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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 



TORSION SPECIMENS 
45-11 44-22 

a) T t = 450 C LnZ = 25.98 1 c 
t JVyTV 

• . J?' -

. V • 'r 

• • * * -ffl 
• ' /if 

b) T t = 430 C LnZ = 29.25 I c 

mm^&L • -J-

* . P i W -
2. pm 2. pm 

Plate VIII - b) Presolution soak steady state torsion 
substructure - 2014 alloy. 

45-51 

c) T = 450°C LnZ = 32.54 i c 

43-5 

d) T t = 390°C LnZ = 34.73 I c 

42-4 
e) T t = 330 C LnZ = 36.67 l c 

41-51 
f) T t = 275 C LnZ = 40.77 I c 



1 

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 



206 

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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20 30 U0 
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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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 



220 

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. 



226 

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 4.81 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. 
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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 
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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 
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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 



250 

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 



255 

5-0 

4-0 

_ 3-0 
z 

"O 
nj ̂  . 

O 2-0 

1-0 

0 Figure 4.99 Applied load vs clip gauge displacement 
T6 temper - 2014 alloy 

0-1 0-2 0-3 0-4 0-5 
Clip Gauge Displacement (mm) 

Figure 4.100 Applied load vs clip gauge displacement 
T5 temper - 2014 alloy 



256 

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. 



257 

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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Figure 4.101 Plane stress fracture toughness Kc vs 

LnZj-T6 and T5 temper-CH direct extrusion 
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Figure 4.103 Plane stress fracture toughness vs 

LnZj-T6 and T5 temper-SS direct extrusion 
of 2014 alloy 

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 



INDIRECT (CH) 
a) I4152A - T6 Tt = 300°C 

DIRECT (SS) 

b) D4162AS - T6 Tj = 300°C 

e) I4522A - T5 Tj - 475°C f) D4562AS - T5 Tj = 475°C 

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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Plate XVII. Stress Corrosion Structures of 2014 Alloy 
Unetched. 
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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 
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Figure 4.104 Limit diagram for CH direct, indirect 
and SS direct extrusion of 2014 alloy 
v = 3mm/s 



269 

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 
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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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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 



313 

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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