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a b s t r a c t

Low-temperature incipient melting and high deformation resistance of aluminium alloy

AA7075 place extraordinary demands on extrusion die design and process optimization,

especially when the shape of the extrudate is complex. The present case study was aimed

at combining the considerations on die design and process optimization for the alloy to

manufacture a complex solid profile with large differences in wall thickness, by means of

3D FEM simulation and experimentation instead of the traditional trial and error approach.

The effects of die bearing length and extrusion speed on extrudate temperature and extru-

sion pressure were predicted. The results of the simulations clearly indicate that for AA7075

extrusion speed has a strong effect on extrudate temperature and the latter largely deter-

mines the surface quality of the extruded profile. A longer die bearing allows more heat

to dissipate from the extrudate to the colder die and leads to a greater extrudate dimen-
sional accuracy. The effects of die bearing length and extrusion speed on extrusion pressure

are however insignificant. Thus, the extrusion throughput is mainly limited by the extru-

date temperature rather than extrusion pressure. The case study demonstrates that 3D FEM

simulation is a viable predictive tool for both die design and process optimization and the

approach is applicable to the extrusion of other alloys for any other extrudate shapes.

ness at 480–485 ◦C, especially in critical regions such as the tips
1. Introduction

AA7075 is a high-strength aluminium alloy extensively used
for highly stressed structural components in the aerospace,
aircraft and defence industries. It is generally acknowledged
that the alloy is very difficult to extrude, especially when the
cross-section shape of the extrudate is complex. For this alloy,
the optimization of the extrusion process in terms of reaching
a maximum extrusion speed without jeopardizing extrudate
surface and microstructural quality is far more complex than

in the case of extruding 6xxx series aluminium alloys (Dixon,
2000). Extrusion speed applicable to AA7075 (1–2 m/min) is
only a small fraction of that for a medium-strength 6xxx series
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alloy such as AA6061 (5–25 m/min) (Dixon, 2000). The low
extrudability of AA7075 is related to its chemical composition
with zinc, magnesium and copper as the main alloying ele-
ments (Zakharov, 2005). On the one hand, the extrusion speed
applicable is limited by the low incipient melting temperature
(477 ◦C) of the alloy, as a result of incomplete dissolution of low
melting point phases (i.e. AlMgZnCu eutectic phases) during
the homogenization of billets, following direct-chill casting.
The chance of resulting in speed cracking or even hot short-
University, Beijing 100084, China.

of an extruded profile, is great. On the other hand, the extru-
sion speed applicable to AA7075 is restricted by high pressure
required for breakthrough, especially when reduction ratio is
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igh in the case of manufacturing a complex profile with thin
alls. Compared with other aluminium alloys, AA7075 has
igher flow stresses that are sensitive to strain rate and tem-
erature (Lee et al., 2000). Although extrusion in the indirect
ode can effectively reduce the pressure required for extru-

ion, due to the elimination of the friction at the container
all (Sheppard et al., 1982), the process requires scalped bil-

ets and, moreover, has limited freedom in permitting a wide
ange of extrudate cross-section shapes. Therefore, across the
luminium extrusion industry, extrusion in the direct mode
s predominantly applied to the AA7075 alloy for solid extru-
ates. Both the great risk of resulting in defects and the high
emand for extrusion pressure leave the press operator with
o choice but a very low extrusion speed at the expense of
xtrusion throughput. The choice of “safe” process parame-
ers is based on the experience of the press operator who has
o predictive tools, except trial and error.

An additional limit to the extrusion speed applicable is
mposed by an undesirable coarse grain structure at the
eriphery of the extruded product, which is mainly caused
y temperatures raised locally, resulting from friction with
he die, in combination with high strain-rate deformation at
he die entrance. A peripheral coarse grain structure leads
o lowered mechanical properties and stress-corrosion crack-
ng resistance of the extruded product. When this occurs, the
xtruded product may have to be scraped. Obviously, the only
reventive measure is to predict the local temperatures of the
xtrudate on the cross-section and along the length for a given
et of process parameters, which has not been possible across
he aluminium extrusion industry yet.

The design of extrusion die plays a crucial role in deter-
ining the scope of the interplay between extrusion speed

nd billet temperature to optimize the extrusion process and
o avoid the surface and microstructure defects, in addition to
imensional accuracy. This is because extrusion pressure and
xtrudate temperature are both closely related to metal flow at
he die bearing and in turn to die design. In the open literature
n the extrusion of high-strength aluminium alloys, few publi-
ations address the issue of extrusion die design in relation to
rocess optimization for the AA7075 alloy, except the common
ense that die support, especially the support for die tongues,
ust be strengthened in order to resist high stresses acting

n the die face (Dixon, 2000). The missing link between extru-
ion die design and extrusion process optimization is mainly
ecause these are two business activities taking place often
ot under the same roof. Die design is, in general, considered
he proprietary knowledge of the die designer. Extrusion pro-
ess optimization is the task of the extrusion process engineer.
hese two are often not communicative, mainly because they
ave no common predictive tools.

The current understanding of metal flow through extru-
ion die is mostly based on the earlier research on plane or
xi-symmetric extrusion of sheet or rod, using analytical and
emi-analytical methods such as the slip line, integral pro-
le, upper bound and ideal work methods (Johnson and Kudo,
962). Undoubtedly, the research contributes to a fundamental

nderstanding of the extrusion process, especially the metal
ow patterns in the case of extrusion to produce sheets, rods
r very simple profiles. These methods have, however, a lim-

ted scope to incorporate thermal effects into the process, thus
n o l o g y 2 0 9 ( 2 0 0 9 ) 3050–3059 3051

being of limited practical use to guide the die designer and
extrusion process engineer in optimizing die design and the
process to extrude the AA7075 alloy into complex profiles.

The recent rapid developments in the process simulation
technology based on the finite element method (FEM) have
made detailed analysis of metal flow during extrusion possi-
ble. For example, physical modelling was combined with 2D
FEM simulation of cold extrusion involving plane strain and
axi-symmetric geometries (Arentoft et al., 2000). Gouveia et
al. (2001) succeeded in 3D FEM simulation of extrusion to pro-
duce a square profile and compared their simulation results
with those from physical modelling. Li et al. (2003a) studied
the influence of pocket die design on metal flow in aluminium
extrusion by means of 2D FEM simulation under the isother-
mal condition. Lee et al. (2002) applied 3D FEM simulation of
extrusion through flat dies with thermal effects incorporated.
Li et al. (2003b) used 3D FEM simulation to predict extru-
date temperatures at various extrusion speeds for a given die
bearing setting. A multi-hole pocket die with four L-shaped
openings and different pocket shapes has recently been used
to evaluate the capabilities of different FEM software packages.
The results are quite encouraging, although further research
with improved physical and numerical parameters is needed
to achieve a better agreement between FEM predictions and
experimental data (Shikorra et al., 2007). The ALE (Arbitrary
Lagrangian Eulerian) adaptive meshing method has shown its
capabilities of predicting metal flow and the final shape of the
product effectively and efficiently, although it is still under
development (Kayser et al., 2008). Unfortunately, there have
been no studies on metal flow through extrusion dies of indus-
trial significance in relation to extrusion process optimization.
In this connection, FEM simulation has generally been con-
sidered a potential tool primarily for the die designer. The
genuine interest in FEM simulation of extrusion for process
optimization is yet to be developed.

The present case study was intended to demonstrate for
the first time that, in the case of extruding the AA7075
alloy into a complex profile with varied wall thicknesses, the
design of extrusion die and the choice of process parame-
ters could be integrated by means of 3D computer simulation
to achieve optimum product quality and maximum through-
put. Three double-pocket dies with different bearing lengths
were designed and extrusion speed was varied. Extrudate tem-
perature, extrusion pressure requirement and surface quality
were predicted and experimentally validated. The knowledge
gained is expected to be transferred to similar forming pro-
cesses for this high-strength aluminium alloy and the novel
approach to be extended to the extrusion of other alloys for
any other extrudate shapes.

2. Design of double-pocket dies with
different bearing settings

Fig. 1 shows the cross-section shape and dimensions of the
profile used in the present case study. It is a typical indus-

trial profile with tips and thin walls, thus presenting quite
a challenge to the die designer and extrusion process engi-
neer, because it exerts great pressures on the die tongues,
undergoes large, inhomogeneous deformation and restricts
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Fig. 1 – Cross-section shape and dimensions of the extrudate an
(b1—die bearing 1 behind Pocket 1 and b2—die bearing 2 behind

Table 1 – Die bearing lengths behind Pocket 1 and Pocket
2

Bearing b1 [mm] Bearing b2 [mm]

Die No. 1 2.5 3.5

In hot extrusion of aluminium alloys, friction is a
highly complex thermo-tribological phenomenon. It has been
acknowledged as the most uncertain parameter in the FEM

Table 2 – Physical properties of the workpiece and
extrusion tooling and heat transfer coefficients

Physical properties AA7075 H13 tool steel

Heat capacity [N/(mm2 ◦C)] 2.39 5.6
Thermal conductivity [W/(m ◦C)] 130 28.4
Heat transfer coefficient between

tooling and workpiece
[N/(◦C s mm2)]

11 11

Heat transfer coefficient between 0.02 0.02
Die No. 2 5.0 6.0
Die No. 3 10.0 11.0

extrusion speed to be applied. To assist in balancing metal
flow through the die with very large differences in opening
size (from 4.8 to 42.8 mm), double pockets (Pocket 1 and Pocket
2 in Fig. 1) were assigned to the upper part and the lower part
of the die orifice. These two pockets were used in combina-
tion with varied die bearing lengths to regulate metal flow
through the die. Pocket 1 with a greater depth in combination
with a shorter die bearing length was intended to facilitate the
metal flow at the thinner tip (4.8 mm). Pocket 2, being shal-
lower, in combination with a relatively long die bearing length
was intended to facilitate the metal flow at the thicker tip
(7.3 mm), but to a less extent. In the middle part of the profile,
a long die bearing choked at an angle 3◦ was used to detain the
metal flow, as a choked deep bearing is known for being able to
slow down the metal flow and help to minimise the depth of
the peripheral coarse grain structure (Dixon, 2000). The inner
walls of the pockets near the die centre had a 15◦ choked angle,
which was intended to balance the metal flow there in connec-
tion with the central part of the profile. To evaluate the effect
of die bearing length on metal flow, extrudate temperature
and extrusion pressure requirement, three double-pocket dies
with bearing lengths as given in Table 1 but unvaried pocket
volumes were designed.

3. FEM simulation procedures and
experimental conditions
DEFORM 3D, an FEM-based commercial software package, was
used to simulate the extrusion of the 7075 aluminium alloy
d the basic design of the double-pocket die (half model)
Pocket 2).

through the three double-pocket dies with different bearing
length settings (Table 1). The software adopts implicit FEM to
calculate the rigid-visco-plastic deformation behaviour of the
workpiece with thermal effects incorporated, which is espe-
cially suitable for the simulation of hot extrusion as in the
present case study. The flow stress data of the AA70575 alloy
in the ASM Hot Working Guide (Prassad and Sasidhara, 1997)
were used as the input material data for the FEM simula-
tions. Its physical properties are given in Table 2. The die and
other extrusion tooling (stem and container) were assumed
to be rigid and made of the H13 tool steel with their physi-
cal properties as given in Table 2. Their thermal interactions
with the workpiece in the form of conduction were incorpo-
rated in the FEM simulations, and so were the thermal transfer
within the workpiece, die and other extrusion tooling. The
boundary conditions for the heat transfer between the objects
(workpiece, die and other extrusion tooling) and the ambient
atmosphere (air) took convection and radiation into account.
The heat transfer coefficients and emissivity specified are
given in Table 2.
tooling/workpiece and air
[N/(◦C s mm2)]

Emissivity 0.1 0.7
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Table 3 – Process parameters and billet dimensions used
in FEM simulation and experiments

Initial temperature (◦C)
Die 450
Stem 450
Container 450
Billet 470

Ram speed [mm/s] 0.4, 0.6
Extrusion speed [m/min] 0.51, 0.76
Billet diameter [mm] 110
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Billet length [mm] 220
Extrusion ratio 21.23

imulation of aluminium extrusion. In the present research,
he shear friction mode was assumed to represent the friction
etween the workpiece and die and between the workpiece
nd container/stem:

s = mk (1)

here fs is the frictional stress, k the shear yield stress of the
eforming workpiece and m the friction factor. A friction factor
f 0.40 was assumed at the interface between the workpiece
nd die, representing the sliding contact, and 0.85 between the
orkpiece and container/stem, representing the nearly stick-

ng contact, as commonly observed in aluminium extrusion
ractice and confirmed by Flitta and Sheppard (2003).

Geometric models of the billet, die and other extrusion
ooling were built in CAD software. According to the geometri-
al and boundary conditions of extrusion to manufacture the
olid profile as shown in Fig. 1, one half of the geometric mod-
ls were constructed. Four-node tetrahedron elements were
enerated for thermo-mechanical calculations. Because of the
arge dimensional differences between the billet (Table 3) and
he profile with thin-wall tips (Fig. 1), adaptive meshing of the
orkpiece was necessary. To limit the element number and at
he same time to ensure calculation accuracy, the regions of
he workpiece with large deformation had finer meshes, while
ther regions had coarser meshes. Die meshes were only used
o calculate thermal effects. The meshes near the die opening

Fig. 2 – FEM meshes of the billet, di
n o l o g y 2 0 9 ( 2 0 0 9 ) 3050–3059 3053

were finer than those in the other regions of the die. Remesh-
ing was controlled by the distortion degree of the workpiece
meshes and the intersections between the workpiece and die.
Fig. 2 illustrates the meshed billet, die and other extrusion
tooling.

The extrusion process parameters and the dimensions of
the billet used in the FEM simulations are listed in Table 3,
which were the same as those used in experimental verifica-
tion. A quite high billet temperature of 470 ◦C was deliberately
chosen in order to approach the critical condition where hot
shortness was expected to occur (480–485 ◦C) to the AA7075
alloy homogenized under the industrial conditions. The sur-
face appearance of the extrudate along its length would then
provide information supplementary to temperature measure-
ments by means of a multi-wavelength pyrometer at the press
exit. In addition, a high billet temperature would allow local
flow inhomogeneity to manifest itself better, thereby facil-
itating the comparison between the results from the FEM
simulations and extrusion experiments.

FEM simulations were performed with an AMD quad pro-
cessor workstation. The number of the elements of the
workpiece approached 200,000, when the extrudate emerged
from the die. For the designer, the shape of the front end of
an extruded profile indicates the quality of the die design.
For the extrusion process engineer, the breakthrough pressure
decides if a given set of extrusion parameters is applicable
in practice. Thus, the extrusion in the transient state is of
main interest, as compared with that in the steady state. It is
certain that the extrudate temperature evolves further in the
steady state, as demonstrated by Zhou et al. (2003) in the case
of extrusion to produce a simple solid profile on the labora-
tory scale. With the state-of-the-art computing hardware, the
simulation of the extrusion process on the industrial scale to
manufacture a complex profile requires frequent remeshing,
takes a very long time and generate a huge amount of data.
As the main objective of the present research was to evalu-
ate the effects of die bearing length and ram speed on metal

flow, extrudate temperature and peak extrusion pressure, in
this study, the FEM simulations were limited to the transient
state of the extrusion process till the extrusion pressure peak
was over.

e and other extrusion tooling.
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Fig. 3 – Example of a double-pocket die used in extrusion
experiments.
Fig. 4 – Billet material filled in the pockets of the dies with
three different bearing lengths.

Extrusion experiments were performed under the condi-
tions identical to those used in the FEM simulations (Table 3).
An example of the double-pocket die designed and manu-
factured is shown in Fig. 3. Fig. 4 shows the billet material
filled in the three dies with different bearing lengths but the

same pocket volumes. A 600 tonne extrusion press equipped
with a data acquisition system to register extrusion force,
die temperature and extrudate temperature was used for the
experiments. A 3T AE3000 pyrometer was placed at the press

Fig. 5 – (a) Experimental and (b) simulated extrudate front ends t
the curvature.
c h n o l o g y 2 0 9 ( 2 0 0 9 ) 3050–3059

exit and the measuring spot was about 1200 mm away from the
die bearing outlet, as constrained by the press construction
and die assembly —a situation typical of industrial extru-
sion presses. This location excluded the radiations from other
heat sources such as heated die and its associated tooling,
ensuring the accuracy and repeatability of the temperature
measurement of the extrudate within ±1%. The temperature
measured was an average value within the spot with a diame-
ter of 20 mm, as the lens of the pyrometer was placed about 1 m
above the profile running out of the press. As extrusion experi-
ments were performed in the billet-on-billet semi-continuous
fashion after a thermal balance of the press was reached, the
temperature profile along the length of the extrudate could be
captured.

In addition to extrusion in the billet-on-billet fashion to
manufacture the solid profile of the whole length, some extru-
sion runs were stopped at a ram displacement of 5 mm in order
to capture the extrudate front end just emerging from the die.

4. Results and discussion

4.1. Extrudate front end

Flow inhomogeneity is clearly manifested in the shape of the
extrudate front end. Fig. 5 shows a comparison between an
experimentally obtained extrudate front end and an FEM sim-
ulated one, when extrusion through Die No. 2 was performed
at a ram speed of 0.6 mm/s corresponding to an extrusion
speed (or exit speed) of 0.76 m/min (Table 3). From both sim-
ulation and experimental results, it is clear that the metal in
the middle of the profile still flowed faster than that at the
profile tips, although the double pockets and the shorter bear-
ings were assigned. The metal at the thinner tips flowed even
more slowly than that at the thicker tips. The non-uniform
metal flow resulted in the slight bending of the extrudate, as
shown in Fig. 5, and the curvatures of the profiles from the
simulation and experiment in terms of the radius are quite
similar to each other (i.e. a difference of 0.6%).

The non-uniform metal flow led to inhomogeneous strains

inside the extrudate. Fig. 6 shows the distribution of the effec-
tive strains on the cross-section of the extrudate. It is clear that
severer deformation occurs at the thinner tips of the profile
than in the other regions.

hrough Die No. 2 with a difference of 0.6% in the radius of
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ig. 6 – Effective strain distribution on the cross-section of
he extrudate.

The velocity distributions of the extrudate on the longitudi-
al and cross-sections are shown in Fig. 7a and b, respectively.
he velocity differences between the tips and the middle of

he extrudate led to a ‘snake head’ shape of the front end. The
elocity distributions of the extrudates through the other two
ocket dies are quite similar to those shown in Fig. 7.

Fig. 8 presents a comparison between the extrudate front

nds emerging from the three pocket dies with different bear-
ng lengths in terms of extrudate dimensional stability. It is
f interest to see that �d in Fig. 8 denoting the dimensional
hange of the extrudate decreases with increasing bearing

ig. 7 – Velocity distributions of the workpiece passing through D
ongitudinal section and (b) cross-section.
n o l o g y 2 0 9 ( 2 0 0 9 ) 3050–3059 3055

length. It means that a longer die bearing contributes to
a greater dimensional accuracy. The dimensional change is
because the extrudate shrinks when it exits from the die. It is
now clear that the extent of this shrinkage becomes less with
increasing die bearing length.

4.2. Temperature evolution

The temperature distributions of the workpiece along with
ram displacement are shown in Fig. 9. In this particular
FEM simulation of extrusion through Die No. 2 with bear-
ing lengths of 5 and 6 mm after the two pockets (Table 1),
the ram speed used was 0.6 mm/s. It can be seen that, while
the metal was filling the pockets (Fig. 9a), the temperatures
of the billet were lower than the initial billet temperature
(470 ◦C). When the metal arrived at the middle of the pockets,
the local temperatures were brought back to the initial bil-
let temperature. This thermal phenomenon is because at the
beginning of extrusion the hotter billet (470 ◦C) contacted the
colder extrusion die (450 ◦C) and heat dissipation took place.
At the stage of filling the conical pockets, deformation was
very small and, as a result, local temperature rise (in the range
of 2.87–3.41 ◦C) caused by plastic deformation was marginal.
When the metal flowed into the die bearing, the workpiece
temperature increased rapidly from 470 to 480 ◦C (Fig. 9b) as a
result of large deformation. Along with ram advancing further,
the temperature of the metal near the die bearing continued to
rise (Fig. 9c) and reached a value 494 ◦C at a ram displacement
of 12.1 mm.

The maximum temperature of the workpiece is critical to
the surface quality of the extrudate and also to its microstruc-
ture. The evolution of the maximum temperature of the
workpiece in the transient state of extrusion is shown in Fig. 10
where the three different die designs and two ram speeds are

compared. It shows the initial decrease of the maximum tem-
perature during the filling of the pockets, as discussed earlier.
Of more interest are the rapid temperature rise, as a combined
result of large deformation and friction, and the magnitude of

ie No. 2 at an extrusion speed of 0.51 m/min: (a)
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Fig. 8 – Dimensional change of the extrudate after exiting from the three double-pocket dies with different bearing lengths
at an extrusion speed of 0.76 m/min: (a) Through Die No. 1, d0 = 40.08; d1 = 38.42; �d = 1.66, (b) through Die No. 2, d0 = 40.06;
d1 = 38.56; �d = 1.50 and (c) through Die No. 3, d0 = 39.70; d1 = 38.75; �d = 0.95.

xtru
= 9.4
Fig. 9 – Temperature distributions of the workpiece during e
and at a ram speed of 0.6 mm/s (s—ram displacement): (a) s

this temperature rise in relation to die bearing length and ram
speed. It is clear that with the same die design, ram speed
has a profound effect on the maximum extrudate tempera-

ture. An increase in ram speed from 0.4 (curves A1, A2 and A3)
to 0.6 mm/s (curves B1, B2 and B3) leads to considerable maxi-
mum temperature increases. It is important to note that when
the maximum workpiece temperature is close to the incipient

Fig. 10 – Evolutions of the maximum temperatures of the
workpiece through the three dies and at extrusion speeds
of 0.51 and 0.76 m/min (simulation results).
sion through Die No. 2 with bearing lengths of 5 and 6 mm
5 mm, (b) s = 11.10 mm and (c) s = 12.10 mm.

melting point of the AA7075 aluminium alloy, such a tempera-
ture rise becomes crucial, deciding if the extruded profile will
be scrap or a saleable product.

The evolution of the maximum temperature is due to the
friction with the die, the deformation inside the workpiece
and the thermal interactions with the die. Fig. 10 shows that
at the same ram speed, die design clearly has an effect on the
maximum workpiece temperature. In the case of Die No. 3,
due to its longer die bearings (10 and 11 mm behind Pocket 1
and Pocket 2, respectively, see Table 3), the deforming mate-
rial had the lowest maximum temperature. It suggests that
the heat dissipation from the workpiece (initially at 470 ◦C) to
the die (initially at 450 ◦C) due to a larger contact area at the
die bearing was more significant than the additional friction-
generated heat. The maximum temperature occurs at the die
bearing inlet, as will be shown later, indicating that the heat
converted from deformation is far more pronounced that the
heat generated from the friction at the die bearing.

A detailed analysis of the die temperature evolution at
the sampling points: bearing inlet A and bearing outlet B, is
given in Fig. 11. For both Die No. 1 and No. 3, the temperature
increases at the bearing outlet B are of smaller amplitude than
at the bearing inlet A. It was thought that the metal would be

constrained while flowing along the die bearing. Severe defor-
mation and friction at the die bearing would lead to further
temperature rises at the bearing outlet. However, because the
bearing outlet B is exposed to the ambient temperature, it has
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Fig. 11 – Temperature evolutions at the die bearing inlet
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Fig. 12 – Evolutions of the extrudate temperatures

F
s

nd outlet during extrusion at a ram speed of 0.6 mm/s
simulation results).

onsistently lower temperatures than the bearing inlet A. As
he extrusion process proceeds, the temperatures at both the
earing inlet and outlet approach a steady state, right after the
etal exits from the die. Fig. 11 also shows that the tempera-

ure rises at both of these two sampling points in Die No. 1 are
ore pronounced than those in Die No. 3. This is because the

ormer has shorter bearing lengths. However, up to a ram dis-
lacement of 9 mm, the temperatures of the bearing of Die No.
are slightly higher than those of Die. No. 1. This is because

ver this ram displacement, the billet fills the pockets before
eaching the die bearing and Die No. 3 has a longer bearing and
hallower pockets, thus losing less heat to the atmosphere.
s soon as the extrusion starts (after a ram displacement of
mm), the variation of die temperature with bearing length
ecomes the same as that of extrudate temperature; a longer
ie bearing leads to a lower die temperature and also a lower
xtrudate temperature.

Fig. 12 shows the temperatures of the extrudates exper-
mentally measured during extrusion through the three
xtrusion dies designed. It is clear that the temperatures of
he extrudate through Die No. 3 are at the lowest level, which
s in agreement with the FEM predictions. The temperatures
f the profile through Die No. 1 are almost the same as those

hrough Die No. 2, being consistent with the FEM simulation
esults. However, as ram advances further, these two temper-
ture curves tend to diverge. This is likely because the shorter
earing lengths in Die No. 1 allow less heat to dissipate to the

ig. 13 – Extrudate surface quality determined mainly by the tem
urface with mini-cracks and (c) surface with hot shortness.
measured at the press exit (ram speed 0.6 mm/s,
experimental results).

colder die, as the temperature difference between the die and
extrusion and thus the driving force for heat dissipation van-
ish, leading to extrudate temperature increases after a thermal
balance between the extrudate and die is reached. In compar-
ing Fig. 12 with Fig. 10, it is important to note that Fig. 10 gives
the maximum temperatures of the workpiece, while Fig. 12
gives the average temperatures of the extrudate at the press
exit at 1200 mm away from the die bearing outlet. Still, Fig. 12
shows the effect of die design on the extrudate temperature,
being consistent with the predictions from the FEM simula-
tions.

As mentioned earlier, surface defects are expected to
appear when the extrudate temperature exceeds a critical
value. Fig. 13 shows that the surface of the extrudate dete-
riorated as the process at a ram speed of 0.6 mm/s proceeded.
The beginning part of the extrudate was good (Fig. 13a), then
mini-cracks appeared at the tips of the profile (Fig. 13b) and
finally hot shortness occurred also at the tips of the profile
(Fig. 13c), regardless of the die design. At the lower ram speed
(0.4 mm/s), however, these defects did not appear. This exper-
imental observation is consistent with the predictions of the
temperatures of the extrudate at the die exit (Fig. 9). Mini-
cracks occur when the tensile stresses at the extrudate tips

exceed a critical value of the billet material (fracture strength).
Although the exact fracture strengths of the alloy at high tem-
peratures are unknown, the FEM simulations revealed marked
differences in the maximum principle stress; an increase in

peratures at the extrudate tips: (a) perfect surface, (b)
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Fig. 14 – Pressure evolutions during extrusion through the
Fig. 15 – Pressure evolutions during extrusion through Die

r

three double-pocket dies and at a ram speed of 0.6 mm/s
(simulation results).

ram speed from 0.4 to 0.6 mm/s, for example, would lead to an
increase in the maximum principle stress by 76% in the case of
extrusion through Die No. 2. A shorter bearing length tended to
increase the maximum principle stress; a reduction of bearing
length from 10 to 2.5 mm increased the maximum principle
stress by 65%. However, temperature must have been a more
important factor deciding the surface quality of the extrudate.
Large deformation at the tips of the profile, as shown in Fig. 6,
caused local temperatures to rise, thus lowering the fracture
strength of the AA7075 alloy, and even to reach its incipient
melting temperature (480–485 ◦C), as a small volume fraction
of residual phases with a low melting point remained in the
alloy. It is now clear that at the same extrusion speed, the
surface appearance is not sensitive enough to distinguish the
three extrusion die designs in terms of the extrudate surface
quality. In other words, extrusion speed has a stronger effect
on the surface quality of the extrudate through its effect on
the extrudate temperature.

4.3. Extrusion pressure

FEM simulation was also utilized to indicate the effects of die
bearing length setting and ram speed on extrusion pressure.
From Fig. 14 it can be seen that the effect of die bearing length
on extrusion pressure is rather marginal. Die No. 3 leads to the
highest breakthrough pressure, because of the longest bearing
lengths, the largest contact areas at the die bearing and the
lowest workpiece temperatures as shown earlier.

The effect of ram speed on extrusion pressure is shown in
Fig. 15. The difference in extrusion pressure appears to be also
insignificant. The pressure curve of the extrusion cycle at a
ram speed of 0.4 mm/s is at a slightly lower level in comparison
with that at 0.6 mm/s. Obviously, this is caused by higher flow
stresses at higher strain rates (Prassad and Sasidhara, 1997).
It is known that the flow stress of the AA7075 alloy is more

sensitive to strain rate than softer aluminium alloys (Lee et
al., 2000). However, in achieving a high extrusion throughput,
extrusion pressure appears to be a far less important limiting
factor in comparison with extrudate temperature.
No. 2 and at ram speeds of 0.4 and 0.6 mm/s (simulation
results).

5. Conclusions

In the present case study, the effects of die bearing length and
ram speed on extrudate temperature and extrusion pressure
were predicted by means of 3D FEM simulation and validated
by extrusion experiments. This has been found that in the case
of extruding the 7075 aluminium alloy, the extrudate tempera-
ture is affected by die design, but more strongly by ram speed.
A larger bearing length allows more heat to dissipate to the
colder die when there are temperature differences between
the die and workpiece, thus giving a wider scope for extrusion
process optimization. The extruded profile has more stable
dimensions after exiting from the die with a longer bearing.
The effects of die design and ram speed on extrusion pres-
sure are both marginal. Extrusion speed has a strong effect on
extrudate temperature and the latter, rather than extrusion
pressure, is the primary limiting factor for a high extrusion
throughput.
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