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Abstract

Recently a novel multi-container extrusion method has been proposed and proved feasible to simultaneously extrude multiple
billets for producing thin-walled wide profiles with reduced force by experiments. Due to its different die structure compared
to conventional extrusion methods, the effects of tooling geometries on the multi-container extrusion performance should be
comprehensively analysed as the base of die design optimisation. In this study, the original three-container extrusion design
and six modified designs were established to investigate the influence of three key geometrical variables, including container
diameter, upper die height and welding chamber height, on the extrusion performance through finite element simulation. The
considered extrusion performances include metal flow uniformity, extrusion force, welding pressure, die lifetime and mate-
rial yield. The drawbacks of the original die design were revealed after the primary analysis of the key influencing variables
and a three-step way of design improvement was proposed accordingly. Container block and upper die were optimised for
the first step; welding chamber height and die bearing length were modified during the second and third steps respectively.
Compared with the original design, the final optimised design can decrease the unevenness of the extrudate front shape by
75% and double the material yield, while the extrusion force, die lifetime and welding quality were basically unchanged.

Keywords Three-container extrusion - Aluminium alloy - Material flow - Tooling optimisation - Numerical simulation

Introduction

Aluminium alloys have been widely used in the domains of
aircraft [1], automobile [2] and marine [3] thanks to their
superior properties including high specific strength, high
corrosion resistance, good electrical and thermal conduc-
tivity, and so on. Extrusion is one of the major metal-form-
ing technologies especially for producing complex cross-
sectional shape such as the hollow wallboard of high-speed
train [4] and ship deck [3]. Since the assembly and join-
ing processes of small parts can be minimised by directly
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manufacturing integral components, large-sized aluminium
products are increasingly in demand to maintain better
product quality and less energy consumption. The techni-
cal development of large-scale aluminium extrusions with
complex cross-sectional shape hence becomes critical.

Porthole extrusion is a conventional method for manufac-
turing hollow profiles. Metal flow balance, welding defects,
extrusion force, and tooling strength, are the key factors that
need to be taken seriously in the porthole extrusion process
[5, 6]. The uniformity of metal flow can be represented by
stan ) or velocity relative difference (VRD) as shown in Eqs.
(1) and (2) [7, 8].

ey

n IV,‘_;I
Zi:l v (2)

where v; is the velocity at node i, v is the average velocity
of all nodes, and #n is the number of nodes in total. Lower
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SDV or VRD represents a more balanced metal flow which
results in a better quality of extrudate. Otherwise, poor
uniformity can cause various product defects such as twist-
ing, waving, bending and cracking [4]. Welds are intrinsic
defects for hollow extrusions and are often the weakest part
of the extruded profile. Welding property is usually evalu-
ated by the contacting pressure on welding plane p or the
ratio of pressure to effective stress p/&, where higher p or
p/ & indicates better welding quality [9]. Good metal flow
uniformity and welding property are crucial for qualified
extrusion products. In the meantime, the extrusion force and
the peak stress applied on extrusion dies are also critical
indices which influence the availability of extruder and the
extrusion die lifetime, respectively [10]. All these indices of
extrusion performance can be influenced by modifying the
extrusion tooling designs as listed in Table 1. With the aid
of numerical simulations, the effects of different die design
variables on extrusion performances are analysed more and
more comprehensively [12].

For the container design in porthole extrusion, a larger
container diameter and longer length allow more billet to be
extruded at once, resulting in higher deformation-induced
force and friction force [23]. The determination of container
diameter is highly restricted by the desired extrudate and
the container length is empirically set as 2-5 times the con-
tainer diameter [11]. Therefore, more research is focused on
the designs of upper die and lower die which contain a large
number of critical geometrical variables. The key aspects of
the upper die include the design of the porthole and bridge.
Chen et al. [12] obtained the improved metal flow uniform-
ity and welding property by numerical simulations of vari-
ous modified die designs to extrude a multi-cavity wallboard
profile for high-speed trains. The results demonstrated that

the shapes and locations of portholes should match the
counterpart areas of the extrudate to ensure smooth metal
flow. By smoothing the metal flow, extrusion force and peak
stress on tools would also be reduced [20]. Donati et al.
[13] compared the extrusion performances for different
designs of bridge shapes experimentally and numerically
and found that the bridge back angle of 45° can lead to
better welding quality than a square bridge (bridge back
angle equals 90°). The sharper bridge increases the weld-
ing pressure and welding path length simultaneously and
hence yields good welding [14—-16]. The bridge-mandrel
connection is usually the riskiest area that encounters the
highest stress, so the bridge-mandrel connecting fillet radius
is also a tiny but important variable during extrusion [5].
The key parameters of the lower die include the design of
baffle, welding chamber and bearing. Baffle plates are not
necessary parts of the lower die but are often added on the
bottom of the welding chamber near the orifice to balance
the metal flow by rationally increasing the flow resistance in
the local area [17]. Increasing the welding chamber height
can effectively improve welding quality by increasing the
welding pressure and area of the welding plane [18]. But
Liu et al. [14] pointed out that an extra-high welding cham-
ber may increase the extrusion force and resist the metal
flow toward the die orifice. Therefore, the determination of
welding chamber height becomes of great importance. Add-
ing a second-step welding chamber with a well-designed
shape is another way to obtain even metal exit velocity.
Sun et al. [19] analysed the extrusion processes with differ-
ent second-step welding chamber shapes and heights and
finally selected the optimal design for uniform metal exit
velocity and high die lifetime. In addition, adjusting the
bearing length distribution could sensitively influence the

Table 1 Key variables of

tooling design and extrusion Tooling design

Extrusion performance

performance
* Diameter [11];
Container
* Length [11].

* Porthole: shape, location,

) dimension [12];
Upper die

* Bridge: angle [13-16],

dimension [12];

« Baffle: shape, location,

dimension, height [17];

* SDV
Metal flow
* VRD
* Contacting pressure;
Welding
|::> ) * Ratio of pressure to
quality )
effective stress;
Ener
gy‘ » Extrusion force
consumption

Lower die * Welding chamber: height [18],

2-step chamber [19];

Die lifetime ¢ Peak stress

* Bearing length [20-22].
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metal flow [20]. By lengthening the bearing in smooth flow
area and shortening the bearing in obstructed flow area,
the final metal exit velocity could be effectively balanced
[21]. Increasing bearing length may slightly increase the
extrusion force by introducing more friction between mate-
rial and die bearing, and increase the welding pressure by
increasing the resistance of metal flow [22].

To solve the challenge of extremely high force require-
ment during large-scale profile extrusion, a novel extru-
sion method, namely multi-container extrusion technology
has been proposed [24]. The key feature of this method is
that multiple containers are arranged in a container block
to insert multiple billets at the same time. In this case, the
billets with a diameter much smaller than the width of the
extrudate can be extruded simultaneously into a desired pro-
file, leading to a much smaller extrusion ratio and hence
a significantly reduced extrusion force. It should be noted
that longitudinal welds are inevitably formed by bonding
the adjacent billets inside the welding chamber of the die
during the multi-container extrusion process. Therefore,
welding quality evaluation of the multi-container extrusion
is of great importance. So far, a series of three-container
extrusion tests have been conducted and the recorded extru-
sion force was only about 15% of that for the conventional
porthole extrusion to extrude the same profile [24], showing
the great potential of the novel extrusion multi-container
extrusion technology to form large-scale profiles. Addition-
ally, microstructural and mechanical testing has been carried
out on the three-container extruded profiles, and numerical
simulations have been conducted to analyse the formation
mechanism of welds. It has been demonstrated that good
welding can be achieved beyond a certain distance away
from the front end of the extrudates [25].

The special tooling structure of multi-container extru-
sion, i.e. multiple containers in one container block, causes
the extrusion performance to be very different from con-
ventional extrusion process. However, no research has been
presented to investigate the effects of tooling designs on
the multi-container extrusion performance. Proposing reli-
able guidance for tooling design optimisation plays a vitally
important role in the industrial application of the novel
multi-container extrusion method.

The main objective of this study is to investigate the influ-
ence of three key tooling geometries on the performances
during the three-container extrusion process and propose
guidance for tooling design improvement by numerical sim-
ulation. The virtual extrusion processes with the original and
six modified tooling designs were performed by the soft-
ware QForm. The three modified variables include container
diameter, upper die height and welding chamber and the
five extrusion performance indices to be analysed include
metal flow, welding property, extrusion force, die lifetime
and material yield. According to the results, the limitations

of the original extrusion design were investigated and three
steps of tooling design improvement were subsequently con-
ducted for better extrusion performance.

Numerical modelling of three-container
extrusion process

Constructions of geometrical models

The three-container extrusion tooling set including container
block (in green), upper die (in red) and lower die (in blue)
is illustrated in Fig. 1a. The top left image shows 1/4 part
of the 3-D model and the others show the 2-D drawings
with detailed dimensions. Three cylindrical containers with
a diameter of ¢C are arranged in a row at an equal spacing of
20 mm, and the centre distance between the left and the right
container is 118 mm as shown in B-B section. The upper die
includes three lofted portholes of which the total height is
represented as U in A-A section. The entrances of the port-
holes are three the same circles as the container and the exits
are rounded rectangular with the same width of 39 mm and
with lengths of 63 mm or 59 mm shown as the red lines in
bottom right drawing and top right B-B section. To ensure
the safety of vertical bridges, i.e. the gaps between the port-
holes, the middle porthole was narrowed at the entrance so
as to widen the vertical bridge as shown in the B-B section
drawing. Additionally, a horizontal bridge is placed through
the three portholes and connected with the mandrel to form
the hollow area of extrudate during extrusion as shown in
A-A section. The lower die includes a rounded welding
chamber with a sectional area of 195 mm X 39 mm and a
height of W shown as the blue lines in the lower two figures
of Fig. 1a. This die set is used to extrude a 177X 8 mmx 1.1
mm hollow profile with two 1.5 mm thick reinforcing ribs as
shown in Fig. 1b. The ribs spaced 50 mm apart connect the
flat top surface and curved bottom surface with an inclina-
tion of 60°. The distance between the top and bottom surface
ranges from 5.5 mm to 8 mm. Figure 1c shows the bearing
length distribution on the die orifice where most is 3 mm (in
red) while those near the reinforcing ribs and short edges are
shorter (2 mm, in green). The connecting parts between the
3 mm and 2 mm bearings are transited by chamfers.

An original die in the authors’ previous work [24, 25]
was designed based on engineering expertise of traditional
porthole die design, and the corresponding extrusion experi-
ments were successfully conducted to produce wide-thin
aluminium profiles. The subsequent simulation indicated
that while the design was capable of ensuring a successful
extrusion process, but fell short for achieving an optimal
outcome, requiring further analysis of the effect of die struc-
tures. As shown in Fig. 1, the main die structural param-
eters include container diameter, and the cross-sectional
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Fig. 1 Three-container extru-
sion die design
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shapes and heights of both the upper die and the welding
chamber. The optimal determination of the cross-sectional
shapes of the upper die and the welding chamber can be
largely guided by the existing design handbook based on
the principle that the secondary extrusion ratio at differ-
ent positions of the cross-section should be the same [11].
Therefore, three other variables, i.e. container diameter ¢C,
upper die height U and welding chamber height W in Fig. 1
are selected as the key parameters to analyse their effects
on three-container extrusion performance. Table 2 lists the
detailed values of the selected parameters for the original
die design and six modified designs of which the modified
parameter is marked in italic bold. Designs C1/C1' and C2/

2
A2

2,
pY

= 1.1 Transition zone a
. R 3 mm
= 2 mm

-

177
(c) Die bearing

C2' change the container diameter ¢C from the original 39
mm to 34 mm and 44 mm respectively. Designs U1l and U2
change the upper die height from the original 90 mm to 65
mm and 115 mm, respectively. Designs W1 and W2 modify
the welding chamber height from the original 12 mm to 6
mm and 18 mm, respectively. It should be noted that Design
C1 and C1' actually have the same tooling structure, so do
Design C2 and C2'". The only difference is that Designs C1
and C2 have the same stem speed as that for the original
design during the extrusion process, while Design C1' and
C2' have the same extrudate exit speed as that for the origi-
nal design. This will be explained in detail in "Meshing &
Boundary conditions" section.

Table 2 Geometrical variables

T : Original ~ Design Design Design Ul Design U2 Design W1 Design W2
for the original design and design cl/cl C2/C
Design C1~W2
¢C (mm) 39 34 44 39 39 39 39
U (mm) 90 90 90 65 115 90 90
W (mm) 12 12 12 12 12 6 18
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Fig.2 FE model of the three-
container extrusion process Stem

Billet

Symmetry plane

Meshing & Boundary conditions

Different finite element (FE) models are established accord-
ing to the die designs described in "Constructions of geo-
metrical models" section. Taking the original design as an
example, half of the extrusion system is built with a symme-
try plane to reduce the computational load as shown in the
left image of Fig. 2. The whole model includes stems, billets
and die set which are meshed into tetrahedron elements. The
way applied to constrain the element size in this study is
mesh adaption with an acceleration coefficient. The mesh
adaption is the ratio of the maximum element size to the
size of any element in the finite mesh element, of which the
maximum and maximum values are set as 1 and 15, respec-
tively; the acceleration coefficient represents the maximum
ratio of element sizes between neighbour elements, which is
set as 1.5 in this study. The detailed element sizes for each
simulation step are determined by the solver based on the
real-time dimensions and shape of the tooling and work-
piece. Although the original mesh size of the billets may
look coarse, it will be automatically decreased by remeshing.
The maximum strain increment for each simulation step is
0.1 and the maximum step time is 0.5 s. The maximum num-
ber of steps between remeshing is 20. During the simulation,

Container block

Horizontal bridge
Vertical bridge Mandrel

Upper die
Lower die

Welding chamber Bearing

the die set is fixed and the stems push the billets to move
forward along the extrusion direction.

As reported in the previous study [24], the initial tem-
peratures of extrusion tools and billets were set the same
during the extrusion experiments for uniform temperature
distribution. The extrusion temperature in the numerical
models is in accordance with the extrusion experiment, i.e.
450 °C. The stem speed during the simulation of Design
Cl1, C2, U1, U2, W1 and W2 were the same as the origi-
nal extrusion, i.e. 0.5 mm/s. Since changing the container
diameter while keeping the original stem speed for Designs
C1 and C2 leads to the change of the extrudate exit velocity
and strain rates in the weld chamber, extra two simulations
of C1'and C2' were conducted to compare the influence of
the container diameter at the same extrudate velocity. The
extrusion conditions of all the simulations are summarised
in Table 3.

The billet and tooling materials are AA6063 alloy and
H13 tool steel, respectively, whose physical properties are
listed in Table 4. The flow stress o, for AA6063 material is
formulated as,

o, =A- e™mT . g /e (1 + £)m5T L g 3)

Table 3 Extrusion conditions of

: . : Design Original Cl c2 Ul U2 Wi w2 crr cz
different simulations
Stem speed (mm/s) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.66 0.39
Extrusion temperature (°C) 450
Table 4 Physical properties of materials of billet and extrusion tools
Material Young’s modulus (MPa) Poisson’s ratio Density (kg/m3) Thermal conductivity Specific heat
[W/(m-K)] /(kg-K)]
AA6063 70600 — 51.25T 0334+625%107°T 2699 — 0.235T 205 + 0.0875T 904 + 0.2542T
H13 tool steel 210000 0.3 7716 29 551
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where ¢ and ¢ are strain and strain rate respectively; T is
the temperature; A, m,, m,, ms, my, ms are all material con-
stants, equal to 265 MPa, -0.00458, -0.12712, 0.12, -0.0161,
and 0.00026, respectively [26]. The yield stress of H13 tool
steel decreases with temperature and is 1150 MPa at 450 ‘C
according to the QForm material database [26].

The heat transfer coefficient between the workpiece (bil-
let) and tools is 30000 W/(m?-K); the heat transfer coef-
ficient between the workpiece/tool and the environment is
30 W/(m*K) [27]. The friction = between the workpiece
and the inner wall of the die obeys Levanov’s law, i.e.

= mk|1 p2n
fe2)

where k is the maximum shear stress equal to %; o, is the

contact pressure; m is the friction factor; b is the
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Fig.3 Comparison of extrusion forces obtained from numerical sim-
ulation (solid line) and experiment (dashed line)

experimental coefficient. m and b were respectively set as 1
and 1.25 in this study.

Validation of numerical simulation

To confirm the correctness of the FE model, Fig. 3 compares
the simulated extrusion force for the original die design
with the corresponding experimental results from the pre-
vious work [24] and similar evolving trends were obtained.
The extrusion force initially increases to satisfy the energy
requirement of billet upset and entering the upper die; then
the force decreases slightly when passing through the upper
die and rises again when filling the welding chamber; after
filling the dies, the materials start to break through the die
bearing with a dramatically increase of extrusion force;
finally, the materials are extruded out of the orifice to form
the desired profile. Except for the similar force evolving
trend, the predicated maximum extrusion, 2438 kN, is also
close to the experimental result, 2224 kN. Therefore, it can
be concluded that the established FE model is validated and
the simulated results are reliable.

Effects of tool designs on extrusion
performances

Preliminary analysis

The metal flow behaviour through the die orifice for the
extrusion with the original tooling design is presented in
Fig. 4, where Fig. 4a shows the evolution of the average exit
velocity and SDV during the extrusion process and Fig. 4b
shows the exit velocity distribution in the cross-section of
the orifice at different times of extrusion. The “extrusion
process” axis in Fig. 4a is a non-dimensional time normal-
ised by the starting time of the steady extrusion, which pre-
sents the extrusion progress from the beginning of mate-
rial passing through the die orifice (=0) to the beginning
of flowing with steady velocity (= 1) and further (> 1). The

Fig.4 Metal flow process 1.6 5 _  Exitvelocity
including breakthrough stage Breakthrough Ugs:teadyr::Steady' - ® —_ — mm/s
(®—®@), unsteady stage (@-O) : i 44 E —_— +0
and steady stage (®-®) during 12 F 3 Lopte-ee | = @Q———I N . 3.5
the extrusion process of the Q | I £
.. . £ Me | 43 g 3.0
original design €03 I s ® Z_ X a5
~ U.0 I 1 > .
2 Sbv 2 | | 12 % ® 2.0
7 o y 4 .
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(a) Average exit velocity and SDV
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images in Fig. 4b correspond to the six points of extru-
sion in Fig. 4a. At point @, the material starts to flow through
the orifice very slowly and only a few dispersed materials
can be observed on the cross-section. At point @, more mate-
rial is extruded with increasing exit velocity and SDV. At
point ®, the top and bottom surfaces of the extrudate have
been extruded, where the middle part flows much quicker
than the side part and the SDV increases to the maximum
value. At point @, material eventually breaks through the
whole orifice and an entire cross-section is extruded with a
gradually improved flow uniformity. The process @®—® cov-
ers the whole material breakthrough stage during which the
average exit velocity gradually increases and SDV increases
first and then decreases. After that is the unsteady stage, dur-
ing which the entire profile is extruded non-uniformly with
a decreasing SDV and increasing average exit velocity until
point ®. During the steady stage after point ®, the material
can be extruded steadily and uniformly.

The simulated metal flow during the steady stage extru-
sion of the original design is illustrated in Fig. 5, where the
images (al — a3) present the situation at the beginning of
steady extrusion, i.e. when the stem stroke is 86.3 mm and
the non-dimensional extrusion process equals 1; the images
(b1 —b3) and the images (c1 — ¢3) correspond to the extru-
sion at the stem stroke of 100 mm and 114 mm, respectively.
As shown in the image (al), the materials from two billets
as indicated in taupe (front) and purple (back) respectively
are contacted and bonded together after fully filling the die
cavity, resulting in the formation of the welding plane. The
bonded material is then extruded through the die orifice to
form the final extrudate, accompanied by two longitudinal
welds at the top and bottom surfaces of the extrudate. These
welds formed by the solid-state bonding between the adja-
cent billets are intrinsic and unique defects during the multi-
container extrusion process compared to other extrusion
methods. Therefore, the physical state of the welding plane

Fig.5 Steady stage of the three- Stroke Metal flow zone
container extrusion process for (al) WP

the original design, showing
(al—c1) the formation of welds,
(a2—c2) stable physical state

of welding plane and (a3—c3)
evolution of weld position. ED
and WP stand for extrusion
direction and welding plane
respectively

is of great importance to evaluate the welding quality of the
final multi-container extruded profile. The images (a2), (b2)
and (c2) show the pressure distributions of the side billet,
corresponding to the purple billet in images (al), (bl) and
(c1), and the maximum pressures on the welding plane are
marked. The welding pressure distributions in images (a2),
(b2) and (c2) appear approximately unchanged so one can
assume that the physical state of the welding plane during
steady extrusion is consistent. The exit velocity distributions
at different extrusion strokes are shown in images (a3), (b3)
and (c3). Except that the image (a3) shows a slight velocity
gradient within the range of 3.7-3.8 mm/s with the SDV
value of 0.05 at the beginning of steady extrusion, the exit
velocity distributions are nearly perfectly uniform during the
further steady stage extrusion.

To sum up, the non-uniformity of the metal flow is mainly
influenced by the extrusion process before the steady stage,
so the breakthrough and unsteady stages were focused on for
the investigation of the metal flow. Evaluating the bonding
quality of the weld formed between the adjacent billets is
important for the multi-container extrusion and almost all
the usable profile is extruded during the steady extrusion
process, so the steady stage was focused on when analysing
the welding plane. In addition, according to "Validation of
numerical simulation" section, the extrusion force reaches
the maximum value at the end of the breakthrough stage
when the die is in the severest safety danger, so the end of
the breakthrough stage should be focused on for the evalua-
tion of the die lifetime.

Moreover, the shape of the welding plane evolves with
the stem stroke, and the corresponding weld position is not
exactly parallel with the extrusion direction as shown in the
image (b2) and (b3). This is caused by the unbalanced mate-
rial distribution in the welding chamber due to the volume
difference between the two flow portholes for the side bil-
let and the middle billet as depicted in Fig. 1a. The middle

Top surface of the extrudate

a3)

Welding plane

Pressure Exit velocity

Weld

(MPa) (mm/s)
200 3.80
I 180 I 3.79
- 160 3.78
140 :3.77
120 3.76
100 I 3.75
- 80 3.74
60 (c3) 3.73

3. 72

I3.71
3.70
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porthole was narrowed to enhance the safety of the vertical
bridges, but it also caused a decreased middle porthole vol-
ume compared to the side porthole. Therefore, as shown in
Fig. 5, the material from the middle (taupe) billet arrives
in the welding chamber prior to the side (purple) billet and
hence occupies a larger portion of the cross-section of the
extrudate. With the increasing stem stroke, sufficient mate-
rial from the side billet arrives in the welding chamber, grad-
ually taking back some flow area of the welding chamber
and part of the extrudate cross-section. Therefore, the weld
position on the cross-section of extrudate gradually moves
inward from the side, leading to an inclined weld seam rela-
tive to the extrusion direction on the surface of the extrudate
as shown in the image (b3). The evolving material distribu-
tion finally gets stable and the weld seam on the subsequent
extruded profile turns to be parallel with the extrusion direc-
tion as shown in the image (c3).

Metal flow behaviour and extrusion force

The simulated evolutions of average exit velocity and SDV
for the modified extrusion designs described in "Construc-
tions of geometrical models" section are plotted in Fig. 6.
Same as in Fig. 4, the non-dimensional “extrusion process”
axis reflects the extrusion progress after the billet mate-
rial fully fills the whole die cavity, i.e. from the beginning
when the material starts to be extruded through the die ori-
fice. All designs obey the same evolving trend of average
exit velocity, i.e. increasing during the breakthrough and
unsteady stage and finally reach the plateau as shown in
Fig. 6a. Modifying the upper die height (Designs U1l and
U2) and welding chamber height (Designs W1 and W2) has
little influence on the steady velocity; decreasing or increas-
ing the container diameter in Design C1 or Design C2 can
significantly reduce or increase the steady exit velocity due
to the change of extrusion ratio, and by adjusting the stem
speed, the steady exit velocity can be changed to the original
level as shown in curves C1' and C2'. In Fig. 6b, all curves
show a similar evolving trend, i.e. the SDV increases up

to the peak and then decreases quickly to low values at the
steady state extrusion.

Although the value of SDV in the steady stage (extrusion
process > 1) is almost the same for different designs as dem-
onstrated in Fig. 6b, the previous values are not identical,
resulting in the different front-end shapes of the extruded
profiles as shown in Fig. 7. The unevenness of the front
shape is quantified by the length of the extrudate front edge
along extrusion direction, /, and the material distribution in
the extrudate is quantified by the width of the extrudate por-
tion formed by the middle billet. For all the designs, the mid-
dle part of extrudate front shape is bulgy because the volume
of the middle porthole of the upper die is smaller than that of

Design C2 Exit
Design C1 B;ttom 26.7| velocity
op .
$ 9|6 I ﬂ mm/s
4.5
Design C2'
4.3
Design C1'
9.6 4.1
3.9
. Design U2
Design Ul 3.7
1 0. 2 l .4
Design W1 33
Design W2
7 e I
34.6
2.9

Fig.7 Front shapes of profiles extruded by different tool designs,
where the colours show the exit velocity distribution; the numbers in
black (in mm) indicate the length of the extrudate front edge along
extrusion direction /; the numbers in white (in mm) represent the
width of the extrudate portion formed by the middle billet; the labels
of "Top' and 'Bottom' represent the top surface and bottom surface of
the extrudate which are marked for Design C2 as an example

Fig.6 Average exit velocity and
SDV from breakthrough stage
to steady stage for different
extrusion designs. Extrusion
process equal to 1 represents
the beginning of the steady
extrusion
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the side porthole as annotated in Fig. 1a. From Fig. 7, it can
be seen that with the same die structures, both the increase
(from Design C1 to C1') and the decrease (from Design C2
to C2') in extrusion speed exert minimal influence on the
unevenness of the front shape. With larger container diame-
ter (Design C2/ C2'), higher upper die height (Design U2) or
lower welding chamber height (W1), the volume difference
between the middle and side portholes becomes larger and
hence the middle material can reach the die orifice quicker
and earlier, resulting in a more uneven front shape and wider
portion of extrudate formed from the middle billet. This
gives the first idea of tooling design improvement: making
the metal flow volumes of multiple portholes equal so as to
ensure the materials from different billets can begin to be
extruded at the same time. In addition, the top surface of
the extrudate is more salient than the bottom surface, which
means that after the material is divided into top and bottom
parts by the horizontal bridge, the top material reaches the
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Fig.8 Normalised extrusion force at steady state extrusion process
for different die designs, where the number (in kN) on the top of each
bar represents the corresponding values of extrusion force

Design C1
Max = 180

Fig.9 Pressure distribution on
the welding plane for different
extrusion designs

Design C2
Max = 193

die orifice earlier than the bottom material. Accordingly, the
second idea of tooling design improvement can be made:
adjusting the location of the horizontal bridge to ensure an
equal metal flow volume for top and bottom materials.

Figure 8 shows the simulated maximum extrusion forces
for different designs, corresponding to the point @ of Fig. 4,
and the normalised values by the maximum extrusion
force of the original design (2438 kN). Decreasing upper
die height (Design U1) and welding chamber height (W1)
can reduce the extrusion force slightly mainly due to the
reduction of friction between the material and die interface.
Decreasing container diameter (Design C1/C1'") can mark-
edly decrease the extrusion force. Smaller container diame-
ter indicates a lower extrusion ratio and hence leads to lower
deformation induced force. For the same reason, C2/C2' with
larger diameter have larger extrusion forces.

Welding pressure

The contacting pressure distributions on the welding plane
formed by the bonding of the adjacent billets for different
extrusion die designs are shown in Fig. 9. The pressure is
minimum at the outlet and gradually increases along the
direction away from it. Compared to Design C1/C2', higher
stem speed in Design C1'/C2 can slightly increase the weld-
ing pressure. Smaller container diameter (Design C1/C1")
leads to lower pressure compared to Design C2/C2' which
is coincident with its influence on extrusion force. Simi-
larly, lower upper die height (Design U1) leads to slightly
lower pressure compared to Design U2. Decreasing welding
chamber height (Design W1) slightly increases the welding
pressure compared with Design W2. However, according
to the related literature, decreasing welding chamber height
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Max = 190 Pressure

(MPa)
200
180
160
140

120

Design C2'
Max =190

Design U2
Max = 187

Design W2 100
Max =176

@ Springer



64 Page100f 16

International Journal of Material Forming (2023) 16:64

makes the welding paths and welding times reduced which
worsens the welding quality [28]. In addition, it has been
demonstrated that the ratio of welding pressure to effective
stress serves as a superior index for assessing welding qual-
ity compared to the welding pressure alone. The detailed
interplay between welding pressure and effective stress will
be examined in "Design 3: improvement of bearing lengths"
section as part of the tooling optimisation process. It should
also be noted that as long as the welding condition satisfies
the limit of forming sound welds, higher welding pressure or
longer welding path and time become unnecessary.

Die lifetime and material yield

Figure 10 illustrates the effective stress distributions of the
whole die set, including a container block, an upper die and a
lower die, for different extrusion designs when the extrusion
force reaches the maximum, i.e. at the end of the breakthrough
stage. Figure 10a depicts the detailed positions of the analysed
cross-sections by using the original extrusion tooling as an
example, of which Section i is perpendicular to the extrusion
direction and Section ii is the horizontal plane over the centre
line of the containers. Figure 10b shows the effective stress
distribution on the indicated cross-sections for the different
modified die designs where the corresponding peak stress
and stem strokes are also marked. In the case of applying
the same stem speed, the die with a bigger container diam-
eter (Design C2) encounters much higher stress than Design
C1, where the peak stress increases from 1069 to 1141 MPa,
and the stress on the gap of containers significantly increases
from 483 to 1004 MPa. Similar effects of container diameter
can be obtained in the case of applying the same extrudate
exit velocity according to the comparison between Design
C1'and C2'. Besides, the bigger container diameter in Design
C2/C2' allows more volume of billet to be extruded and hence
shortens the necessary stem stroke of filling the die cavity
from 165 mm for Design C1/C1' to 119 mm for Design C2/
C2'. Compared to Design U1, the longer upper die height in
Design U2 increases the stress on the vertical bridge end from
995 to 1137 MPa, while decreasing the stress on the hori-
zontal bridge as shown in the circled area from 1033 to 733
MPa. The advantage of Design Ul is that the smaller volume
of the die cavity reduces the requirement of stem stroke for
filling the whole die cavity, resulting in higher material yield.
It should also be noted that the riskiest part in Design Ul
changes from the end of the vertical bridge to the entrance
of the horizontal bridge. Compared to Design W1, the larger
welding chamber height in Design W2 causes higher localised
stress on the vertical bridge end from 935 to 1136 MPa and
slightly lower stress on the horizontal bridge from 690 to 670
MPa. Design W2 also maintains a larger volume of die cavity
resulting in the reduction of material yield.
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Fig. 10 Effective stress distribution for different extrusion designs,
where the numbers in MPa and in mm represent the applied effective
stress and stem stroke at the maximum extrusion force respectively

Table 5 summarises the normalised extrusion performance
indices of different tooling designs by that of the original design
according to the above-mentioned analysis. The unevenness
of the extrudate front shape is highly influenced by the die
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Table 5 Performances of the
original design and the six

modified desings

Design Original ClI cr C2 c2 Ul U2 Wi w2

Unevenness of the front shape,/ 1 077 077 216 216 0.82 1.73 4.66 0.96
Maximum extrusion force 1 0.82 084 120 1.17 096 1.03 099 1.02
Maximum welding pressure 1 097 098 104 1.02 097 101 1.02 095
Peak stress on extrusion dies 1 098 098 1.04 1.03 094 104 085 1.04
Material yield 1 0.55 055 127 127 147 067 1.14 0.80

structure and the underlying reason is the unbalanced material
distribution when materials flow into the welding chamber. The
extrusion force can be greatly increased with larger container
diameter mainly due to the higher extrusion ratio and affected
by the increased strain rate, while the influence of the geometry
of the upper die and welding chamber is little, i.e. within 4%
in this case. The pressure on the welding plane between the
adjacent billets is only slightly affected by all the structural
modifications. But the welding path can be greatly influenced
by the welding chamber so the evaluation of the welding quality
should be researched particularly during the tooling optimi-
sation. Unless the gap between the adjacent containers is too
low, the peak stress of the extrusion dies mainly locates on the
end of the vertical bridge due to the pressure in the welding
chamber or on the entrance of the horizontal bridge induced
by the material separation. Therefore, decreasing the upper die
height or increasing the welding chamber height may increase
the tooling risk. Increasing material yield can be achieved by
either increasing the volume of the containers or decreasing the
volume of the upper die and welding chamber.

By comparing the results in Table 5 and a tooling optimi-
sation case for traditional porthole die in [29], it can be con-
cluded that die features influence multi-container extrusion in
a similar way to porthole extrusion. Increasing the container
size results in elevated extrusion force and heightened stress
on dies for both types of extrusion. Moreover, in the context of
multi-container extrusion, a pronounced susceptibility exists
in relation to larger container diameters, particularly in the gap
zone between adjacent containers. Additionally, larger con-
tainer diameters, higher upper die heights, and lower welding
chamber heights can adversely affect the uniformity of metal
flow in multi-container extrusion which is a phenomenon not
as evident in porthole extrusion.

Tooling design improvement

According to the investigation of die design effects above,
two main drawbacks of the original extrusion are identi-
fied: the uneven front shape of extrudate due to the non-
uniform metal flow during both the breakthrough and
unsteady extrusion stage and lower material yield. To
improve these, the original die design is modified under

the premise of not raising the required extrusion force,
keeping the peak stress of the die lower than its yield stress
(1100 MPa) and maintaining good welding quality. Con-
sidering the impact sensitivity of different variables, the
die design was improved by three steps where container
block and upper die were first improved in Design 1, the
welding chamber height was then modified in Design 2
and finally the bearing length was modified in Design 3. It
should be noted that extrusion processes for the following
improved designs are only simulated with the same stem
speed, i.e. 0.5 mm/s.

Design 1: improvement of container block
and upper die

Figure 11 shows the horizontal section (A-A) and verti-
cal section (B-B) of the container block and upper die for
Design 1 of which the section positions are illustrated in the
3D drawing (i). The drawing (ii) shows the die cavity of the
container block in green and upper die in red. Compared
with the original container shown with green dashed lines,
a larger container diameter of 42 mm is applied in Design 1
as shown with the green solid lines. The upper die height is
also shortened from the original 90 mm to 45 mm in Design
1. The narrowing of the lofted middle channel as shown in
the blue dashed lines of drawing (ii) is eliminated to ensure
the consistent metal flow volume for all three portholes.
In addition, the diameters of the three containers are set
equal in this study, leading to the equal volume flowrate of
different portholes in the upper die. Repositioning both the
horizontal and vertical bridges can balance the flow veloc-
ity inside the portholes. In this study, the horizontal bridge
was moved down for 0.5 mm as shown in the drawing (ii)
in Fig. 11 to make the volumes of metal flow for top and
bottom materials equal. The key features of the original
and the improved designs are listed in Table 6 in which the
modified variables are marked in italic bold.

The extrusion process is simulated using the same bound-
ary conditions and processing parameters as in the previous
simulations. The simulated front shape of extrudate is shown
in Fig. 12. The extrusion velocity of Design 1 increases from
3.8 mm/s for the original design to 4.3 mm/s because of
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Fig. 11 Modified container
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Table 6 Geometrical variables

. ; Original design ~ Design 1 Design 2 Design 3
for the original design and
improved Designs 1-3 Container diameter, ¢C (mm) 39 42 42 42
Upper die height, 90 45 45 45
U (mm)
Flow area of upper die Uneven volume  [Similar volume  Similar volume Similar
in portholes in portholes] in portholes volume in
portholes
Welding chamber height, W (mm) 12 12 6 6
Bearing lengths, 2-3 2-3 2-3 2~5
b(mm)
the increase in container diameter. The length of front edge . . i
. 1. . & & Original Design 1 IIEXIFt
along the extrusion direction / decreases from 12.4 mm for 34 ‘Ee °C/1 g’
the original design to 3.4 mm for Design 1, indicating the 124 L 2450
improvement of the metal flow during the breakthrough M 4.25
- - ; 4.00
and unsteady ext'rus1on stages. 'In add}tlon, the qutl'l of Design 2 Design 3 375
the extrudate portion from the middle billet for the original 5.8 3.1 3.50
design is 34.7 mm and the corresponding value for the three 304 - =325
modified extrusion designs are all equal to 30.4 mm, indicat- 3.00

ing that the material distribution in the welding chamber has
been balanced by the adjustment of the upper die structure.

Design 2: improvement of welding chamber

Based on Design 1, the welding chamber height of the lower
die is shortened to 6 mm to furtherly increase the material yield
in Design 2. Since the welding chamber can not only provide
space for materials welding but also balance the material flow
[30], the smaller volume of the welding chamber in Design

@ Springer

Fig. 12 Front shape of the extrudates for different extrusion designs.
The colours indicate the exit velocity distribution; the numbers in
black (in mm) indicate the length of the extrudate front edge along
the extrusion direction /; the numbers in white (in mm) represent the
width of the extrudate portion formed by the middle billet

2 causes less flow uniformity. As shown in Fig. 12, the front
shape of extrudate for Design 2 becomes more uneven than
Design 1 which is consistent with the analysis result in Fig. 7.
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Design 3: improvement of bearing lengths

Adjusting bearing lengths is typically employed as the final opti-
misation step for porthole extrusion. This is because changes in
bearing lengths predominantly impact the uniformity of metal
flow, while exerting a negligible influence on other extrusion
performance indicators such as extrusion force and welding
quality [11]. Therefore, although not examined in "Effects of
tool designs on extrusion performances" section, the bearing
length distribution is adjusted for Design 3 shown in Fig. 13 to
furtherly improve the metal flow uniformity. The bearing cor-
responding to the bulge area of the extrudate is lengthened from
the original 3 mm to 5 mm as shown in red. The bearing length
is 3 mm around the reinforcing ribs and 2 mm on both sides.
With this non-uniform bearing length distribution, the most
optimised front shape of extrudate can be obtained as shown in
Design 3 of Fig. 12, with only a 3.1 mm long front edge.

In conclusion, the container diameter and the porthole
shape of the upper die were modified in Design 1, which is
the unique optimisation method for multi-container extru-
sion. The conventional optimisation method of changing
the welding chamber was used in Design 2 to increase the
material yield and the method of bearing length adjustment
was applied in Design 3 to furtherly balance the material
exit velocity. This indicates that the application of the tra-
ditional tooling optimisation methods is also functional and
efficient for the novel multi-container extrusion technique.
At the same time, the proposed multi-container extrusion
technique allows more flexibility in tooling design such as
changing the structure of the container block. Although not
considered in this study, changing the number and arrange-
ment of containers can theoretically become another unique
method for balancing the metal flow.

Comparison of the improved designs

The distributions of pressure and effective stress on the
welding plane for Designs 1-3 are illustrated in Fig. 14.
The ratio of welding pressure to effective stress is used to
quantitively evaluate the welding quality in this study, which
can be formulated in discrete term [18] as,

0= Ly b 4)

n [oF

Transition zone

Fig. 13 Modified bearing lengths for Design 3

where p; is the nodal welding pressure, o, is the nodal effec-
tive stress and n is the total number of nodes that are evenly
distributed on the welding plane. The total number of nodes
is 200 in this study. Table 7 summarises the ratio of average
pressure to average effective stress 22¢ and Q-index for dif-

ave

ferent extrusion designs. Compared with the original design,
Pac and Q are decreased only less than 5% in Design 3. All

ave

values are higher than 6, i.e. the welding pressure is aver-
agely over 6 times effective stress. It has been stated that if
the ratio of pressure to effective stress exceeds approxi-
mately 3—4, good welding quality of aluminium profile can
be ensured during extrusion [18]. Zhao et al. [31] conducted
the extrusion test of aluminium alloy where the ratio of
welding pressure to effective stress ranges from 0 to 4 and
the extruded profile showed insufficient welding quality. On
the contrary, good welding quality was obtained for another
extruded product with an average ratio of welding pressure
to effective stress higher than 5 [14]. Therefore, it can be
concluded the Q-indices over 6 for all design schemes in the
present study demonstrate that good welding can be formed.

Figure 15 shows the effective stress distribution of dies
for the original design and improved designs when the extru-
sion force becomes the maximum, i.e. when the billets fill
the whole die cavity. For the original design, the peak stress
is 1095 MPa at the end of the top vertical bridge and the cor-
responding extrusion force is 2438 kN. It is obvious that stress
on the top vertical bridge is higher than on the bottom verti-
cal bridge, indicating the unsymmetric metal flow of the top
and bottom materials. After the optimisation of the container
block and upper die, the stress distributions of top and bottom
vertical bridge become basically symmetric. The peak applied
stress on Design 1 is 1092 MPa at the corner of the horizon-
tal bridge and the maximum extrusion force is decreased to
2383 kN. By shortening the welding chamber height, Design
2 slightly reduces the peak stress to 1058 MPa and the maxi-
mum extrusion force to 2336 kN. With the modification
of bearing length distribution, Design 3 leads to a slightly
increased peak stress of 1073 MPa and maximum extrusion
force of 2367 kN due to the increased friction when material
passes through the bearing. The stem stroke needed to fully
fill the whole die cavity is marked in Fig. 15 by which the
material yield can be calculated. By increasing the container
diameter and decreasing the upper die and welding chamber
height, the stem stroke is changed from the original 136 mm
to 78 mm for Design 1 and 68 mm for Design 2 and 3.

For better comparison, the above-mentioned extrusion
performance indices of different designs are normalised by
the values of the original design, so all the indices for the
original design are 1 as shown in Table 8. Although the
peak stress on the extrusion die and the maximum extrusion
force is only decreased to a negligible extent, the uneven-
ness of the front shape in Design 3 is greatly improved from
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Fig. 14 Pressure and effective Original
stress distribution on welding Max = 186
plane during steady extrusion Ave = 164

for Designs 1-3

Max = 35.8
Ave =247

Table 7 Welding related variables for differnet extrusion designs

Original design Design 1 Design 2 Design 3

Pave

6.64
6.75

6.37
6.52

6.10
6.30

6.37
6.56

o-ﬂ ve

Q-index

Effective stress
(MPa)

1100
1000

900

Original

Design 1

Design 2

Design 3

Fig. 15 Effective stress distribution on extrusion dies at the maximum
extrusion force for different extrusion designs. The corresponding
stem stroke and peak stress of tooling are presented
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Table 8 Performances of the original design and improved Designs
1-3

Original Design1 Design2 Design 3

Unevenness of the front 1 0.27 0.47 0.25
shape,/

Peak stress on extrusion 1 0.99 0.97 0.98
dies

Extrusion force 1 0.98 0.96 0.97

Material yield 1 1.90 2.06 2.06

Welding quality,Q 1 0.97 0.93 0.97

1 to 0.25 and the material yield is significantly increased
from the original 1 to 2.06. Good welding quality can also
be obtained in the modified designs. The simulated results
demonstrate that the three steps of die design improvements
satisfy the optimisation objective, i.e., to enhance the metal
flow and material yield within the practical requirements
of extrusion force, die lifetime and good welding. It should
be noted that in the context of multi-container extrusion
method, the area of billet skin per unit volume exceeds that
of the porthole extrusion. Thus, the back-end defects in the
multi-container extruded profiles could be more significant
and further experiments and simulations are required to
address this in future research.
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Conclusions

In this work, the original three-container extrusion model
and six modified models were established for manufactur-
ing thin-walled wide AA6063 hollow profiles. Numerical
simulations were conducted to investigate the effects of tool-
ing designs including container diameter, upper die height
and welding chamber height on metal flow, extrusion force
requirement, welding quality, die safety and material yield.
The drawbacks of the original extrusion design were then
revealed and a three-step die design optimisation was con-
ducted. Although the final optimised design may be fur-
ther refined, its improvement is significant especially on the
metal flow and material yield, and the improvement process
provides effective guidance for the tooling design of multi-
container extrusion. The following conclusions are drawn:

(1) The effect of geometrical variables on metal flow was
revealed. After filling the die cavity, the extrusion process
includes the breakthrough stage where material starts to
exit, the unsteady stage where a whole cross-section of
profile can be extruded unevenly and the steady stage
where material is extruded with uniform velocity dis-
tribution. The inconsistent volume distribution of port-
holes in the upper die causes the non-uniform metal flow,
especially during breakthrough and unsteady extrusion
stages. This unbalanced metal flow results in a 12.4 mm
unevenness of the extrudate front shape for the original
design and a bigger container diameter or lower welding
chamber height can aggravate this inconsistency.

(2) The geometrical change of the die structure can influ-
ence the extrusion force requirement. The most sen-
sitive factor is the container diameter, by increasing
which from 34 to 44 mm the deformation-induced force
can be significantly raised from 2054 to 2864 kN due to
increased extrusion ratio. The dimensions of the upper
die and welding chamber have limited influence since
they only affect friction.

(3) Increasing the container diameter and decreasing the
upper die and welding chamber height are effective
ways to enhance the material yield. Increasing the
container diameter from the original 39 mm to 44 mm
can increase the material yield by 27%; decreasing the
upper die height from the original 90 mm to 65 mm
can enhance the material yield by 47%; decreasing the
welding chamber height from the original 12 mm to 6
mm can increase the material yield by 14%. However,
a bigger container diameter causes higher stress in the
areas between containers, and a lower upper die height
increases the strength risk of the horizontal bridge.

(4) Three-step die optimisation was conducted, i.e. the
modification of container diameter and upper die in

Design 1, the reduction of welding chamber height
in Design 2 and the adjustment of bearing lengths in
Design 3. The final improved design (Design 3) is able
to decrease the unevenness of the front shape by 75%
and double the material yield.
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