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Large-scale manufacturing of aluminum alloy plate extruded from
subsize billet by new porthole-equal channel angular processing technique
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Abstract: To manufacture plate by the combination of equal channel angular processing (ECAP) and porthole die extrusion
techniques, a novel technique, namely portholes-equal channel angular processing (P-ECAP), was studied. Extrusion of AL6005A
plate used for the bullet train plate was investigated by finite element method. The relevant porthole dies involving ECAP technique
in channels were designed. Dimensional changes in the scrap part of the extrudate obtained after extrusion from the P-ECAP die,
with different channel angles, were predicted. Effects of the channel angle and extrusion speed on the maximum temperature of the
workpiece and other field variables were evaluated. At the channel angle of 160° of P-ECAP dies, the extrudate exhibited the optimal
performance and the least amount of extrudate scrap was obtained. The optimal extrusion speed was 3—5 mm/s. Moreover, with the
increase in ram speed from 1 to 9 mm/s, the peak extrusion load increased by about 49% and the maximum temperature was
increased by about 70 °C. The effective strain exhibited ascending trend in the corner of the ECAP deformation zone. In the solder

seam and the side of die bearing of extrudate, the maximum principal stresses were tensile stress.
Key words: subsize billet; porthole die; equal channel angular processing (ECAP); extrusion

1 Introduction

Rolling is a traditional large-scale plate production
technique; however, there are a number of steps involved
in the process of rolling to manufacture plate [1,2].
Moreover, there are certain inefficiencies and
disadvantages of rolling process. In contrast, the
aluminum (Al) alloys plate can be manufactured in one
step by extrusion technique. Recently, extensive research
efforts have been devoted to develop novel extrusion
methods because of the significant increase in the use of
Al extrusions for wide range of applications. The
one-shot die pressing is a new process to produce Al
alloys extrusion plate on large scale with high material
utilization, less number of steps, and high efficiency,
leading to the production of high quality products. This
is due to the triaxial compression stress state of the
workpiece. In contrast, the rolling process involves
biaxial compression stress state.

It is well-known that Al alloy is extremely difficult
to extrude, in particular, when wide range of extrudate
cross-section shapes is obtained and the ratio of flakiness
on shape of the extrudate is very large [3]. The extrusion
load required in traditional processing is extremely high.
Extrusion load of expanding extrusion is smaller than
that in the traditional processing because of small
extrusion ratio. However, there is some gross
imperfection on the edge of expanding extrusion product.
For Al alloy, the optimization of the extrusion process
and die structure for obtaining a reasonable extrusion
speed without affecting extrudate surface and
microstructural quality is extremely complex. For some
special solid profiles with large spread, the technique
may need the plane diffluent and expanding extrusion
technology to save energy, which increases design
difficulties. Therefore, combination of significantly
effective techniques is highly desirable because of the
above mentioned complicated influencing factors. In
practice, traditional “try-and-error” method is always
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used for die design and process optimization, which is
costly and results in the wastage of production time or
extension of research and development cycle. Therefore,
process simulation technology based on finite element
method (FEM) is a viable alternative predictive tool for
preliminary engineering in this new research area.

Equal channel angular pressing (ECAP) is attracting
significant attention in several severe plastic deformation
(SPD) [4] processing methods which are now available.
In this method, the sample in the form of a relatively
short rod is pressed through a die constrained within a
channel bent through an angle [5,6]. The ECAP process
developed by SEGAL [7,8] is an ingenious method of
SPD which can be applied to numerous materials with
enormous advantages over the other methods of
deformation. According to Refs. [9—15], ECAP process
has been successfully used to produce nanostructure
metal materials. For example, the yield stress after six
pressings was 425 MPa in the post-ECAP aged 6061 Al
alloy; however, it was 275 MPa in the ECAP 6061 alloy
without a special heat treatment before and after ECAP
[16].

Significant research efforts have been devoted to
change and improve the ECAP die structure. LI et al [14]
demonstrated that a shorter outlet channel led to a longer
steady-state region and a lower working load, but there
was a higher tendency of upward bending of the
deformed workpiece. YOUNG et al [17] designed
continuous ECAP process for
microstructure- refined bolt, and showed that the
manufacturing was possible using a proposed die set-up
with a conventional material. Thus, the above mentioned
literature studies have confirmed that the ECAP process
is an effective approach for producing bulk fine grain
structured materials [15]. However, in-depth research on
the deformation homogeneity within the flat square
cross-section of the samples obtained from porthole die
involving ECAP process in channels to achieve
continuous production has not been investigated.

Limited attention has been paid to the application of
ECAP in porthole die. Compared with the proven
technique of ECAP, the application of ECAP in porthole
die is a novel research area. Few practical applications
employ ECAP technique to obtain large ratio of length to
width on shape of the extrudate, such as plate for bullet
train. Importantly, conventional ECAP is a discontinuous
process involving a repetitive sequence in which the
workpiece is inserted into the die, pressed through the
die, removed, and then reinserted to impose an even
higher strain. This indicates that, although ECAP is an
effective processing tool for laboratory research, it is
labor-intensive and not easily adapted for use in
large-scale manufacturing [12].

Porthole-ECAP (P-ECAP) die is a combination of

manufacturing a

the two techniques of ECAP and porthole die. YANG et
al [13] designed a new die of P-ECAP. In this study, a
pair of channels with an angle set up in two portholes of
a die was employed. It avoided some of the
disadvantages of ECAP, such as discontinuous process
and not easy adaption for use in industrial operations.
Moreover, there are two added benefits to the extrudate.
First, the flow direction of alloy through each channel
with an angle was the same as the ram direction. Second,
there was an expanding impact on extrudate breadth size.
The extrudate breadth size was greater than that of initial
workpiece because of expanding impact of the channels
angle. Based on the above mentioned analysis, a novel
energy saving technique was introduced to manufacture
plate for the bullet train. In this study, the new technique
of P-ECAP and its process for manufacturing extrusion
plate was introduced and investigated to improve the
industrial applicability of ECAP in terms of its continuity
and efficiency.

2 FEM model of P-ECAP extrusion

2.1 Design of P-ECAP dies with different channels

angles

In this work, we firstly developed geometric models
of the container, workpiece and other extrusion tooling
based on SOLIDWORKS software. Figure 1 shows the
dimensions and cross-section of the sheet-metal profile
used in the present study. According to the P-ECAP die
technique character and workpiece geometrical character
of extrusion to manufacture the aluminium sheet-metal,
one half of the geometric model of P-ECAP die is shown
in Fig. 2. The sheet-metal is a general industrial profile
with large flakiness ratio, thus presenting quite a
challenge to the die designer and extrusion process

C 7,
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798.7
Fig. 1 Cross-sectional shape and dimensions of extrudate (unit:

mm)
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Fig. 2 Basic design of P-ECAP die (a half model)
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engineer because it exerts great loads on the die bearing,
restricts extrusion speed and homogeneous deformation
needs to be avoided [18,19]. To assist balancing metal
flow through the die bearing with very large width
(798.7 mm), double channels with angle (porthole 1 and
porthole 2 in Fig. 2) were assigned to the die orifice.
P-ECAP can effectively improve strength of metallic
alloy by producing ultrafine grained microstructure.
These two channels are symmetrically distributed in
extrusion die. P-ECAP die was conducted using solid die
made of H13 with an internal angle of a (Table 1)
between the sideways and axial channels and round off
with a radius of curvature of 150 mm. Die bearing with a
greater depth (20 mm) in combination with a smoothing
angle (D=10 mm) in welding chamber was intended to
help the metal flow out the die bearing. To evaluate the
effect of channel angle on metal flow, temperature and
extrusion load, four P-ECAP dies with channel angle are
shown in Table 1 and Fig. 2.

Table 1 Channel angle (a) of P-ECAP die

. a/(°)
Die
Channel 1 Channel 2
No. 1 155 155
No. 2 160 160
No. 3 165 165
No. 4 170 170

2.2 FEM simulation software package

DEFORM-3D, an FEM-based commercial software
package, was used to simulate the extrusion of the 6005A
aluminium alloy through the four P-ECAP dies with
different channel angles and different ram speeds. The
software adopts implicit FEM to calculate the
rigid-visco-plastic ~ deformation behaviour of the
workpiece with thermal effects incorporated, which is
especially suitable for the simulation of hot extrusion in
the present study.

2.3 Material character and thermal transfer

P-ECAP die, bearing die, stem and container were
assumed to be rigid and made of the H13 tool steel with
their physical properties given in Table 2. In order to
determine the flow stress data of the 6005A aluminium
alloy at various strain rates and temperatures for the FE
analysis, the hot compression test was performed on a
Gleeble—1500 machine, using d10 mmx15 mm

compression specimens. To prevent oxidation and obtain
a lubricant effect in hot processing, N, and graphite
powder were used. The flow stress data of the 6005A
alloy were used as the input material data for the FEM
simulations. The physical properties of 6005A
aluminium alloy are shown in Table 2. P-ECAP die,
bearing die, stem and container, their thermal
interactions with the workpiece in the form of
conduction were incorporated in the FEM simulations,
and so was the thermal transfer within the workpiece,
container, die and stem. The boundary conditions for the
heat transfer between the objects and the ambient
atmosphere took both convection and radiation into
account. The heat emissivity and transfer coefficients
specified are given in Table 2.

2.4 Friction mechanisms

In hot extrusion process, friction among the die and
workpiece, container and workpiece has influence on the
extrudate temperature and quality of product, extrusion
load and metal flow at the die bearing exit. Because of
high temperature and tremendous load in container and
die, the exact friction mechanisms involved in the
process have not been thoroughly mathematically
expressed. It has been acknowledged as the most
uncertain parameter in the FEM simulation of aluminum
extrusion. In the present study, the friction model was
assumed to represent the friction between the workpiece
and container and between the workpiece and die:

J=pk (D
where f; is the frictional stress; u is the friction factor; &
is the shear yield stress of the deforming workpiece.

A friction factor of 0.40—0.50 was assumed at the
interface between the die and workpiece, representing
the sliding contact, and 0.75—0.85 between the container
and workpiece, representing the nearly sticking contact,

as commonly observed in aluminium extrusion practice
and confirmed by FLITTA and SHEPPARD [20].

2.5 Mesh generation and optimization

Four-node tetrahedron elements were generated for
FEM in this work. Self-adaptive meshing of the
workpiece was assumed. To give overall consideration
about calculation accuracy and calculation speed, the
regions of the workpiece with large deformation and
extrudate had finer mesh, while other regions had coarser
mesh (Fig. 3). The meshes near the die bearing were finer

Table 2 Heat transfer coefficients and physical properties of workpiece and extrusion tooling [10]

Specific Heat transfer coefficient Heat transfer coefficient
Material ~ heat capacity/ between tooling and workpiece/ between tooling/workpiece and air/ Emissivity
(N-mm 2-°C) (N-°C's''\mm?) (N-°C"s''\mm?)
6005A 243 11 0.02 0.1
H13 5.6 11 0.02 0.7
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than those in the other regions of the die. Global
remeshing method is active in FEM with 1.05326x10".
Figure 4 illustrates the meshed stem, container,
assembling die and workpiece (quarter model).

Fig. 3 Finer meshes of regions of workpiece with large
deformation

Container P-ECAP die

Workpiece Bearing die

Fig. 4 FEM meshes of ram, workpiece and other extrusion
tolling (a quarter of model)

FEM simulations were performed with HUAWEI
Tecal T8223 processor workstation. The number of
initial elements of the workpiece was 41000. The number
of elements of the workpiece increase to 380000, when
the extrudate emerged from the die bearing outlet about
250 mm. It was because the regions of the workpiece
with large deformation and extrudate had a finer mesh,
while other regions had a coarser mesh. With the
advanced computing hardware, the simulation of the
extrusion process to manufacture a sheet-metal requires
frequent remeshing, generating a huge amount of data
and taking a very long time. As the main research of the
case was to evaluate the effects of ram speed and angle
of die channel on peak extrusion load, metal flow and
extrudate temperature, the FEM simulations were limited
to the transient state of the extrusion process up to the
steady state of extrusion load.

2.6 Extrusion process condition
The metal flow, extrusion load and temperature
field are affected by parameters such as the initial

temperature of workpiece, the extrusion speed, the
extrusion ratio and the workpiece diameter. The P-ECAP
die structural system was performed using a square die
with a flat similar elliptical cross-section container.
Geometric models of initial workpiece or internal
diameter of container are shown in Fig. 5. There is a 10
mm gap between workpiece and container after being
assembled. For FEM simulations, the bearing length was
20 mm, workpiece temperature was 450 °C; and for the
die and other extrusion tools temperature was selected as
400 °C for the same extrusion ratio of 16.47. The process
variables used in the analysis are shown in Table 3.

Fig. 5 Geometric models of initial workpiece (unit: mm)
3 Reliability analysis of P-ECAP FEM model

To ensure the reliability of FEM simulations model
of P-ECAP dies (Fig. 4), round angle was set up to
deformation area of P-ECAP die for closing practical
situation. In the FEM simulations, the stress—strain of
6005A aluminium alloy material in the temperature range
of 300—500 °C was tested by Gleeble—1500 machine.
The machine was used to test stress—strain of metal
materials and its accuracy was proven by previous
research. The exact process parameters and physical
parameters used in the FEM simulations are given in
Table 2 and Table 3. All of process parameters such as
temperature for aluminium alloy material were proven by
previous research [1,16]. All of physical parameters such
as emissivity of the material were indicated by material
manual.

4 Results and discussion

4.1 Extrudate shape and accuracy of dimension

The effect of flow inhomogeneity on the first
extrusion stage is clearly shown in Fig. 6. There is a
convex center in the shape of the extrudate front end.

Tablet 3 Process parameters and workpiece dimensions used in FEM simulation and experiments

Extrusion speed/ . . .
o Workpiece dimension
(mm-'s ")

Workpiece
length, L/mm  ratio

Extrusion  Temperature of

die/°C workpiece/°C

Temperature of

1,3,5,7,9

a=594 mm, b=240 mm, R=120 mm 600

16.47 400 450
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(c)

(b)

(d)

Fig. 6 Dimension of extrudate scrapped part after exiting from EPCAP die with different channel angles at extrusion speed of
3 mm/s(a quarter of model): (a) No. 1 die, L=172.6 mm; (b) No. 2 die, L=116.2 mm; (c) No. 3 die, L=c0; (d) No. 4 die, L=

From FEM results, it is clear that the metal in the
middle of the profile still flowed faster than that at the
profile edge, although the rounding in welding chamber
was assigned. Figure 6 presents a comparison between
the extrudate front ends emerging from the four P-ECAP
dies with different channel angles at an extrusion speed
of 3 mmy/s. It is clear that “L-value” in Fig. 6(b) denotes
the minimum dimension of the extrudate scrapped part
through No. 2 die with a channels angle of 160°. There
are some gaps on extrudate through Nos. 3 and 4 die
with a channel angle of 165° or 170°. Serrated
appearance to extrudate edge is because of the die with
irrationality die construction and the extrudate shrink
when it exits from the die. This means that the No. 2 die
with a channels angle of 160° contributes to a good
product quality and great dimensional accuracy.

4.2 Distribution of velocity, strain effective

Figure 7 illustrates the distribution of velocity at
each extrusion stage. The velocity on the surface is lower
than the internal part because of friction between
workpiece and die. In outside channels behind channels
corner, the metal velocity is greater than that inside. The
velocity fields of the material are different, due to the
difference in the extrusion ratio at each stage. The
distributions of velocity are approximately homogeneous
on extrudate front ends. The angle of channels in die
structures, as directions of the alloy flow, due to the

appropriate angle value of 160°, is believed to be the
reason for the observed behavior in Fig. 6(b).

Figure 8 shows the distribution of the effective
strain on the cross-section of the extrudate through No. 2
die. The effective strain in the center of product is greater
than that in boundary region in product. The non-uniform
metal flow led to non-homogeneous strains inside the
extrudate. The discrepancy of effective strain between
center and boundary region of product is about 2.15. The
product cracking phenomenon mostly occurs when the
strain is stratification or non-homogeneous [21]. The
depth of welding chamber in die structure is the most
important parameter which influences the product quality
deeply. After lengthening the depth of welding chamber
from 80 mm to 120 mm, the effective strain (Fig. 8(b))
on the cross section of the extrudate
homogeneous than that on longitudinal section.

is more

4.3 Temperature distributions and the maximum
temperature of workpiece

Figure 9 shows the distribution of temperature at
each stage of extrusion process. In Fig. 9, as the ram
proceeds, the heat generated by plastic deformation and
friction at the interface between the workpiece and the
die causes gradual increase in the workpiece temperature
[14-16]. In this particular FEM simulation of P-ECAP
extrusion through die No. 2 with channels angle of 160°
and the ram speed of 3 mm/s, it can be seen that from
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Fig. 7 Distribution of velocity at each stage at initial workpiece
temperature of 450 °C, channels angle of 160° and extrusion
speed of 3 mm/s (3/4 of model): (a) Dividing stage; (b)
Welding stage; (c) Forming stage

Fig. 9(a), at the dividing stage, the temperature of the
workpiece was lower than the initial workpiece
temperature except the center area. This is because initial
temperatures of die and container are lower compared
with the workpiece. Heat exchange occurs when
workpiece contacts with container and die. When the
metal flows through the channels corner, the added
deformation process begins, and as a result, local
temperature rise caused by plastic deformation is obvious.
On the other hand, the direction of metal flow turns to

Effective strain
9.00
]‘.HTl
6.75
563y
14.50

338
2.25
(a) |.13|
il
0.0265 Min
6.8821 Max

Effective strain
4_5o|

(b) 0.56

(1}
0.0205 Min
3.3324 Max

Fig. 8 Effective strain distribution on cross section of
extrudate through No. 2 die (a half of model) (a) and welding
chamber of No. 2 die optimized (b)

z-axis from outspread direction. It would be beneficial to
metal welding in chamber. When the metal flows in the
welding chamber, the local temperatures are approaching
to the initial workpiece temperature. This thermal
phenomenon is because at the beginning of extrusion, the
hotter workpiece contacts the colder extrusion die and
thermal radiation takes place and the heat production
caused by deformation is counteracted. When the metal
flows into the die bearing, the work piece temperature
increases rapidly from 438-450 °C to 450—463 °C
(Fig. 9(c)) as a result of large deformation.

The maximum temperature of the workpiece is
critical to the surface quality of the extrudate, its
microstructure and also to its strength. The results of
previous studies [18,19] on temperature evolution during
conventional extrusion of 7075 aluminium alloy showed
that the maximum workpiece temperatures during
extrusion at various ram speeds were all a linear function
of logarithmic ram displacement. In addition, the
maximum workpiece temperatures at different ram
displacements varied linearly with logarithmic ram
speed. Figure 10 shows the variation of the maximum
workpiece temperature with ram displacement at
different ram speeds, where the five ram speeds are
compared. When the ram speed is 1 mm/s, it shows the
initial decrease of the maximum temperature during the
filling of the channels and welding chamber. This is
because thermogenesis by deformation and friction is
less than heat transferring from workpiece to die. When
the ram speed is 1, 3, 5, 7 or 9 mm/s, the durative
increase of the maximum temperature during the filling
of the channels and welding chamber appears. This is
because thermogenesis by deformation and friction is
greater than heat transferring from workpiece to die. The
rapid temperature rise occurs in filling die bearing, and
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Fig. 9 Distribution of temperature at each stage with initial
workpiece temperature of 450 °C, channels angle of 160° and
extrusion speed of 3 mm/s (3/4 of model): (a) Dividing stage;
(b) Welding stage; (c) Forming stage

as a combined result of friction and severe deformation,
the magnitude of this temperature rise is in relation to
ram speed. It can be seen that the ram speed has a
profound effect on the maximum workpiece temperature.
An increase in the ram speed from 1 to 9 mm/s leads to
the maximum temperature further increasing from 465 to

540

520 — Ram speed=1 mm/s
- - - Ram speed=3 mm/s
----- Ram speed=5 mm/s
500 --=- Ram speed=7 mm/s
===+ Ram speed=9 mm/s

430

460

440

Maximum profile temperature/°C

420

0 20 40 60 80 100 120 140 160 180
Displacement of ram/mm

Fig. 10 Maximum workpiece temperature as function of ram

displacement during conventional extrusion with ram speed in

initial workpiece temperature of 450 °C and channels angle of

160°

535 °C. It is about 70 °C distinction between 1 and
9 mm/s of ram speed. When the ram speed is 7 mm/s or
9 mm/s, the maximum workpiece temperature is close to
the incipient melting point of the 6005A aluminium
alloy, deciding that the extruded profile will be scrapped
or have bad surface quality. So, 3—5 mm/s should be the
optimization ram speed.

4.4 Distributions of maximum principal stress,

effective stress and extrusion load

In the extrusion of bullet train aluminium alloys, the
sheet-metal surface quality depends on the maximum
extrudate temperature, in addition to stress state at the
channels, welding chamber and die bearing. But the
effect of stress state at the die bearing is remarkable. If
the tensile stress exceeds the fracture strength of the
workpiece material, speed cracking may be encountered.
It has been found that the speed cracking is actually
caused by a combination of strain and tensile stress that
exceeds a fracture criterion [22,23]. Figure 11(a) shows
the distribution of the maximum principal stress on the
longitudinal section of the workpiece during P-ECAP
extrusion with the ram speed of 3 mm/s and the No. 2 die.
It can be seen that, from the ram to the die bearing, the
maximum principal stresses in the whole workpiece are
compressive. In the corner of ECAP deformation zone,
the maximum principal stresses have ascending trend. In
the solder seam and the side of die bearing of extrudate,
the maximum principal stresses are tensile stress. The
maximum tensile stress is 22.4 MPa. It cannot influence
the quality of sheet-metal surface or not exceed the
fracture strength of the alloy. Figure 11(b) shows the
distributions of the effective stress on the longitudinal
section of the workpiece with the same situation in
Fig. 11(a). The maximum principal stress and effective
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Fig. 11 Distributions of stress during isothermal extrusion with
extrusion speed of 3 mm/s and channels angle of 160° on
longitudinal section of workpiece: (a) Maximum principal
stress; (b) Effective stress

stress are similar, especially in ECAP deformation zone.
This stress state could minimize microstructural damage
and evaluate some structural defects introduced during
die design phase.

Figure 12 compares the extrusion loads during
extrusion at the ram speed of 1, 3, 5, 7 and 9 mm/s with
the initial workpiece temperature 450 °C and channels
angle 160°. To all of these extrusion modes, the total
extrusion load reaches a peak at the middle of the
process, about ram displacement of 170 mm. At the peak,
extrusion loads reach 8—12.5 MN. It should save labour
compared with the other manufacture method [19,21].
Every ascent stage goes with a deformation. The result is
similar to previously study [10]. Before the peak, there
are four ascent stages corresponding to four extrusion
stages. The first ascent stage is because of alloy
diffluence, severe shearing deformation occurring with
the alloy flowing in channels. The second ascent stage is
because of equal channel angular pressing (ECAP).
Extrusion load has a few ascent as a result of alloy
through the channel angle. This means that ECAP
process has been successfully used to predeformation in
producing the sheet-metal. There are a lot of

pre-treatment technologies, but the predeformation is
used to an independency process. The third ascent stage
is because of the alloy filling in welding chamber. The
last ascent stage of forces appears because the metal
flows towards the die orifice. Then there is an extrusion
load peak. Figure 12 also shows that the breakthrough
load is affected by the ram speed. Every extrusion load
curve is approximately parallel to each other. As ram
speed is increased from 1 mm/s to 9 mm/s, the peak
extrusion load is increased by about 49%. It is generally
understood that the load peak is related to the generation
of a high density of dislocation before the steady state is
established [16]. The continuous load decrease after the
peak is a combined result of the gradually diminishing
friction between the workpiece and container and the
temperature rise in the remaining workpiece. But the
extrusion load reduction is slow and limited.

The  comparison between  simulated and
experimental values of fuzzy prediction systems for
extrusion load is shown in Fig. 13, The process
parameters of simulation and experiment are accordant

Extrusion load/MN
o0

R 11,
6 —v=1 mm/s
----v=3 mm/s
4 ~v=5 mm/s
j - —-v=T7 mm/s
2 — - v=9 mm/s

100 150 200 250 300 350
Displacement of ram/mm

050
Fig. 12 Load evolutions during extrusion through P-ECAP dies
at initial workpiece temperature 450 °C and channels angle

160°

0.25

0.10

Extrusion load/MN

—o— Experimental results
—o— Simulation results

aosgi

Il | 1

0 10 20 30 40 50 60
Displacement of ram/mm

Fig. 13 Comparison between simulated and experimental

values for extrusion loads
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with the modified data of the chamber depth of 12 mm,
channels angle of 160° and ram speed of 3 mm/s. The
dimensions of die and billet are 0.1 times those in the
foregoing FE study. The tendencies are approximative
for the simulation and the experiment; the experimental
value is a little more than the simulated value, especially
the peak value. The ascent stages of four extrusion load
values calculated are inconspicuous. The results indicate
that the proposed constitutive model is reliable.

5 Conclusions

1) Ram speed profiles for P-ECAP extrusion were
predetermined by means of FEM simulation, based on
the predicted maximum workpiece temperature,
temperature evolution, maximum principal stress,
effective stress, and extrusion load during extrusion at
constant ram speeds and die structure. 6005A Al alloys
plate for the high-speed train could be obtained by
P-ECAP extrusion. Comparison between simulated and
experimental values for extrusion loads indicated that the
proposed constitutive model was reliable.

2) The effect of flow inhomogeneity on the first
extrusion stage was clearly presented. There was a
convex center in the front end shape of the extrudate.
Extrudate front end through the die with a channel angle
of 160° contributed to a good product quality and
dimensional accuracy. The effective strain on the
cross-section of the extrudate was homogeneous when
the depth of welding chamber was 120 mm.

3) With the predetermined ram speed and extrusion
load profiles, a reasonable and stable maximum
workpiece temperature could be maintained with a ram
speed of 3—5 mm/s. The effect of ram speed on extrusion
load was remarkable. With the increase in the ram speed
from 1 to 9 mm/s, the peak extrusion load was increased
by about 49%. The curves obtained for different
extrusion loads were approximately parallel to each
other.

4) The effect of severe distortion on the ascending
stages of the extrusion loads occurred in the particular
deformation zone. When the alloy was in ECAP stage,
extrusion loads displayed some ascent. Predeformation
of the billet occurred before the alloy arrived at the
welding chamber.
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