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ARTICLE INFO ABSTRACT

The aim of the present study is to determine the feasibility of making a rectangular twist
waveguide used to rotate electromagnetic waves. For this purpose, the process of fabricating
an aluminum rectangular twist waveguide was simulated by making use of finite element
method and Deform software. The optimum length and angle of the twist die for manufacturing
a twist waveguide with inner cross sectional dimensions of 22.86 mm X 10.16 mm and a
length of 50 mm and twisting angle of 90 degrees were investigated. Moreover, the effect of
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yW. certain factors such as the length, thickness, cross section dimensions of the waveguide and
Extrusion ] ) friction on the optimum length of the twist die and cross sectional distortion was studied. The
R_ectangular twist waveguide results of this study indicated that the length of the twist die had an influence on the amount
Simulation . . . . . .
Twist die of twisting, while friction was of no importance. In addition, comparing the values of effective

stress and flow stress at the cross section of the workpiece behind the twist die depicted that
the workpiece would not yield behind the twist die due to smaller values of effective stress.
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1. Introduction

Waveguides, common in electronic industries and
radars, are transmission lines used to transport
electromagnetic waves [1]. Waveguides have different
types depending on the type of the transmitted wave;
however, the main types are hollow profiles made of
conductive metals such as aluminum, copper, brass and
silver; which are used to carry waves in the microwave
frequency range [1-3]. Wave transfer is carried out by
the internal walls of the waveguide and the wave is
reflected between the walls. The region within a
waveguide is a dielectric medium which is usually air.
The cross section of a waveguide is either rectangular
or circular [1, 2]. The dimensions of rectangular
waveguides are shown in the form of WR numbers
which are the designations for waveguide rectangular [3].
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A WR number represents one hundred times of the
length of the inner rectangle measured in inches. A twist
waveguide is a type of waveguide used to rotate the
electromagnetic field [4].

Extrusion as one of the metal forming processes is
very effective in producing products with complex cross
sections [5]. Therefore, it can be useful to produce
rectangular waveguides. Extensive researches have been
done on the extrusion process and its simulation in order
to produce hollow profiles. Most of these studies are
related to the modeling and analysis of the backward
extrusion process [6, 7], piercing and extrusion [8-10]
and porthole extrusion [11-18]. In the field of producing
twisted sections using extrusion and a twist die, most
researchers have produced helical sections and helical
gears by means of a process named helical extrusion [19-
22]. Khalifa and Tekkaya [23] have simulated a helical
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extrusion process to produce helical profiles used in
screw rotors for compressors and pumps. For this
purpose, they have used a hot extrusion process using a
twisted die. They have observed that at an identical
length of the twisted die and extruded specimen, the
twisting angle of the extruded specimen is much less
than that of the twisted die. Forward extrusion of hollow
helical tubes has been simulated by Hwang and Chang
[24] using Deform FEM software and the effects of
bearing length, spiral angle, ram speed and initial billet
temperature on the extrusion force and the filling ratio
have been studied as well.

Up to the present, in order to fabricate twist
waveguides, jigs and twisting machines have been used
in industries [25].

In the present study, a novel process for
manufacturing a rectangular twist waveguide is
simulated using the finite element software, Deform 3D.
No investigation has been done in the field of
manufacturing twist waveguide till now to the best of the
author’s knowledge, which utilizes the method proposed
in the current research.

2. Materials and Methods

In the current model, an extrusion process is utilized
prior to the twisting process in order to produce a
preliminary profile, which is itself a waveguide. In this
process, a hollow billet having a rectangular cross
section is elongated during a forward extrusion process
and its cross sectional dimensions decrease to the desired
dimensions which are in accordance with the standard
dimensions of rectangular waveguides. After the
extrusion process, the workpiece enters a twist die and
twists. The extrusion process is carried out by pushing a
ram with a speed of 0.2 mm/s. A rectangular mandrel,
which is designed to preserve the internal dimensions of
the rectangle, is connected to the ram. In addition to the
rectangular mandrel, a circular mandrel with a diameter
equal to the internal width of the billet is designed so as
to avoid the buckling of the workpiece during the
twisting process. In addition, to prohibit the collision of
the twist die and the rectangular mandrel, which is
moving with the ram, the twist die is located at a proper
distance from the extrusion die outlet.

The design of all geometries is performed by
Solidworks software and the designed parts are imported
to Deform software in order to model the twist
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waveguide manufacturing process. In the simulation, the
dies are assumed to be rigid and the billet to be plastic
with an isotropic work hardening behavior. The billet is
considered to be made of commercially pure aluminum
which has a stress-strain relationship as o =106£%%*
(MPa) [26]. Fig. 1 shows the assembly of dies in the
software.

—
— o
/ -
y
"

Fig. 1. The assembly of dies in the simulation.

The billet is a rectangular cube with external
dimensions of 28.86 mm x 16.16 mm and internal
dimensions of 22.86 mm x 10.16 mm, and a height of 20
mm. After the extrusion process, the final product’s
external dimensions will be reduced to 24.86 mm x 12.16
mm and the internal dimensions will remain unchanged.
The cross sectional dimensions of 22.86 mm x 10.16 mm
are the inside dimensions of WR90 [27]. The schematic
diagram of the billet is represented in figure 2. The angle of
the extrusion die is considered to be 25° during the process.
Tetrahedral elements are used with the size of 0.3 mm to
mesh the billet and the friction factor, m, is considered to be
0.1 in the extrusion process.

Fig. 2. The schematic diagram of the billet (all dimensions
are in millimeters).
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In order to reduce the simulation time to find the
optimum length and angle of the twist die to achieve 90
degrees of twisting in the desired length of the
workpiece, the extrusion process prior to the twisting
process could be neglected and only the twisting process
be simulated. The reason beyond this assumption is the
ineffectiveness of the work hardening phenomenon on
the amount of twisting which has been proved clearly in
the next sections of this paper. Figure 3 illustrates the
assembled model of the twisting process in the software.

Fig. 3. Assembled model of the twisting process.

In this case, the cross section of the workpiece is the
same as the outlet dimensions of the extrusion die. The
height of the workpiece shall be high enough so that the
desired length of the twist waveguide would pass
completely through the twist die at the end of the
simulation.

Based on the volume constancy law, the velocity of
the output material from the extrusion die would be 0.67
mm/s; therefore, the same data are considered as the
speed of the input material, which is pushed to the twist
die by a ram. Moreover, a long rectangular mandrel is
also designed to move within the workpiece at a speed
of 0.2 mm/s, equal to the speed of the mandrel which is
connected to the ram in the extrusion process. In order to
reduce the amount of deviations from the real process,
by partitioning the mandrel, the parts of the mandrel
which are longer than those of the real one are assumed
to be frictionless. Similar to the previous part, a circular
mandrel which is connected to the rectangular mandrel
is designed. The size of the elements in the simulation of
the twisting process is assumed to be 0.5 mm.

In the current study, the aim is to make a WR90 twist
waveguide with a length of 50 mm. First, it is assumed
that the amount of twist per unit length is linearly
proportional to the length and angle of the twist die. The
accuracy of the assumption is investigated by examining
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the lengths and angles of 5 mm and 9°, 7.5 mm and
13.5°, 10 mm and 18°, 12.5 mm and 22.5°, 15 mm and
27°, 20 mm and 36°, 25 mm and 45° for the twist die.
Therefore, the optimum length and angle of the twist die
for manufacturing a WR90 waveguide with a length of
50 mm and twisting angle of 90 degrees are investigated.
Furthermore, the influence of factors such as friction,
length, thickness and cross section dimensions of the
waveguide on the optimum length of the twist die and
cross section distortion are studied. The drawing of the
twist die with a length and an angle of 20 mm and 36° is
illustrated in figure 4 as a sample.
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Fig. 4. The drawing of the twist die with a length and an
angle of 20 mm and 36°, illustrated as a sample.

3. Results and Discussion

Figures 5 - 11 show the amount of twist for the WR90
waveguide with a length of 50 mm for the twist dies with
lengths of 5 mm, 7.5 mm, 10 mm, 12.5 mm, 15 mm, 20
mm and 25 mm respectively.
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Fig. 5. The amount of twist for the 50 mm WR90 waveguide
by means of a 5 mm and 9° twist die, with an ultimate angle
of twist of 60°.
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Fig. 6. The amount of twist for the 50 mm WR90 waveguide
by means of a 7.5 mm and 13.5° twist die,
with an ultimate angle of twist of 75°.
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Fig. 7. The amount of twist for the 50 mm WR90 waveguide
by means of a 10 mm and 18° twist die,
with an ultimate angle of twist of 80°.
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Fig. 8. The amount of twist for the 50 mm WR90 waveguide
by means of a 12.5 mm and 22.5° twist die,
with an ultimate angle of twist of 83°.
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Fig. 9. The amount of twist for the 50 mm WR90 waveguide
by means of a 15 mm and 27° twist die,
with an ultimate angle of twist of 85°.

Fig. 10. The amount of twist for the 50 mm WR90 waveguide
by means of a 20 mm and 36° twist die,
with an ultimate angle of twist of 90°.
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Fig. 11. The amount of twist for the 50 mm WR90 waveguide
by means of a 25 mm and 45° twist die,
with an ultimate angle of twist of 90°.

Figures 5 - 11 depict that by increasing the length and
angle of the twist die, the amount of twist gradually
increases up to 90 degrees. According to figure 10, in
order to achieve 90 degrees of twist, the minimum length
and angle of the twist die shall be 20 mm and 36°. In
larger lengths, there will be no change in the amount of
twist as it is illustrated in figure 11. Therefore, it is
important to obtain the optimum length and angle of the
twist die since in lengths less than the optimum one, the
desired angle of twisting would not be achieved and in
lengths more than the optimum value, the amount of the
required force to fulfill the process would become higher
due to the increase in friction force. Moreover, it could
be said that the fabrication of longer twist dies would be
more difficult and costlier.

Having a hollow cross section, the product will be
distorted during the twisting process and deviate from its
rectangular shape, refer to figures 5 to 11. In the studied
case, the short length and little thickness of the
waveguide in comparison to the cross section
dimensions intensified the distortion due to the increase
in strain. Definitely, by increasing the length and the
thickness of the waveguide, the distortion will be
reduced; however, it should be mentioned that there is a
limit for increasing the length of the produced
waveguides with this method due to the possibility of
buckling behind the twist die. The length and the angle
of 20 mm and 36° are the optimum length and angle of
the twist die only for a 50 mm WR90 waveguide and
the changes in the cross section dimensions and length
would alter the optimum length of the twist die
because of strain changes. In the next subsections, the
effect of length and cross sectional dimensions are
investigated.
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3. 1. Effect of length

By simulating the twisting process for different
lengths in a constant cross section, it is observed that the
ratio of the twist die’s optimum length to the
waveguide’s length would decrease by increasing the
length of the waveguide. For example, as it was
mentioned in section 3, for a WR90 having a thickness
of 1 mm and length of 50 mm, a twist die with the
minimum length of 20 mm is required to reach 90
degrees of twist, i.e. 2/5 of the waveguide’s length.
However, by increasing the length of WR90 to 100 mm
and 200 mm, the optimum length and angle of the twist
die will be 25 mm and 22.5°, 1/4 of the waveguide’s
length, and 20 mm and 9°, 1/10 of the waveguide’s
length, respectively. Furthermore, the cross section
distortion will be reduced due to reduction in strain. In
figure 12, the amount of the observed distortion for the
three waveguide lengths is shown. The optimum twist
die for each length is considered in figure 12.

e K g |
2= 2
(@) (b) (c)

cross section for lengths of: () 50 mm, (b) 100 mm,
(c) 200 mm.

3. 2. Effect of cross section

By comparing the optimum length of the twist die for
two different cross sections in a constant length, it is
observed that the twisting process would become more
difficult by increasing the cross section dimensions due
to the enhancement in strain. So as for two cross sections
of 12.95 mm x 6.477 mm, WR51, and 22.86 mm x 10.16
mm, WR90, with a constant length of 200 mm and 1 mm
thickness, the optimum length and angle of the twist die
to achieve 90 degrees of twist will be 12.5 mm and
11.25°, 1/8 of the waveguide’s length, and 25 mm and
22.5°, 1/4 of the waveguide’s length, respectively.
Increasing cross section dimensions leads to the
enhancement of cross section distortion. Figure 13
depicts the obtained distortion in the above mentioned
cross sections.
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Fig. 13. The amount of observed distortion in 100 mm length
and cross section of: (a) 12.95 mm x 6.477 mm (WR51), (b)
22.86 mm x 10.16 mm (WR90).

3. 3. Effect of thickness

Itis concluded from the simulation results that for the
twisting process of two WR90 waveguides with length
of 50 mm and different thicknesses of Imm and 2 mm,
the twist die optimum length and angle would be equal
to 20 mm and 36° for both thickness values. Therefore,
it could be said that thickness has no significant effect
on the amount of twist. The only effect of thickness is on
the amount of cross section distortion. The amount of
distortion would decrease by increasing the thickness.
Figure 14 illustrates the distortion in the cross section
after the twisting process for the mentioned waveguides

by means of their optimum twist dies.

\
=

<@ &

@) (b)

Fig. 14. The amount of the observed distortion in the cross
section of a 50 mm WR90 and thickness of:
@ 1, (b) 2 mm.

3. 4. Effect of friction

In order to assess the influence of friction factor on
the amount of twist, two different cases are studied. In
one case, the friction factor of m=0.1 is considered for
the twisting process and in the other case, the whole
twisting process is considered to be frictionless. It is
deduced from the simulation results that friction has no
effect on the amount of twist. Figures 15 and 16 show
the amount of twisting for two twist dies of 12.5 mm and
22.5° and 20 mm and 36°, respectively, for a 50 mm
WR90 in the two different frictional circumstances
mentioned above.

IJMF, Iranian Journal of Materials Forming, Volume 6, Number 2



Simulation of a New Process Design to Fabricate a Rectangular Twist Waveguide Using Extrusion and a Twist Die 57
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Fig. 15. The amount of twist for a WR 90 in length of 50 mm

by means of a 12.5 mm and 22.5° twist die in the frictional
conditions of: (a) frictionless, (b) m=0.1.
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Fig. 16. The amount of twist for a WR 90 in length of 50 mm

by means of a 20 mm and 36° twist die in the frictional
conditions of: (a) frictionless, (b) m=0.1.

3. 5. Effect of work hardening caused by the extrusion
process

The amount of twist for the workpiece after twisting
with the existence of an extrusion process prior to the
twist die is shown in figures 17 and 18. As it can be
deduced from these figures, the final results of twisting
are identical with the case where there is no extrusion
process prior to the twist die, refer to figures 8 and 10.
Hence, it could be concluded that the

- &

@)

work hardening resulting from the extrusion process
does not affect the amount of twist. Therefore, in order
to accelerate the simulation process to optimize the twist
die, the extrusion process can be omitted.

3. 6. Investigation of the workpiece yielding behind the
twist die

By substituting the effective strain in the Hollomon’s
equation, the flow stress will be calculated at each strain.
Workpiece yielding behind the twist die would not occur
if the effective stress in the workpiece is less than the
flow stress. In order to investigate this issue, during the
simulation process utilizing an extrusion die, several
points in the cross section of the workpiece behind the
twist die were selected and the effective stress and the
effective strain, and the corresponding flow stress in
these points were obtained. The selected points and the
distribution of the effective strain and effective stress are
illustrated in figures 19 and 20. The results for these
points are reported in Table 1. As can be seen in table 1,
at any point the effective stress is less than the flow
stress; therefore, yielding will not occur. Hence, it can
be deduced that if manufacturing a twist die with high
dimensional accuracy is feasible, the proposed method
in this paper could be practical and industrialized.
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@
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Fig.17. The amount of twisting for a 50 mm WR90 by means of a 12.5 mm and 22.5° twist die:
(a) with utilizing an extrusion die, with an ultimate angle of twist of 83° for the workpiece,
(b) without utilizing an extrusion die, with an ultimate angle of twist of 83° for the workpiece.
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Fig. 18. The amount of twisting for a 50 mm WR90 by means of a 20 mm and 36° twist die:
(a) with utilizing an extrusion die, with an ultimate angle of twist of 90° for the workpiece,
(b) without utilizing an extrusion die, with an ultimate angle of twist of 90° for the workpiece.
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Fig. 19. The distribution of the effective strain in the cross
section of the workpiece behind the twist die.
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Fig. 20. The distribution of the effective stress in the cross
section of the workpiece behind the twist die.

Table 1. The values of the effective strain and effective stress
and the flow stress for the selected points in the cross section
behind the twist die

Point Effec’give Corlilz\;)vos:g?ﬁz to Effective
strain effective strain (MPa) stress (MPa)

a 151 122.3 64.6

b 1.49 121.7 76.5

c 1.88 132 96.4

d 2.36 142.8 82.4

e 3.69 166.7 70.3

f 3.02 155.5 55.7

g 1.43 120 76.8

h 1.79 129.7 96.2
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4. Conclusion

In the current study, an innovative method for
fabricating an aluminum rectangular twist waveguide
was modeled. The obtained results are summarized as
follow:

1 - Simulating results unveiled the fact that there
would be an optimum length for the twist die. Hence, in
the length values shorter than the optimum one, the
desirable twisting angle for the waveguide would not be
achieved.

2 - The results illustrated that increasing the length
of the waveguide in a constant cross section or reducing
the cross sectional dimensions in a constant length
would lead to an easier twisting process due to strain
reduction. Furthermore, the ratio of the optimum length
of the twist die to the length of the waveguide would be
reduced in these two cases. Also, the amount of
distortion occurring in the cross section would be
decreased.

3 - It was observed from the results that the
waveguide thickness would not affect the optimum
length and angle of the twist die. The effect of the
thickness would be only on the amount of distortion in
the cross section, in a way that a decrease in the thickness
causes the distortion to increase.

4 - Simulation of the twisting process under two
circumstances which were considered so as to evaluate
the influence of friction, i.e. frictionless case and the case
having friction factor of m=0.1, revealed the friction
factor would have no effect on the amount of twisting.

5 - It was deduced that the values of the effective
stress behind the twist die, which were less than the
values of the flow stress would not cause the workpiece
to yield behind the twist die, which shows the proposed
fabricating method is reasonably feasible.

6 - By investigating the effect of work hardening,
resulting from the extrusion process prior to the twisting
process, it could be concluded that work hardening has
no effect on the amount of twisting.
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