (°C) 
Energy input evaluated from the load 
displacement locus (J) 
Billet diameter 
Ram speed (mm/S) 
Extent of the deformation zone esimated from the 
single triangle upper bound solutionslOO,129 

Angle of the direct deformation zone 
(radians) 
Denotes: 1 - direct extrusion 

2 - indirect extrusion 
Liner Temperature (°C) 
Pressure Pad Temperature (oc) 

Internal Data: 

Extrusion Billet 

Aluminium density 
Aluminium specific heat 
Aluminium thermal conductivity 

2800 (Kg/m3) 
1063.9 (J/KgOK) 
201.0 (W/mOK) 

Tooling 

Steel density 
Steel specific heat 
Steel thermal conductivity 

7860 (Kg/m3) 
489.76 (J/KgOK) 
32.65 (W/mOK) 

Die land length 

Output Data: 

= 0.00508 (m) 

TEMPD - Temperature of billet after temperature rise 
(°C) 



03080 SUBROUTINE EXTEMP(BL t ER t Bl.T » TB f A01 f [IB f V f XI f TEMPD f TEMPCQN f RANGLE fIf "LAG) 
03090C 
03100C 
031 IOC THIS SUB-ROUTINE CALCULATES THE TEMPERATURE RISE 
03120C DURING EXTRUSION AND IS INCLUDED IN A PROGRAMME 
03130C WHICH PROCESSES ALL THE EXTRUSION DATA 
03140C THE VARIABLES WHICH SHOULD BE PASSED TO THIS 
03150C ROUTINE ARE AS INDICATED f FURTHER DETAILS MAY 
03160C BE OBTAINED FROM S . J . PATERSON-F'H. D. THESIS 
03170C THE FOLLOWING ARE ASSUMED TO BE CONSTANT 
03180C DENSITIES OF ALUMINIUM ALLOY AND STEELfRHOALFRHOSTF 
03190C HEAT CAPACITIES OF ALUMINIUM ALLOY AND STEEL f GALF CST f 
03200C THERMAL CONDUCTIVITIES OF ALUMINIUM ALLUY AND STEELfAKAL»AKST: 
03210C LAND LENGTH-ALL 
03220C 
03230C 
03240 TEMPAD=TEMPCON-80 > 0 
03250 ALL = 0.00508 
03260 RHOAL = 2800.0 
03270 RHOST = 7860.0 
03280 CAL = 1063.9 
03290 CST = 489.762 
03300 AKAL = 201.0 
03310 AKST = 32.6508 
03320C 
03330C 
03340C SETS UP DIMENSIONS OF DEFORMATION ZONE AND 
03350C CALCULATES VALUE OF WORK CONSTANT 
03360C 
03370C 
03380 RANGLE= (90./57 . 29578 )-RANGI. E 
03390 TANANG - S IN (RANGl.E )/COS ( RANGLF > 
03400 DB2 = DB*DB 
03410 DE = S0RT(DB2/ER) 
03420C 
03430C DIRECT EXTRUSION 
03440C 
03450 IF (IFLAG.E0.2) GO TO 90 
03460 COSRAN = COS(RANGLE) 
03470 ALD = XI -(((DB-PE)/2.O)* IANANG) 
03480 GO TO 91 
03490C 
03500C INDIRECT EXTRUSION 
035 IOC 
03520 90 COSRAN = 1.0 

03530 ALD = XI 
03540 91 ALT * BL-X1 
03550C 
03560C 
03570 ALFAST = AKST/(CST*RHOST) 
03580 ALFAAL = AKAL/(CAL*RHOAL> 
03590 ALFA = SORT(ALFAST/ALFAAL> 
03600C 
03610C 
03620C CALCULATION OF CONSTANTS IN THE HEAT BALANCE EUUATUIN. 
03630C 
03640C 
03650 AK1 = (3.142*((DB2)-(DE*DE))/COSRAN)*SGRT(AKST*CST*RHOSI/12.0 > 
03660 AK2 = 3.142 *ALD/6.0*(18.0*AKST*DD*S0RT(RHOST*CST))**(2.0/3.0) 
03670 AK3 = 3.142 *ALD/6.0*DB*(10.0*AKST*DB*((RHOST*CST)**2))**(1.0/3.0) 
03680 AK4 = 3•142*ALl./6 .0*(18.0*AKST*DE*S0RT(RHOST*CST))**<2.0/3.0) 
03690 AK5 = 3.142*ALL/6.0*DE*(18.0#AKST*DE*((RH0ST*CST)**2))**(1.0/3.0) 
03700 AK7 = 3•142/6.0*ALT*(18.0*AKST*DB*SQRT(CST*RHOST))**<2.0/3.0) 
03710 AK9 = 3.142/6.0*(18.0*AKST*(DB**4)*(ALT**3)*(RHOST*CST)**?>**(1.0/3.0) 
03720 AK11 = 3.142 *DB2*SGRT(RHOST*AKST*C,ST/12 .0 ) 
03730C 
03740C 
03750C EVALUATION OF THE TEMPERATURE RISE 
03760C 
03770C 
03780 AK6 - 3.142*DE*BE/4.0*RH0AL*CAL*ER*V 
03790 AK8 = -AK7*3.0*V /(5.0*ALT) 
03800 AK10 = -AK9*3.0*V /(4.0*ALT) 
03810 TIME = BLT/V 
03820 CT0T2 = (AK1 *SCJRT ( TIME ) ) + ( ( AK2+AK4 ) *T IME ** ( 2 . 0/3 . 0 > ) I ( ( AK3 » 
03830+AK5)*TIME **(1.0/3.0)) 
03840 CT0T1 = (AK6 *TIME )+01012 
03850 CT0T3 = CT0T2 +(AK7*TIME **(2.0/3.0)) + (AKO *TIME **(5.0/3.0)> 
03860++(AK9*TIME **(1.0/3.0))+(AK10 *TIME **'4.0/3.0>> 
03870 CT0T4=(AK11*S0RT(TIME)) 
03880 TB =TB +273. 
03890 TEMPI = (TB + (ALFA*TEMPCON) ) / ( 1 . 0 1 Al.EA ) 
03900 TMPRISE = 0.9*(AQ1-<TEMPI -TEMPCON)*CT0T3-( TEMPI-IEMPAD)*CT0T4)/C1011 
03910 TEMPD = TD +TMPRISE-273.0 
03920 TB=TB-273•0 
03930 RANGLE= (90. /57. 29578) -RANGl.E 
03940C 
03950 RETURN 
03960 END ^ 



NOMENCLATURE 

Area 
Hot working constant 
Constants in hot working theory 
Constant 
Mean fatigue crack leng-th 
Constant in flow stress equation 
Burgers vector 
Constant 
Constant in flow stress equation 
Specific heat of aluminium 
Container temperature 
Specific heat of steel 
Conventionally heated material 
Recrystallized grain size 
ft elongation in tensile tests 
Billet diameter 
Extrude diameter 
Extrusion ratio 
Mean subgrain size 
Displacement to peak 
Rate of energy dissipation 
Shear Modulus 
Activation energy 
Integrals in torsion data analysis 
Plane stress fracture toughness 
Plane strain fracture toughness 
Mean shear flow stress 

k Shear flow stress 
Boltzman constant 
Constant in modified Hall Petch equation 

kA Thermal conductivity of aluminium 
kg Thermal conductivity of steel 

Peak extrusion load 
P 

L 0 Billet length 
L Gauge length of torsion specimen 

Extrude length 
M Torque 
m Exponent relating subgrain size to z 

Constant friction factor 
n Strain hardening exponent 

Strain rate exponent 
Hot working constant 

n1 Strain rate exponent 
P Extrusion pressure 
Pc Maximum load in C.O.D. tests 
AP Peak pressure increment 
PS 0.2ft proof stress 
R Gas constant 

Extrusion ratio 
R B Billet radius 
R- Extrude radius E 
r Radius 
r^ ,r2 Inner and outer radius of torsion specimen 
SS Presolution soak material 
T Temperature 

V>J T Actual temperature c VJi 
T v Final temperature 



Ty Volume average temperature rise - torsion 
TAy Area average temperature rise - torsion 
t Time 
UTS Ultimate tensile stress 
V Volume 
VQ Billet volume 
Vp Elastic component of clip gauge displacement 
Vc Plastic component of clip gauge displacement 
v Ram speed 

Velocity 
x Constant 
Y Mean yield stress 
y Constant 
Z Zener-Holloman parameter 
Zj Z calculated using initial temperature 
Zp Z calculated using peak temperature 
Z£ Z calculated using actual temperature 
Zj. Z calculated using final temperature 
oC Hot working constant 

Dislocation strengthening efficiency 
j8 Constant in hot working theory 
& Shear strain 
% Shear strain rate 
£c Critical crack opening displacement 
£ Equivalent strain 
£p Strain to peak 
£g Homologous strain 

Strain rate 
Mean strain rate 

?A Density of aluminium 
f s Density of steel 
^ Dislocation density 
cr Flow stress 

Mean flow stress 
Oj Initial flow stress 
Op Flow stress at peak 
0"0 Constant in modified Hall Petch equation 
9 Twist 
8p Twist to peak 
8ft| Homologous twist 
8 Twist rate 
X Shear stress 
p Friction coefficient 
oy Yield stress 
cr* Constant in stress equations 
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