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ABSTRACT 
 
The objective of this paper is to optimize the principal 
extrusion variables by means of manufacturing simulation 
of the extrusion model. The finite element analysis of the 
extrusion model does not consider the manufacturing 
process in its modeling. Therefore, the process parameters 
obtained through such an analysis remains highly 
theoretical in that these parameters differ from the actual 
extrusion process parameters. Additionally, due to the 
nature of the extrusion process, it is often quite difficult to 
determine the cause of an extrusion problem and find its 
proper solution, particularly if it must be done quickly. 
The manufacturing simulation of the extrusion process 
prior to plant execution helps to make the actual extrusion 
operation more efficient because more realistic parameters 
may be obtained through the simulation. Additionally, 
troubleshooting the process becomes simpler. In this 
paper, we have developed the simulation model of a real 
extrusion plant using IGRIP. The model of the plant is 
simulated in IGRIP using the Graphical Simulation 
Language (GSL). The dynamics of the plant is also 
incorporated in the simulation model. Through 
simulation, optimized values of variables that affect the 
extrusion process are obtained.  
 
INTRODUCTION 
 
One of the greatest challenges in an actual extrusion 
operation is efficient and rapid problem solving. 
However, the conventional finite element analysis does 
not consider the manufacturing process constraints in its 
modeling and hence, the process parameters obtained 
through such an analysis is more theoretical and not 
realistic enough. Therefore, a new approach to obtain 
more realistic and optimized process parameters 
following the finite element analysis is the need of 
manufacturing industries.  
 
Extrusion problems often result in downtime and/or out-
of-specification products, and this can be very costly. The 
nature of the extrusion process is often complex. 
Therefore, the determination of an appropriate solution to 
the cause(s) of any problem in the extrusion process is 
difficult, particularly if the solution must be found  

 
 
quickly. Linear programming and other iterative methods 
have been used to tackle the extrusion process problems. 
However, due to the inherent time consuming nature of 
such methods, quick and rapid problem solving as desired 
by industries has not been achievable. Additionally, 
today, the process development in industrial extrusion is 
to a great extent based on trial and error and often 
involves full-size experiments, which are both expensive 
and time-consuming. In contrast, simulation of the 
extrusion process prior to plant execution and as and 
when required, proves to solve the extrusion operation 
problems quickly and more efficiently and at a lower cost. 
In this paper, model of a real extrusion plant is built in 
IGRIP, a Delmia group software from Dassault Systems 
[12]. The model of the plant is simulated in IGRIP using 
the Graphical Simulation Language (GSL) whereby the 
virtual operation of the plant may be viewed. 
Additionally, the dynamics module offered by Delmia is 
used to model and simulate the extrusion plant dynamics. 
Simulation is performed to obtain the optimized values of 
the principal variables that affect the extrusion process. 

 
BACKGROUND 
 
Sivaprasad, Venugopal, Davies and Prasad [7] have 
identified the optimum process parameters using finite 
element simulation. They discuss the use of processing 
map with the output of the finite element analysis to 
design the process. Tibbetts and Ting-Yung [8] have used 
optimization technique for a direct extrusion machine. 
Their work is related to product optimization with focus 
on surface quality and micro-structural uniformity of 
product. They have presented a model which is derived 
directly from the mathematical description of the physical 
phenomena present. Hansson, in her Ph.D. thesis [9], has 
used finite elements method for the simulation of stainless 
steel tube extrusion.  

 
Most other extrusion process simulations have been done 
for food industries like by Lertsiriyothin and Kumtib [10], 
and plastic or polymer manufacturing units such as by 
Salazar [11].  

 
Plenty of studies related to finite element-based models 
and mathematical descriptions as mentioned above have 
already been carried out. The finite element models 
provide the needed information but cannot be applied for 
direct and fast decision making. The finite element 
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analysis, in particular, does not consider the 
manufacturing process in its modeling and so, the process 
parameters obtained through such an analysis differs form 
the actual manufacturing process parameters. In such a 
scenario, following the finite element analysis, 
optimization of process parameters based on the 
manufacturing simulation of the process yields a direct 
solution for the real process in that the appropriate process 
parameters can be recognized directly. The indirect 
extrusion simulation for the optimization of process 
parameters dealt with in this paper is thus found to be new 
and the simulation-based approach is found to be novel in 
the area. Such an approach is found to provide quick and 
efficient solution to extrusion problems. 

 
INDIRECT EXTRUSION 
 
The extrusion process  
 
Extrusion is a plastic deformation process in which a 
block of metal, called the billet, is forced to flow by 
compression through the die opening of a smaller cross-
sectional area than that of the original billet [4] as shown 
in Fig. 1. In indirect extrusion process, the die at the front 
end of the hollow stem moves relative to the container, 
but there is no relative displacement between the billet 
and the container as depicted in Fig. 1. Therefore, this 
process is characterized by the absence of friction 
between the billet surface and the container, and there is 
no displacement of the billet center relative to the 
peripheral regions.  
  
Extrusion can be cold or hot. In this paper, we consider 
the hot extrusion process. In hot extrusion, the billet is 
preheated to a certain temperature to facilitate plastic 
deformation. 

 
Figure 1: Indirect extrusion mechanism 

 
The properties of the extruded aluminium shapes are 
affected greatly by the way in which the metal flows 
during extrusion. The metal flow is influenced by several 
factors of which the following are considered in this 
paper: 

1. the size of billet (length and diameter) 
2. the temperature of billet, θpreheat 
3. the temperature of container 

4. the extrusion ratio, ER 
5. speed of extrusion, Vextrusion 
6. the extrusion pressure, PT(ER) 

 
Interdependence between extrusion variables  
  
During the operation of an extrusion plant, while 
extrusion is taking place, billets will be waiting for their 
turn to get loaded to the container for extrusion. In hot 
extrusion, the billets are preheated. It should be assured 
that the next billet in queue is heated to the required 
preheat temperature (θpreheat) during the time (τwait) it waits 
in the queue. For efficient heat usage, τwait would be 
approximately equal to the sum of the time taken by the 
current billet to be extruded (τextrusion) and the time taken 
for the change of die (τdieChange). Therefore, considering 
the time taken to preheat to be τpreheat, 

τpreheat = τwait = τextrusion + τdieChange 
 

Temperature is one of the most important parameters in 
extrusion. The flow stress (σ) is reduced if the 
temperature is increased and deformation is therefore, 
easier, but at the same time, the maximum extrusion speed 
is reduced because localized temperature can lead to 
incipient melting temperature.  
 
 The response of a metal to extrusion processes can be 
influenced by the speed of deformation. Increasing the 
ram speed produces an increase in the extrusion pressure. 
The temperature developed in extrusion increases with 
increasing ram speed. 
 
Thus, it is important to determine the optimal values of 
the principal extrusion variables for a specified extrusion 
ratio (ER) such that, while on the one hand, the aluminum 
billet does not reach its solidus point ie, it’s melting 
temperature, and on the other hand, efficient extrusion is 
assured. Extrusion ratio (ER) is the ratio of container bore 
area to the total cross-sectional area of extrusion. For an 
extrusion process, ER is fixed. 

 
 

Figure 2: Interdependence between extrusion variables 
 
Determination of ram speed (Vextrusion) is the most 
important for a particular extrusion ratio. The ram speed 
affects the extrusion time (τextrusion). The preheat time 



(τpreheat), in turn, is related to the extrusion time. 
Therefore, simulation is performed for a specific 
extrusion ratio and speed of ram to obtain the extrusion 
time. The extrusion time is used to decide the amount of 
heat (QT) that a waiting aluminum billet should be given 
to reach the preheat temperature (θpreheat) during the period 
of its waiting time (τwait). 
 
The actual pressure exerted on the ram is the total 
pressure. The total extrusion pressure required for a 
particular extrusion ratio (ER) is given by: 
PT(ER) = PD + PF + PR 
where, PD is the pressure required for the plastic 
deformation of the material. PF is the pressure required to 
overcome the surface friction at the container wall 
friction, dead metal zone friction, and die bearing friction. 
PR is the pressure required to overcome redundant or 
internal deformation work. 
   Each of the above may be represented in functional 
form as: 
 
PD = f (flow stress σ, strain ε)  
where, the flow stress σ = f (strain ε, strain rate, 
temperature of material T).  
 
Here, strain ε = ln(AC/AE) where, AC = area of container 
and AE = area of extrusion 
 
PF = f (billet diameter D, length of billet L) 
 
PR = f (flow stress σ) 
 
The extrusion pressure, PT(ER), is thus dependent upon the 
size of the billet, the extrusion ratio, the temperatures of 
billet and container, flow stress and the strain rate of 
aluminum. The pressure, PT(ER), so obtained is used to find 
the extrusion speed (Vextrusion). Generally, a chart is 
provided by the extrusion machine manufacturer that 
gives the extrusion speed required to produce a particular 
extrusion pressure PT at a specified temperature and 
extrusion ratio (Fig. 3, 4 and 5). The extrusion speed may 
be utilized to find the extrusion time (τextrusion). The 
extrusion time, in turn, may be used to find the time 
required by an aluminum billet to wait (τwait) before it gets 
loaded to the container for extrusion. This amount of time 
is used to find the amount of heat (QT) that should be 
supplied to the aluminum billet during this time (τwait) to 
reach its preheat temperature (θpreheat). The values of 
θpreheat and Vextrusion should be such that the aluminum billet 
does not reach its solidus temperature, which is 
approximately 660ºC [3], during the actual extrusion 
process; which is to say, after the Vextrusion is known, θpreheat 
should be so selected as to ensure that the aluminum billet 
does not reach its solidus temperature during extrusion. 

 
 
 
 
The values of the principal variables so obtained may be 
valid only for theoretical use. In reality, the values of 
these variables may differ for a practical extrusion 
process. Also, these values may not be within the 
permissible values of a particular extrusion machine. So, a 
simulation is performed, considering the dynamics of the 
process – stress and strain factors, changes in temperature 
and pressure, the friction and speed of extrusion – and the 
permissible value of process parameters to validate the 
process with the values so obtained. 

              
 
 
 
 

Figure 4: Surface temperature of extruded           
               product versus ram displacement 

Figure 3: Extrusion rate versus flow stress 



           
 
 
 
 
IGRIP offers a dynamics module that facilitates the 
incorporation of the dynamics of a process.  Any 
necessary changes may then be made and simulation may 
be performed several times until the values of the 
variables satisfy usage in a real extrusion process. For 
example, if after calculations, the billet temperature 
obtained will lead to the aluminum billet reaching its 
solidus temperature, then the extrusion speed, Vextrusion, 
may be reduced. The reduced extrusion speed may be 
used to find a different extrusion pressure, PT(ER) and also 
to calculate the extrusion time, τextrusion. This extrusion 
time, in turn, may be used to find the time for the billet to 
wait, τwait before it gets loaded to the container for 
extrusion. Also, the amount of heat, QT that has to be 
supplied to the aluminum billet during τwait may be 
calculated. 

 
THE EXTRUSION SIMULATION FRAMEWORK 
AND IMPLEMENTATION 
 
A graphical model of the extrusion plant is built using 
IGRIP (Fig. 6). The model is validated against the 
working of a real machine. The validated model is then 
simulated using the Graphical Simulation Language 
(GSL) in IGRIP. The dynamic properties of the extrusion 
process are taken into account in the extrusion model by 
making use of the dynamics module in IGRIP. 
 
A client software was built using Visual C++. Values of 
the principal variables for extrusion are sent as inputs 
from this client (Fig. 7). The server makes use of these 
principal variables for the simulation of the extrusion 
model. Additionally, we developed an interface program 
between the client and the server so that message sent 
from the VC++ client is read into the GSL program in the 
server. The GSL program makes necessary readings from 

 
 

Figure 6: The IGRIP model of the extrusion plant used for  
                simulation 
    
and writings to a database that contains the permissible 
values of extrusion variables and tables containing the 
values of extrusion speeds required to produce 
corresponding extrusion pressures. The database also 
contains further vendor-specific data regarding extrusion. 
 

 
    
 
The use of the optimized values of the principal extrusion 
variables in several simulations of the plant resulted in a 
reduced cycle time of the plant. The minimum decrease in 
cycle time was 2 minutes which makes a decrease of 8.33 
percent whereas the maximum decrease was of 12 
minutes that accounts for a 37.5 percent decrease. The 
average decrease was approximately 5 minutes which is 
about 20.8 percent (Fig. 8). The power consumed by the 
complete extrusion operation was also decreased 
considerably in the simulations of extrusions at varying 
extrusion ratios (ER). The percentage decrease ranged 
between a minimum of 4 percent to a maximum of 17 
percent with an average of 12.7 percent considering 
simulations at all extrusion ratios (Fig. 9). The simulation 
results are highly encouraging to be subsequently applied 
to a real world extrusion process in the future after 
considering the product optimization. 
 

Figure 5: Increase in emergent temperature 
                    versus ram speed 

Figure 7: The implementation architecture
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Figure 8: Graph showing percentage decrease in cycle  
     time 
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Figure 9: Graph showing percentage decrease in power  
                   consumption 

 
 

DISCUSSIONS AND CONCLUSION 
 
In this paper, the use of simulation for the optimization of 
principal extrusion variables was discussed. IGRIP and 
the dynamics module in IGRIP were used to model an 
actual extrusion machine. The model was then simulated 
using Graphical Simulation Language. The optimization 
obtained is positive and better optimization may be 
attained by considering wider factors that affect the 
dynamics of the extrusion process. Additionally, 
corresponding product optimization study will only better 
the actual optimization process and near the use of 
simulated data for real extrusion processes. 
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