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Analysis and design of  at-die hot extrusion process
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Abstract

Non-steady-state-coupled three-dimensional analysis is required for investigating complex material  ow in
practical  at-die hot extrusion processes of aluminum alloys in various channel sections. It is important
since the material  ow behavior actually determines the amount of distortion of the extruded product. Thus,
a non-steady thermo-rigid-viscoplastic 'nite element program was developed for numerical simulations of
the process. Since severely deforming elements of the workpiece can easily interfere with the sharp edges
of the  at-die, an automatic remeshing module based on a simple section-sweeping scheme and new contact
algorithm were incorporated to allow continuous simulation without manual intervention with less volume loss
and computation time. With developed 'nite element program, non-steady 'nite element analyses of extrusion
processes were carried out for two types of channel-section with constant bearing length of 5 mm. From
simulation results, it was found that the exit velocity of the workpiece varied depending on the cross-sectional
thickness of the exit and the amount of de ection of the workpiece was not greatly a9ected by variations of
either the workpiece temperature or punch velocity under the present simulation conditions. ? 2002 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

Flat-die hot extrusion is a squeezing process that compresses an initial billet in a container at
elevated temperatures to produce long parts with constant cross-sections [1]. Since this process has
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Nomenclature

�ij; �̇ij stress and strain rate, respectively
�′
ij deviatoric stress
I�; İ�; I� e9ective stress, strain rate and strain, respectively
vi; j partial di9erential term for velocity
T temperature
k conductivity
	 density
Cp speci'c heat
ṙ heat generation rate
SU ; SF ; SC velocity, traction and friction boundaries prescribed, respectively
vr relative velocity vector of the billet
ti component of traction force
mf shear friction factor
ks shear yield stress of the material
ST ; SQ temperature and heat  ux boundaries prescribed, respectively
qn heat  ux across the boundary SQ

Kp penalty constant
N shape function matrix
D; c coeJcient matrices
M gradient matrix of shape function
SE; SR environment- and die-billet interfaces, respectively
�̃; �̃ Stefan–Boltzman constant, emissivity,
henv convective heat transfer coeJcient to the environment
hlub heat transfer coeJcient at the die-billet interface
Te; Td ; Tb temperatures of the environment, die and billet, respectively
R heat generation term
� constant
g; gm position vectors of the free boundary node and contact point, respectively
nel vector normal to a triangular element
� minimum distance
vG nodal velocity
m the number of element layers
Havg average height
Lref reference length
Ci old node positions

the advantage that products with complicated cross-sections can be produced with good dimensional
accuracy, it has become one of the most economic and common manufacturing processes using
non-ferrous light materials for industrial application. However, due to an existing dead metal zone
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and abrupt change in material  ow at the die exit region, it is diJcult to properly design die
geometries and process conditions. As a result, costly trial and errors are usually used to obtain
acceptable dimensional quality products.
Many studies have been devoted to analyze the extrusion process to obtain products of desirable

quality in terms of strength, surface quality and dimensional accuracy. Analytical methods such as
the upper bound method, slip line method, etc., were used in the 1960s [2–4] and other numerical
methods were extensively developed in the 1970s. Iwata et al. [5] analyzed the hydrostatic extru-
sion process using the 'nite element method and Chen et al. [6] investigated ductile fracture in
axisymmetric extrusion and drawing processes.
Three-dimensional analyses of extrusion problems began to be carried out in the late-1980s.

Altan et al. [7] modeled the extrusion process using the rigid–viscoplastic 'nite element method
and Lee et al. [8] investigated steady-state analyses of three-dimensional extrusion for products with
arbitrarily shaped cross-sections. Balaji et al. [9] predicted the deformation 'eld, optimal die ge-
ometry and plastic boundaries for hot extrusion and Mori et al. [10] predicted the curvature of an
extruded bar with a non-circular cross-section using the three-dimensional rigid–plastic 'nite element
method with steady-state description. These early numerical studies of extrusion used steady-state
approaches. Several schemes were also proposed to treat the abrupt change of material  ow at the die
opening. Ghosh [11] and Mooi et al. [12] applied the arbitrary Lagrangian–Eulerian (ALE) scheme
to the 'nite element simulation of extrusion processes and Mori et al. [13] used a spatially 'xed
grid and monitoring points.
The non-steady-state analysis of  at-die extrusion is considered one of the most diJcult simula-

tion cases because the sharp edges at the die exit region cause severe deformation and successive
interference with the die. Thus, successful completion of the analysis calls for e9ective remeshing.
In this regard, it can be said that automatic and robust remeshing is one of the most important is-
sues in the  at-die extrusion simulation. Cheng [14] simulated the extrusion process using automatic
adaptive remeshing.
In this study, a thermo-rigid-viscoplastic 'nite element program was developed for numerical

simulation of the  at-die hot extrusion process at non-steady state to investigate the early stage
of deformation parameters such as, the extrusion load,  ow characteristics and temperature
and e9ective strain distributions. A fully automatic hexahedral remeshing program was also
developed with a simple section-sweeping scheme for reducing computation time. And the
usefulness of the current algorithm was investigated through simulations of practical  at-die ex-
trusion examples.

2. Theoretical background

2.1. Finite element formulations

The thermo-rigid-viscoplastic approach proposed by Kobayashi et al. [15] has been widely used in
metal forming analyses. This approach is essentially a coupled procedure of solving the equilibrium
and energy equations in a staggered manner, in which a rigid–viscoplastic constitutive model is used.
Since detailed information of the 'nite element formulation for thermo-rigid-viscoplastic approach
is available elsewhere, only highlights of the formulation will be described here.
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The governing equations and boundary conditions for the thermo-rigid-viscoplastic approach are
as follows:

Equilibrium equation: �ij; j = 0 in V: (1)

Energy equation: kT; ii − 	CpṪ + ṙ = 0 in V: (2)

Constitutive equation: �′
ij =

2 I�
3 İ�

�̇ij and �̇kk = 0 where İ�=
√
(2=3)�̇ij �̇ij: (3)

Compatibility equation: �̇ij = 1
2(vi; j + vj; i): (4)

Yield criteria: I�( I�; İ�; T ) =
√
(3=2)�′

ij�
′
ij : (5)

Boundary conditions: vi = v∗i on SU : (6)

t = t∗i on SF : (7)

ti = t∗i =−mf ks
2
�
(vr)i
|(vr)i| tan

−1

( |(vr)i|
 

)
on SC: (8)

T = T ∗ on ST : (9)

qn = q∗n =−kT;n on SQ: (10)

Here, �ij and �̇ij are the stress and strain rate tensors, respectively, �′
ij the deviatoric stress tensor and

I�; İ� and I� the e9ective stress, e9ective strain rate and e9ective strain in that order. vi; j implies the
partial di9erential term for the velocity, that is vi; j = @vi=@xj. T; k; 	; Cp and ṙ are the temperature,
conductivity, density, speci'c heat and heat generation rate in that order. For the boundary conditions
for the deformation analysis of extrusion, SU ; SF and SC represent the velocity, traction and friction
boundaries prescribed, respectively. mf and ks represent the shear friction factor and shear yield
strength of the material, respectively. In the original constant shear friction model, which has the
form of ti = −mf ks{(vr)i=|(vr)i|}, the ti cannot be de'ned at |(vr)i| = 0. Thus, the friction force
was assumed by the inverse tangent function as shown in Eq. (8). In this equation, if  is a small
positive number, the friction force ti is similar with the original friction model. In this study,  was
assumed to be 0.05. The heat transfer boundary condition is represented by Eqs. (9) and (10). qn

represents the heat  ux across the boundary SQ, which represents the boundary where the heat  ux
is prescribed. Subscript n represents the outward unit normal to the boundary surface.
From the governing equations, weak forms for the thermo-rigid-viscoplastic approach can be ob-

tained as follows:∫
V

2
3
I�
İ�
�̇ij"�̇ij dV +

∫
V
KP�̇kk"�̇ii dV −

∫
SF

ti"ui dS = 0: (11)
∫
V
kT; i"T; i dV +

∫
V
	CpṪ"T dV −

∫
V
0:9�ij�̇ij"T dV −

∫
SQ

qn"T dS = 0: (12)
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Here, Kp is the penalty constant to satisfy the incompressibility condition in Eq. (3). With the linear
eight-node brick element, Eq. (11) can be discretized as follows:

{∫
V

2
3
I�
İ�
BTDB dV

}
v̂′ +

{∫
V
KPBTccTB dV

}
v̂′ −

∫
SF

NTt dS = 0: (13)

Here, N is the shape function matrix for the linear eight-node brick element, and D and c are
coeJcient matrices used in the thermo-rigid-viscoplastic approach. These matrices are described as
follows:

N = [N(1);N(2); : : : ;N(8)] where N(i) =




N (i) 0 0

0 N (i) 0

0 0 N (i)


 : (14.1)

D=




1 0 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0

0 0 0 2 0 0

0 0 0 0 2 0

0 0 0 0 0 2




and c =




1

1

1

0

0

0



: (14.2)

Since Eq. (13) includes highly nonlinear terms, the Newton–Raphson method was used for lin-
earization of this equation. Eq. (13) can simply be reproduced as Eq. (15) and after applying the
Newton–Raphson method, Eq. (16) is obtained as follows:

�(v̂′) = F(v̂′)v̂′ +Gv̂′ − h = 0: (15)

@�(v̂′)
@v̂′

Pv̂′ =−�(v̂′) where
@�(v̂′)
@v̂′

=
@F(v̂′)
@v̂′

v̂′ + F(v̂′) +G − @h
@v̂′

: (16)

In the Newton–Raphson method, an initial guess of the velocity 'eld is needed to begin iterations.
Thus, the initial guess solution was obtained by applying the direct iteration method to Eq. (15).
The 'nite element formulation for the heat transfer analysis is similar to the typical non-steady

heat conduction analysis. The matrix form of the discretized equation obtained from the weak form
of Eq. (12) is as follows:

CṪ+ KCT=Q where KC =
∫
V
kMMT dV; C=

∫
V
	CpNNT dV and

Q=
∫
SE

�̃�̃(T 4
e − T 4

b )N dS +
∫
SE

henv(Te − Tb)N dS +
∫
SR

hlub(Td − Tb)N dS + R:

R =
∫
SR

mf ks|(vr)i|N dS +
∫
V
0:9 I� İ�N dV: (17)
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Here, M is a matrix composed of the gradient of shape functions, that is, Mij=N (i)
; j (i=1–8; j=1–3

for the linear eight-node brick element). SE and SR represent the environment- and die-billet inter-
faces, respectively. �̃; �̃; henv and hlub are the Stefan–Boltzman constant, emissivity, the convective
heat transfer coeJcient to the environment and heat transfer coeJcient at the die-billet interface,
respectively. And Te; Td and Tb are temperatures of the environment, die and billet, respectively. R
is the heat generation term produced by frictions and plastic deformation of the workpiece. In this
study, it was assumed that 90% of plastic deformation energy are transformed into heat generation.
Also, it was assumed that one-half of the frictional heat generation is transferred to the billet while
the other half is transferred to the die.
For the time-dependent term Ṫ in Eq. (17), the time integration scheme described by Eq. (18)

using a value of 0.75 for � was employed. Applying Eq. (18) into Eqs. (17) and (19) can be
obtained for temperature calculations

Tt+Pt = Tt +Pt[(1− �)Ṫ t + �Ṫ t+Pt]: (18)
(

C
�Pt

+ KC

)
Tt+Pt = Qt+Pt − C ˆ̇T where ˆ̇T =− Tt

�Pt
+
(
1− 1

�

)
Ṫ t : (19)

Here, subscripts t+Pt and t represent the next and current time steps, respectively. In the 'rst step,

Ṫ0 is obtained by solving Eq. (17), and in the following steps, the term ˆ̇T in Eq. (19) is calculated
from the temperature 'eld of the current time step.
In the thermo-rigid-viscoplastic approach, the coupling of deformation and heat transfer analysis

parts is carried out as follows:

1. In the deformation analysis part, solve Eq. (16) to 'nd the nodal velocity 'eld.
2. Calculate the plastic deformation and frictional energy terms from the deformation solution of

the current time step.
3. Obtain the heat generation rate term in Eq. (17) from the energy terms calculated in step 2.
4. Solve Eq. (19) to obtain the nodal temperature 'eld.
5. Update the time and current billet geometry using the velocity 'eld obtained in step 1.
6. If the desired total time is reached, then stop the simulation. Else, go to step 7.
7. Change the  ow stress, Eq. (5), considering the temperature 'eld obtained in step 4.
8. Go to step 1 to begin the next time step.

2.2. Contact treatment

The procedure for contact treatment used in current simulations is depicted in Fig. 1. As shown
in this 'gure, the distances between boundary nodes and die surfaces must 'rst be calculated at
the beginning of each step to check the contact status of such nodes. After checking and setting
the boundary conditions properly, iterations to solve for the current step were carried out. With this
solution of the nodal velocity 'eld, the minimum time durations for free boundary nodes to touch
the die surface were calculated. Then, this minimal time increment Pt in this 'gure was set for the
new time step size for the next step and the total elapsed time was updated with this value as well.
Thus, the free boundary node, which determines the minimum time duration at the current iteration
step, will be changed to a contact node for the iteration of the next time step.
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Solve for current time step

vi

Find minimum time duration

∆t = min(∆t1,...,∆tn)

∆ti = ζ i / |vi|

Die surface

Touching node

Free node

ξ 

Set boundary conditions 

nel

Workpiece

Die surface

Workpiece
Die surface

 i

Workpiece

Die surface

Workpiece

Update time step

Go to  next step tnext = tcurrent  + ∆t

Fig. 1. The contact treatment algorithm used in simulations.

In this study, die surfaces were modeled by three-node triangular elements. Thus, as shown in
Fig. 2(a), it is very simple to calculate the shortest distance from a free boundary node to any die
surface element by using the following equation:

gm = g+ �nel; �= (x3 − g) · nel: (20)

Here, g and gm represent the position vectors of the free boundary node and contact point, respec-
tively, nel is a vector normal to a triangular element and � is the minimum distance between the
free boundary node and given triangular element on die surface. Also, the time duration Pt for this
node having the nodal velocity vG to touch the given triangular element can be calculated simply
from Fig. 2(b) as follows:

Pt =
(x3 − g) · nel

vG · nel : (21)

The proposed contact treatment algorithm is applied to the non-steady-state extrusion analysis con-
tinuously calculating the minimum distance � and time duration Pt for every boundary node of the
workpiece.
In this approach, solution accuracy also relies on contact treatment, because it is directly related

to determining the deformed shape and volume loss of the workpiece. To improve the accuracy
of contact treatment, some technical improvements were implemented in this investigation for more
accurate determination of the local transformation coordinate.
Since the die surface was linearly discretized using triangular elements, the normal vectors at the

meeting boundaries of triangles were singular as shown in Fig. 3(a). In order to de'ne the normal
vector in such regions, the triangular element in contact with a node was divided into three regions
A, B and C as shown in Fig. 3(b). In this 'gure, region A is the central region of the triangle, region
B is the region near the meeting boundary of the triangle and region C is the region near vertices
of the triangle. The normal vector of a contact node in region A was set as the normal vector of the
triangular element. For region B, the normal vector of the contact node was calculated by averaging
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1

3

2

P

Gm

G

nel
g m-x3

g m-g  = ζ nel

(a) 

1

3

2

P

Gv

G

nel
g v-x3

g + t vG = g v

vG

(b) 

Fig. 2. Calculation of: (a) the minimum distance between a node and triangular element; and (b) the time duration for a
node to touch the triangular element.

the normal vectors of the two triangles that shared the common edge, to smooth out the singularity
due to linear discretization. And 'nally, in region C, the normal vectors of all triangles that shared
the same vertex were averaged and set as the contact node normal vector. In this 'gure, "a was
arbitrary assumed to be 0.1.
In addition, the local transformation coordinate of a contacted node was constructed di9erently

depending on the contact status of the touching node as shown in Fig. 4. In three-dimensional
analyses, various contact situations can occur in terms of contact node position and die surface
geometry. In particular, for the  at-die extrusion process, the die geometry generally contains very
sharp edges as shown in Fig. 5, making it very diJcult to determine the unique normal direction
of die surfaces. If a node is on a sharp edge, this node can easily penetrate into the die surface
with conventional contact treatment. To avoid this, the current contact algorithm 'xed all degrees
of freedom except for the degree of freedom in the direction along sharp edge as shown in Fig. 5.
That is, such nodes were 'xed to move only along the edge boundary.
In conventional contact treatment, the minimum time increment is founded among the free nodes

only. However, in the current study, the time increment was determined among both the free nodes
and contacted nodes for accuracy as shown in Fig. 6. For a contacted node, its time increment is
the time required to make contact with a neighboring element of the die surface. This is required to
prevent die penetration of contacted nodes for such cases with sharp edges.
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Original die surface

Meshed die surface

Singular region
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C
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(b)

Fig. 3. (a) Normal vector distribution of discretized die surface; and (b) determination of the normal direction vector of
die surface with respect to the position of contact node.

3. Automatic remeshing module

Fig. 7(a) shows a schematic diagram of mesh con'guration during the two-dimensional  at-die
extrusion analysis used. It can be seen that the upper part of the workpiece above the die exit is
being compressed in the container while the lower part is being extruded out. Since such deformation
modes are maintained during the entire simulation process, mesh generation for remeshing can be
simply divided into two parts, namely, mesh generation of the upper part in the container region
and mesh generation of the lower part below the die exit. In particular, mesh generation of each
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1-fixed
Die surface

Symmetric surface

Contacted node2-fixed

3-fixed

Free DOF

Fixed DOF

Fig. 4. Degree of freedom of contacted node at various contact cases.

Sharp edges

Node

Fixed

Fixed

x

y
z

CL

z

y

Node

Fixed

Fixed

Fig. 5. Contact treatment for sharp edges in a channel-section-type extrusion die.

part can be easily achieved using a sweeping scheme. For this, the base and exit planes are de'ned
as the cross-sections of the container and die exit parts, respectively, as shown in Fig. 7(a). This
concept can be directly extended to the three-dimensional case. More precisely, a hexahedral mesh
system can be easily generated by sweeping the base and exit planes which are provided in the form
of quadrilateral elements.
Fig. 7(b) schematically illustrates the generation of hexahedral elements for the upper part in

the container. As the upper part is simply compressed in the container, only its height decreases
during the simulation while the section shape of the original base plane is maintained. Thus, with
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Node

Die element

Contacted node

dt

Node

Free node

dt

Die element

Fig. 6. Determination of time increment for the case of free and contacted node.

the information of the number of layers to be generated and transition ratio, hexahedral elements are
generated by simply sweeping the quadrilateral elements of the base plane. The number of layers
and transition ratio are speci'ed by the user in the current program.
Fig. 7(c) describes the sweeping procedure for the exit plane mesh system. In this case, the

original section shape is usually not maintained due to the inconsistent velocity pro'le at the exit
plane. Also, the height of the extruded lower part increases more quickly compared to the decrease
in height of the upper part. Thus, it is required to determine the number of element layers according
to the extruded length before applying the sweeping process. The number of element layers to be
generated, m, is determined as an integer value of the ratio between the average height, Havg and
a reference length, Lref . The reference length is the desired hexahedral element size of the lower
extruded part and is to be speci'ed by the user.
After the number of element layers is determined, new nodes are generated by the sweeping

procedure. As mentioned above, guide curves for sweeping is required since the original section
shape is not maintained. Thus, pointwise linear curves composed by the old node positions are taken
as the guide curves in this study. As shown in Fig. 7(c), new nodes, Nj

i (j=1; : : : ; m) are generated
by sweeping along the curves composed by the old node positions, Ci. The information of the old
nodes needs to be provided along with the data of the exit plane for remeshing of the lower extruded
part in the current approach.
The section-sweeping scheme that is used to generate the new hexahedral mesh system from the

data of the exit and base planes, has the following advantages. First, the algorithm is so simple that
the time required for mesh generation is small and automation of the robust mesh generation can
be easily achieved. Second, adaptive hexahedral mesh generation can be achieved with the use of
adaptive quadrilateral mesh systems for the base and exit planes accordingly since con'guration of
the hexahedral mesh system is determined by the base and exit plane quadrilateral mesh system.
The computational eJciency is one of major factors in determining the applicability of three-

dimensional forming simulation. Non-steady-state analysis of the  at-die extrusion process is a type
of simulation that requires too much computation time because of remeshing due to high distortion.
Although there have been some studies of non-steady-state simulation of  at-die extrusion processes,
the recent trend has favored the steady-state analysis or ALE analysis due to such complexity.
However, the non-steady-state analysis still has high merits because its simulation condition is more
closed to the actual  at-die extrusion process and in particular allows for the analysis of early stages
of extrusion. Thus, one of the main objectives of this study is to improve the computation eJciency
of simulations for the process design of  at-die extrusion.
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CL
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Base Plane

Exit Plane

(a) 

L1

L4

L3

L2

L5

N: # of element layers

R  = Li+1/Li

Transition Ratio

Base Plane Mesh System
(b) 

Exit Plane Mesh System

Ref. Length: Lref

Havg

m: #of element layers = Havg /Lref

Average Height:  Havg

1
iN

m
iN

2
iN

Ci

(c) 

Fig. 7. Schematic diagram that illustrates: (a) the basic concept of the section-sweeping scheme; (b) sweeping of the base
plane mesh system; and (c) sweeping of the exit plane mesh system.
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The mesh generation scheme used in this study was very simple and thus required only a small
amount of time. Moreover, the simulation procedures such as solving, remeshing and transferring
of state variables were carried out automatically throughout the entire simulation without manual
intervention. By using such an automatic simulation scheme, the computation time was signi'cantly
reduced. The average computation time for simulations made in the current study was about 4 h in
the CRAY C90 super computer.

4. Numerical results and discussion

In this study, non-steady-state 'nite element analyses of extrusion processes were carried out for
two types of channel-section dies as shown in Fig. 8. The centroids of the channel-sections shown
are described in Fig. 8(a) and (b) both centered in the dies.
The mesh layout for the description of these extrusion processes is shown in Figs. 9 and 10. As

shown, 'nite element discretization was carried out using eight-node brick elements for the workpiece
and four-node tetrahedral elements for the die, container, punch and backer.
Due to symmetry of the problems, only a half and quarter sections of the actual geometries with

appropriate boundary conditions were used in these two simulations, respectively. The initial work-
pieces were taken as cylindrical billets with diameters and heights of 200, 50 mm and 220, 50 mm
for the two cases, respectively and the initial temperatures of the workpiece, die and atmosphere
were set to be 420◦C; 400◦C and 18◦C, respectively. The shear friction constant was assumed to
be 0.3 and the punch velocity was set as 1 mm=s. The bearing length was a constant value of
5 mm. The  ow stress obtained from the compression test of Al6061-T6 was used in simulations as
I� = 91:0 İ�

0:09
(MPa).

Fig. 11 shows the deformed shapes of the workpiece at various strokes for the single-channel-
section case. As shown in this 'gure, the material exits the die initially without any de ections
because the bearing lands act as a guide up to this point. However, due to di9erent velocities across

Die Die

(a) (b)

Fig. 8. Schematic showing geometries of: (a) single; and (b) double-cavity channel-section extrusion dies.
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Fig. 9. (a) Full analysis model; (b) top view of die container; and (c) simulation conditions for analysis of extrusion
through the single-channel-section.

the cross-section as the workpiece leaves the bearing land region, the extruded end is de ected as
shown in Fig. 11(c).
The e9ective strain and temperature distributions in the workpiece at the punch stroke of 1:0 mm

are shown in Fig. 12(a) and (b), respectively. As shown, the e9ective strain and temperature levels
are the highest near the sharp edge of the die. The temperature rise of the workpiece was about
72◦C.
Fig. 13 shows that the deformed shapes of the workpiece at various strokes for the double-channel-

section case. As in the single-channel-section case, the workpiece is de ected as shown in Fig. 13(d)
due to the non-uniform velocity distribution across the cross-section.
From the deformed shapes of the two cases, it was found that the exit velocity of the workpiece

varied according to the cross-sectional thickness of the exit. More speci'cally, the exit velocity was
faster at thicker cross-sections and it was the lowest at the end region as shown in Figs. 11 and
13. This was because the bearing land across the cross-section of the lower die was set to have
a uniform length. Thus, if appropriate bearing land lengths can be designed, the de ection of the
extruded part can be minimized. This shows the importance of bearing length design for the  at-die
extrusion and the e9ectiveness of using the non-steady analysis.
For a more detailed investigation of the exit velocity distribution throughout the section, the

channel-section geometries used in the simulations are depicted in detail in Figs. 14(a) and 15(a),
respectively. The exit velocity distributions using a constant bearing length of 5 mm for both cases
are shown in Figs. 14(b) and 15(b), respectively. In these 'gures, the geometry of the die exit has
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Fig. 10. (a) Full analysis model; (b) top view of die container; and (c) simulation conditions for analysis of extrusion
through the double-channel-section.

Fig. 11. The deformed shapes of the workpiece through a single-channel-section die at various punch strokes: (a) initial
stage; (b) 0:5 mm; and (c) 1:32 mm.
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Fig. 12. (a) The e9ective strain; and (b) temperature distributions in the single-channel-section extrusion case at punch
stroke of 1:0 mm.

been divided into sub-sections of uniform cross-sectional thickness and the end regions have also
been separated into sub-sections. The numbering shown in the 'gures indicate the sub-sections. As
shown in these 'gures, the exit velocity distributions were highly non-uniform and in particular, the
exit velocity was the smallest in the end regions of the exit due to the high friction in these areas.
Also, the ratios of the maximum velocity to the minimum were found to be 1.3 and 2.4 for the two
cases, respectively. This ratio is higher for the case of Fig. 15(b) because the end region is also the
thinnest section in this case.
Another factor that should be considered when investigating the material  ow is the variation

of process parameters. Thus, as shown in Figs. 16 and 17, the de ection of the workpiece was
investigated according to the variation of the workpiece temperature and punch velocity for the
single-channel-section case. The bearing lengths were set to be constant as 5 mm as before. First, the
punch velocity was 'xed at 1 mm=s and the workpiece temperature was varied among 420◦C; 450◦C
and 470◦C, respectively, as shown in Fig. 16. The simulation results showed that the distances d1; d2
and d3 from the reference line changed only slightly according to variations of the initial workpiece
temperature.
Also, to investigate the e9ect of punch velocity, the workpiece temperature was 'xed at

420◦C and the punch velocity was varied among 1, 2 and 4 mm=s, respectively, as shown in
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Fig. 13. The deformed shapes of the workpiece through a double-channel-section die at various punch strokes: (a) 0:6 mm;
(b) 0:9 mm; (c) 1:2 mm; and (d) 1:5 mm.
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Fig. 14. (a) The channel-section geometry; and (b) the exit velocity distribution using a constant bearing length of 5 mm
for the single-channel-section case.

Fig. 17. As in the previous results, the distances d1; d2 and d3 from the reference line hardly
changed. From the results of Figs. 16 and 17, it was found that the amount of de ection of the
workpiece was not greatly a9ected by variations of either the workpiece temperature or punch
velocity.
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Fig. 15. (a) The channel-section geometry; and (b) the exit velocity distribution using a constant bearing length of 5 mm
for the double-channel-section case.

Fig. 16. De ection of the extruded workpiece according to changes of workpiece temperature in the single-channel-section
case.

5. Conclusions

In the present study, non-steady three-dimensional 'nite element analysis of the  at-die hot extru-
sion process was carried out using the thermo-rigid-viscoplastic approach and an automatic remeshing
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Fig. 17. De ection of the extruded workpiece according to changes of punch velocity in the single-channel-section case.

module. The developed automatic hexahedral remeshing program using the section-sweeping scheme
was found to be e9ective for the  at-die extrusion simulation. From the analysis results, the deformed
shape of the workpiece, its temperature and e9ective strain distributions were investigated. Also, the
exit velocity distributions throughout the section were investigated for extrusion processes with single
and double channel sections. It was found that the di9erence in the exit velocity depended on the
cross-sectional thicknesses throughout the exit and that the design of appropriate bearing lengths is
very important to obtain high quality extruded products without having de ections. Finally, it was
found that the de ection of the extruded part was not greatly a9ected by variations of the workpiece
temperature or punch velocity under the present simulation condition.
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