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Abstract
Rectangular waveguide is one of the earliest types of transmission lines. Rectangular waveguide can be produced by
hot extrusion process. In this paper, the hot extrusion process of CuZn5 rectangular waveguide was investigated by
Finite Element Method (FEM). In addition, Genetic Algorithm (GA) was used to optimize the die geometry and process
conditions to achieve the lowest magnitude of extrusion force. Die geometry was introduced in terms of die length and
billet hole diameter under various frictional conditions. It was found that die length and billet hole diameter had
contradictory effects on the extrusion force. The experimental study was also carried out to verify the accuracy of
estimated results.
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Many researchers studied the influential factors
affecting the hot extrusion process for various alloys.
Chanda et al. [2] studied the effect of reduction of area
on the stress and strain distributions for AA1100
extrusion process using FEM. They showed that the
product temperature for 20:1 reduction ratio with
circular die was more than that with square die whereas
for 60:1 reduction ratio the product temperature for
square die was more than that for circular die. The
reason was attributed to severe shear deformation
produced in the square die and high velocity of product
in 60:1 ratio. In another study [3], Lee et al. reported
that the highest temperature zone lies near the die exit
through hot extrusion process of Al alloys. The region
near the die corner was found to be the dead metal zone
and the highest mean stress zone was close to the
corner of the container in the longitudinal cross-section
of the minor axis of symmetry. Kumar et al. [4] showed
that temperature rise was more for higher reductions in
FE simulation of Al6061 extrusion process. It was also
found that variations in temperatures of billet were less
at higher billet initial temperature whereas variations

1. Introduction
Rectangular waveguide is one of the earliest types of
the transmission lines that is used for microwave
frequencies between 1 to above 220 GHz. Typically
waveguide is made of brass, copper, silver, aluminum,
or any metal that has low bulk resistivity. ASTM B372
[1] gives comprehensive information about the
metallurgical
characteristics
of
rectangular
waveguides. Besides some advantages of waveguide
such as transmission of high peak powers and its very
low loss in microwave frequencies, the high cost is its
disadvantage. Rectangular waveguide has low mass
production, and waveguide materials such as copper
and silver are relatively expensive. Rectangular
waveguide can be produced by hot extrusion process.
Simulation of the manufacturing process and
optimizing their effective factors to achieve the
minimum forming force is the logical method to
reduce manufacturing costs.
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in temperatures of billet were more at lower billet
initial temperature. Malpani and Kumar in their study
[5] about hollow shape extrusion of Al2024 showed
that with increase of reduction of area, the optimum
die length initially decreased to a minimum value and
again increased for a given friction factor. They also
found that the die angle decreased with increase of
friction factor at a given reduction. The decrease in die
length with friction factor increment was due to
diminishing frictional power at lower die length that
minimized the total power consumption.

minima whereas GA predicts global minima, which
may be hidden between several local minima [10]. In
2002, Wu et al. [11] used GA to obtain the optimal
shape of an extrusion die. In their study, the profile
curve of the extrusion die was optimized to obtain the
lowest amount of extrusion force. Moreover, in 2005,
Yan et al. [12] used FE and GA to optimize extrusion
die factors to balance the metal flow velocity in the
aluminum L-shape extrusion process. In 2009, Pathak
et al. [10] optimized die conditions and ram velocity
by using FEM and GA to obtain the maximum
production speed and minimum left out material in the
die cavity.

In [6], the FE simulation of AZ31 extrusion
process showed a 100°C increase of billet temperature
from 350Ԩ to 450Ԩ and led to a 46% decrease in the
extrusion pressure from 700MPa to 375MPa. Mao et
al. [7] also studied the hot extrusion process of Inconel
VXSHUDOOR\IRUĭîPPWXEHV,WZDVVKRZQ
that for the die angle of about 30°, the extrusion force
approached a minimum. The reason is that by decrease
of die angle, the contact area of billet and cone die and
so friction force increased. Moreover, the heat transfer
of billet and cone die accelerated, and as a result, the
billet temperature reduced and deformation resistance
increased. The extrusion force approached minimum
when the three above mentioned factors reached a
balance.

In this paper, design and simulation of hot
extrusion process to produce the CuZn5 rectangular
waveguide was carried out using FEM. In addition,
GA was used to optimize the die and process
conditions to achieve the lowest amount of extrusion
force.
2.

The material used in this study was alpha brass alloy
known according to UNS standard C21000 [13]. Die
design and simulation of extrusion process to produce
rectangular waveguide according to standard ASTM
B372 [1] was carried out with ABAQUS 6.9.3. The
outer dimensions of the waveguide were 76×38mm
with 2mm thickness that was used for microwave
frequencies between 2.6 to 3.95 GHz. To provide
necessary mechanical properties of the alloy, tensile
tests were carried out at the temperatures 250, 350 and
450Ԩ and strain rate of 0.01 1/s (Table 1).

In recent years genetic algorithms have been
successfully applied to die design problems [8,9]. The
basic difference of GAs with most of the traditional
optimization methods are that the GA uses a coding of
variables instead of variables directly, a population of
points instead of a single point, and stochastic
operators instead of deterministic operators. The
advantage of using GA over other gradient-based
methods is that the latter can be mapped on local
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Billet initial temperature: 250, 300, 350, 400 and 450
Ԩ.

2.1. Design
The die contained 3 components: a) Die-container:
Dimension size of die exit was 76×38mm and die
length was considered as variable (Fig. 1a). b)
Mandrel-press: Dimension size of mandrel was
72×34mm and the length of conic section was 150mm
(Fig. 1b). c) Cylindrical billet: The billet was
considered as a 100mm diameter cylinder with a
variable diameter hole in the center to reduce the
extrusion force. Because of symmetry in cross section
of the billet and product and to save time, the billet was
considered as 1/4 in section for ABAQUS simulation
(Fig. 1c).

2.2.

Genetic algorithm

The FE data obtained from ABAQUS software were
used as input data for the execution of GA model. A
mathematic equation was obtained using GA with
MATLAB R2014a software. Then, the effects of
factors were analyzed and the optimum conditions of
die design were found in order to obtain minimum
extrusion force.
3.

Results and discussions

In the preliminary simulation results, it was found that
use of billets without hole led to element distortion due
to high reduction of area (about 1800%), (Fig. 2).
Therefore, a cylindrical hole was designed in the center
of billet. Any change in the diameter of the cylindrical
hole (d) led to changes in the extrusion force.

Fig. 1. a) Die-container; b) Mandrel-press; c) Solid billet.

Type and size of elements have main effects on the
results. In this study, elements of die-container and
mandrel-press were considered as E3D4 (4-node 3-D
bilinear rigid quadrilateral) and elements of billet were
C3D8T (8-node thermally coupled brick, trilinear
displacement and temperature). The die-container and
mandrel-press were considered as rigid bodies and the
billet was considered as deformable and homogenous
solid body. In this study, the coupled temperature and
displacement analysis through explicit solver was used
and the contacts between die components were
considered as surface to surface contacting conditions.
The die-container was fixed and displacement was
applied to the press. Extrusion force was the force that
billet imposed to the press. In addition, the mass
scaling of 10000 was used to save time in the
simulation process. Among many significant factors
affecting die design and process, die length, diameter
of billet hole, friction coefficient and billet initial
temperature were considered to analyze the extrusion
force. Because of negligible strain rate sensitivity of
the alloy [14], study of strain rate was ignored. In
addition, the initial die temperature was 100Ԩ similar
to experiments. The analyzed factors and their levels
were:

Fig. 2. Element distortions for the billet without hole.

3.1.

Velocity distribution

Fig. 3 shows the axial velocity distribution along the
extrusion direction for the die with l=20cm, d=1cm,
μ=0.05 and T=450Ԩ when the billet is attached to the
die exit. It is known that non-uniform distribution of
velocity in the billet section indicates dead zone
forming [3]. Fig. 3 shows uniform axial velocity
distribution. The figure shows no dead metal zone.
Similar results were obtained at other conditions.

Die length (l): 20, 25, 30, 35 and 40 cm.
Diameter of billet hole (d): 1, 1.5, 2, 2.5 and 3 cm.
Friction coefficient (μ): 0.025, 0.05, 0.075 and 0.1.

Fig. 3. Axial velocity distribution at l=20cm, d=1cm,
μ=0.05, and Temperature=450Ԩ.
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3.2.

flow stress with increase of temperature at any hot
deformation process.
Fig. 5 show the effective stress distribution at 250
and 450Ԩ at given conditions for the case that the top
of billet passed ¾ of die length. It can be seen that at
any given element, the effective stress at 250Ԩ is more
than that at 450Ԩ. At 250Ԩ, the maximum and
minimum effective stresses are 206.6MPa and
81.39MPa and at 450 Ԩ are 165.1MPa and 60.14MPa,
respectively.

Temperature effect

Fig. 4 shows the temperature-force curve at l=30 and
d=2cm under different frictional conditions. As
expected, the minimum extrusion force occurred at the
maximum billet initial temperature. Increase of
temperature from 250Ԩ to 450Ԩ decreases extrusion
force around 20% at different frictional conditions.
Such a trend obtained in this study was also verified in
other study [6]. The reason for reduction of extrusion
force with temperature is attributed to the reduction of

Fig. 4. Temperature-force curve at l=30cm and d=2cm under different frictional conditions.

Fig. 5. Effective stress distribution at l=20cm, d=1cm, μ=0.05 and a) Temperature=250Ԩ; b) Temperature=450Ԩ.
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3.3.

parameter set, and choosing which parameter sets
mate. In Eq. (1), f(x) is the fitness function, j is a fitness
case out of n cases, EF is the extrusion force where
subscripts FEM and GA stand for finite elements
methods and genetic algorithm methods, respectively.

Friction effect

A major concern in all metalworking processes is the
amount friction force between the deforming
workpiece and the tools or dies which may act as
constrained and affect the shape change. The existence
of friction force increases the magnitude of
deformation force, which in turn increases the
propensity for fracture. Fig. 4 shows that the maximum
extrusion force occurs at maximum friction
coefficient. Increase of friction coefficient from 0.05
to 0.1 results in 120% increase of extrusion force at
given conditions. Friction also affects the effective
stress distribution. Fig. 6 show the effective stress
contours for μ=0.05 and μ=0.1 at given conditions
when the top of billet attaches to the die exit. It can be
seen that for any given element, the magnitude of
effective stress at μ=0.1 is more than that for μ=0.05.
For μ=0.1, the maximum and minimum effective
stresses are 157.5MPa and 84.37MPa and for μ=0.05,
are 145.7MPa and 61.94MPa, respectively
3.4.
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(1)

ୀଵ

The GA model, proposed in this work, attempted
to capture an optimized model by randomly selecting
the set of weighting factors and evolved them to create
the best model for l and d under minimized error. The
suggested GA model for extrusion force (GAEF) takes
the following form [15]:
w 1  w 2 d  w 3 l  w 4 dl 

GAEF

w 5 d  w 6 l 2  w 7 dl 2  w 8 d 2 l  w 9 d 2 l 2
2

(2)

Where w(1), w(2), w(3),…, w(9) are the weight
factors. The FE data obtained from ABAQUS software
was used as input data for the execution of GA model.
Following parameters were used for running the
algorithm:

Genetic algorithm

Population size: 1500
Generation: 1500
Elite children: 20
Crossover probability: 0.8
.

An absolute error type function (Eq. (1)) was used as
fitness function in this study [15]. The fitness function
is the basis of the survival of the fittest premise of
genetic algorithms. It is responsible for evaluating the

Fig. 6. a) Effective stress distribution at l=30cm, d=2cm, Temperature=450Ԩ and a) μ=0.05; b) μ=0.1.
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After running of the program, GA returned
numerical values of weight factors (w(1), w(2), w(3),
... w(9)) which were found by minimizing the
difference between FE values and estimated values
with GA using Eq. (1). The resultant weight factors
obtained from the GA program for different friction
coefficients and Temperature=450Ԩ are given in Eqs.
(3)–(6).

GAPFP

0.025

Also the maximum relative error |(GA-FEM)/FEM| is
5.53%. Therefore, the proposed GA model can be
efficiently utilized to predict the extrusion force of
rectangular waveguides with reasonable accuracy and
reliability.

6893.962625  7481.93d 

587.6311l  583.598dl  2071.814d 2 
10.47663l 2  10.8206dl 2  161.0203d 2 l 

(3)

2.99166d 2 l 2

GAPFP

0.05

1283.6  533.93d  21.28l 

5.62dl  410.8d 2  0.83l 2  1.03505dl 2 

(4)

38.6337 d l  0.9671d l
2

GAPFP

0.075

2 2

Fig .7. Comparison between FEM and extrusion force
predicted by GA model.

738.62  975.3d  62.2l 

66.53dl  87.2d 2  1.203l 2  0.4337 dl 2 

(5)

Fig. 8a-d compares extrusion force for different
frictional conditions at Temperature=450Ԩ. The
maximum and minimum extrusion forces obtained are
shown in Fig. 9. The maximum extrusion forces are
1109, 1911, 2205 and 2304 T (ton) for friction
coefficients of 0.025, 0.05, 0.075 and 0.1, respectively.
In addition, the minimum extrusion forces are 442,
1130, 1449 and 1577 T for the above mentioned
frictional conditions, respectively.

7.586d l  0.32732d l
2

GAPFP

2 2

0.1

5557.5  4933.7 d  466.5l 

289.06dl  1198.4d 2  7.131l 2  4.51413dl 2 

(6)

69.78d 2 l  1.1089d 2 l 2
Comparison between FE and predicted extrusion
force by the proposed GA model is shown in Fig. 7.
The correlation coefficient (R) of the model is 0.995.

Fig. 8. Extrusion force distribution at 450Ԩ and a) μ=0.025; b) μ=0.05; c) μ=0.075; d) μ=0.1
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Fig. 9. Maximum and minimum extrusion force at different frictional conditions

3.5.

increases. Hence, the ratio of surface to volume and so
the friction force increases. From Fig. 8a-d, it can be
seen that for l>26cm and d<1.8cm, the effect of surface
to volume ratio is the dominant factor affecting the
extrusion force while for d>1.8cm, the effect of
reduction of area is the dominant factor. However, for
l<26cm and the whole range of d from 1 to 3cm, the
above mentioned contradictory effects are equivalent,
so that for l<26cm the change of d has no significant
effect on the extrusion force.

Die length effect

Die length has contradictory effect on the extrusion
force. Material shows smaller plastic deformation for
large die length in comparison with small die length
and so extrusion force decreases at large die length [5].
On the other hand, increase of die length results in
more friction forces between billet and die, which in
turn results in increase of extrusion force [16]. Fig. 8bc show that the extrusion force for d=3cm, l=20 and
40cm has no significant difference. It shows that the
effect of die length to facilitate the material flow at
l=40cm is equivalent to that of friction force decrease
at l=20cm. For μ=0.025 (Fig. 8a), the minimum
extrusion force occurs at l=40cm. It means that the
ease of material flow is the dominant factor affecting
the extrusion force, while in Fig. 8d (μ=0.1), increase
of friction is the influential parameter affecting the
extrusion force and the minimum extrusion force
occurs at l=20cm.
3.6.

3.7.

Optimization

It was found that d=3cm to be the optimum hole
diameter for all frictional conditions. It means that
despite the contradictory effect of hole diameter, the
reduction of extrusion ratio is an important parameter
on the extrusion force changes for all conditions
considered. However, the optimum die length for
μ=0.025 was different from other frictional conditions.
The optimum die length l=40cm was obtained for
μ=0.025 and l=20cm was achieved for μ=0.05, 0.075
and 0.1.

Hole diameter effect

Fig. 8a-d show that the diameter of billet hole has also
a contradictory effect on the extrusion force. For
l>26cm, increase of d from 1 to 3cm shows that the
extrusion force first increases and then decreases.
Reduce of extrusion force with increase of hole
diameter was reported in other study as well [17].
Increase of hole diameter is equivalent to the reduction
of extrusion ratio or reduction of area that results force
decrease. It is reported in the forming process that if
the shape is held constant while reducing the size of an
object, the ratio of total surface area and volume
increases with size decrease. That is because the
volume of a part is proportional to the third power of
its size r3 while the surface is comparative with the
second power of r2. Change of the size r results in a
change of the relation of surface to volume by 1/r. In
this study, with increase of hole diameter, the volume
of the billet decreases and the surface area of the billet

3.8.

Experimental procedure

The experimental procedure was carried out to verify
the accuracy of results. The extrusion force of 1600 T
was obtained from experiment for the friction
FRHIILFLHQW RI § 7KH HVWLPDWHG IRUFH RI VXFK D
condition with GA is 1577 T which has a good
agreement with experimental result. Fig. 10 shows the
produced profile. It is obvious that the use of cold
drawing process is unavoidable to achieve the closed
tolerances mentioned in ASTM-B372 standard [1].
This process was not studied in this paper.
4.

Conclusion

Simulation and optimization of hot extrusion process
were carried out to produce the rectangular waveguide
and the following results are obtained:
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Fig. 10. The produced profile at optimized conditions

x

Temperature increase from 250Ԩ to 450Ԩ leads
to force decrease about 20% at different frictional
conditions.

x

Die length has contradictory effect on the
extrusion force. Therefore, there is an optimum
die length in which the force is minimized. For
μ=0.025 the optimum length is 40cm and for other
frictional conditions is 20cm.

x

Diameter of billet hole has also contradictory
effect on the extrusion force. However, d=3cm is
obtained as optimum diameter for all frictional
conditions.
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