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Abstract— Extrusion is an important metal forming 

operation. It is a manufacturing process used to create long 

objects of a fixed cross sectional profile. The extrusion 

process is based on the plastic deformation of a material due 

to compressive and shears forces only. Basically, this 

procedure is based on the reducing and shaping the cross 

section of piece of metal squeezing the material through an 

orifice or a die. The finite element analysis of temperature and 

extrusion load during the extrusion of aluminium 2024 alloy 

is carried out in the present work. The optimal set of extrusion 

variables for the chosen responses was obtained. The 

experimental runs were conducted based on the Taguchi’s L9 

design matrix. ANOVA is employed to identify the 

significance of variables on the responses. Also, the 

percentage of contributions of each variable on each response 

was represented graphically. The set of optimal process 

variables was obtained with the help of Taguchi optimization 

method on the basis of minimum S/N ratio. These optimal 

process variables help to extrude the chosen aluminium alloy 

with minimum stress, min. Triaxiality stress, min. temp. & 

using minimum extrusion load. Hence, the quality of the 

extruded product improved with minimum energy. 

Key words: Extrusion, FEM Analysis, Metal Forming, 

Triaxiality Stress   

I. INTRODUCTION 

Extrusion is an important metal forming operation. It is a 

manufacturing process used to create long objects of a fixed 

cross sectional profile. The extrusion process is based on the 

plastic deformation of a material due to compressive and 

shears forces only. Basically, this procedure is based on the 

reducing and shaping the cross section of piece of metal 

squeezing the material through an orifice or a die. Typically 

the blocks of metal used for this procedure are long straight 

parts with circular cross sections. Extruded parts usually have 

a constant cross-section along its span. This type of process 

works inexpensively when it issued to produce parts that 

come in large quantities. Another reason that makes this 

process efficient is its flexibility. That is, if a part with a 

different cross section is needed it is not necessary to get 

another machine to produce it; it would only require to 

change the type of die. Therefore, extrusion is recommended 

for the production of a vast selection of sections. During 

extrusion friction between the die and blank has significant 

effect on numerous process conditions.  Practically, low lam 

speeds are advisable since heating of blank due to friction and 

deformation leads to rise of temperature at the end of the 

stroke. 

 Sahoo et al. [1] reformulated the SERR technique so 

that it can be used for analyzing extrusion of round billets. 

The circular cross-section of the round billet is approximated 

by a regular polygon of equal area and the number of sides of 

the polygon is increased progressively until convergence of 

the extrusion pressure is achieved. As a test, the extrusion of 

hexagon-section bars from round billets through linearly 

converging dies is analyzed. It can also be used for other 

section’s billets like channel section, triangular section, 

square section etc. 

 Sahoo et al. [2] presented an upper-bound analysis 

for the extrusion of bars of channel section from 

square/rectangular billets through rough square dies. A class 

of kinematically admissible discontinuous velocity fields, 

based on the reformulated SERR technique, is examined and 

the velocity field giving the lowest upper-bound is identified. 

This velocity fields is used to compute the upper-bound 

extrusion pressure for various area reduction. 

 Maity et al. [3] proposed an upper-bound analysis 

for the extrusion of square sections from square billets 

through curved dies having prescribed profiles. They derived 

kinematically-admissible velocity fields using dual-stream-

function technique. They present analytical results for both 

sticking friction and frictionless condition. For sticking 

friction condition they optimize the die geometry with respect 

to appropriate parameters. They found that in case of cosine 

die extrusion pressure is low in frictionless condition because 

entry and exit angle is zero. Under sticking-friction 

conditions the best upper-bound is provided by a straight 

tapered die. 

 Narayanasamy et al. [4] proposed streamlined 

extrusion dies by modifying the conventional extrusion dies 

to incorporate gradual reduction in the area of cross-section 

in order to ensure smooth flow of metal and to dispense with 

the problems faced by the conventional dies such as 

formation of dead metal zone, non-uniform flow of metal, 

more redundant work etc. The profile of the streamlined 

extrusion dies is the crucial parameter to optimize the 

extrusion process. Many profiles such as third order 

polynomial equation, fifth order polynomial equation, Bezier 

curve, etc., have been suggested for the design of streamlined 

extrusion dies with the view to reduce the extrusion load for 

the given reduction ratio. They suggested extrusion dies with 

cosine profile to extrude circular billet to circular shape and 

using upper bound solution plastic deformation work required 

for extrusion is determined. It has been proved that the die 

designed based on cosine profile is superior to the 

conventional shear dies and the straightly converging dies. 

 Venkata Reddy et al. [5] presented the optimal 

design of axisymmetric dies using upper-bound method and 

finite-element method (FEM). They modeled billet material 

during plastic deformation process as visco-plastic rate 

sensitive material and flow stress to be strain rate and 

temperature dependent. They observed that the optimal die 

length decreases with friction factor and increases with 

reduction ratio and ram velocity. The extrusion power 

required is lowest for the stream-lined die with cosine die 
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following closely behind. However hyperbolic dies are better 

than the conical die at lower reduction ratios, whilst the 

conical die is superior at greater reduction ratios. 

 Sinha et al. [6] described the procedure for the 

design of a multi-hole extrusion process. For the same sizes 

of the holes, the ram force in a single-hole extrusion process 

is more than in a multi-hole extrusion process. Therefore, a 

simplified upper bound and slab method analysis has been 

carried out for a single-hole extrusion process. The ram and 

die pressures obtained from this analysis are used for 

designing a multi-hole extrusion process setup. The stresses 

in the die are computed using the finite element method. 

Based on this approach, an experimental setup was fabricated 

and experimental study was carried out. 

 Johnson [7] investigated the effects of section shape 

and punch speed on the necessary extrusion load, and the 

nature of the flow of metal within the extruded rod for 

extrusion of pure lead and tellurium lead rods of circular, 

square, rectangular, triangular and I section. It is shown that, 

for a given reduction in area, the load is independent of 

section shape for all but re-entrant shapes and increases with 

increase in extrusion speed. 

 Nagpal and Altan [8] introduced the concept of dual 

stream functions to express three dimensional metal flows in 

the dies and analyzed the force of extrusion from round billet 

to elliptical bars. 

 Yang and Lee [9] proposed a new method of 

analysis for the extrusion of arbitrarily shaped sections 

through curved die profiles. They found a kinematic ally 

admissible velocity field by deriving the equation of a stream 

line. To determine the extrusion pressure for the rigid-

perfectly plastic material upper-bound method is then 

applied. They obtained general formulation for an arbitrary 

cross section using conformal transformation. They discussed 

the effects of sectional shape, die profile and interfacial 

friction at the die surface. 

The main aim of this paper is to: 

 To design a die using NX 6 modelling software for a 

cosine profile curve die. 

 To analysis of load Distribution in Deformation process. 

 Analysis of stresses and strain distribution in the 

deformation process. 

 To design and develop an extrusion setup (Dies). 

 Performing simulation using Combined extrusion-

forging process using FEM (Finite Element Method) 

based software package DEFORM 3D. 

 Investigate the behavior of Triaxiality Stress in the 

process. 

II. FEM ANALYSIS 

This work addresses design and optimization of extrusion 

process for aluminium 2024 alloy. The extrusion temperature 

and load has significant on quality and cost of the extruded 

parts respectively. Hence, development of economical 

process conditions is found as vital.  Forward extrusion model 

is developed to analyse the process responses extrusion load, 

stress and strain for different process designs. Some of the 

most significant design parameters ram velocity, coefficient 

of friction and die angle are considered. Taguchi’s L9 design 

is employed to simulate the experiments for each set of 

chosen extrusion variables via Finite Element Analysis (FEA) 

solver. Analysis of variance (ANOVA) is adopted to check 

the significance of the input variables on the output 

responses. Then, the optimal process parameters are 

determined using Taguchi’s method. 

 The Billet, punch and die used in this study is shown 

in Fig. 1. Following geometrical parameters are considered in 

the study: 

 Billet diameter=80mm 

 Billet length=60mm 

 Extruded rod diameter = 40mm 

 Half die angle = 30°, 45° and 60° 

 Al2024 is heat-treatable aluminum alloy with 

copper as the primary alloying element. It is used in 

applications requiring high strength to weight ratio, as well as 

good fatigue resistance. Due to its high strength and fatigue 

resistance, 2024 is widely used in aircraft structures. Table 1 

shows the Physical properties of work material. 

 
Fig. 1: Billet, Punch & Die 

PARAMETER VALUE 

Work material Al 2024 

Density (Kg/m3) 2780 

Young’s Modulus (GPa ) 73.1 

Poisson’s ratio 0.33 

Coefficient of thermal expansion 23.8 E- 6 

Sp. Heat (N/mm2/°C) 0.875 

Thermal conductivity (W/m/K) 121 

Table 1: Physical Properties of Work Material 

 Taguchi’s methods are one of the widely used 

methods to solve the optimization problems of multiple 

objectives and are influenced by multiple variables. It was 

developed to minimize the cost and time of experimentations 

when the process has large number of combinations by 

providing a systematic approach to the design of experiments. 

Hence, it became an extensively adopted method to solve 

some complex problems in manufacturing. In this method, 

the performance characteristic is represented by signal-to-

noise (S/N) ratio and the largest value of S/N ratio is required. 

These are logarithmic function of desired output and serve as 

objective function in the optimization process. There are three 

types of S/N ratio as the lower-the-better, the higher-the-

better, and the nominal-the-better. The S/N ratio with a lower-

the-better characteristic that can be expressed as: 

S.K. Sahoo, P.K. Kar, K.C. Singh, A numerical 

1) Lower-The-Better 

         
2) Higher-The-Better 

                            (2) 

3) Normal-The-Better 



3D FEM Analysis of Triaxiality Stress Behavior of Al 2024 Aluminium Alloy Extrusion 

 (IJSRD/Vol. 6/Issue 04/2018/058) 

 

 All rights reserved by www.ijsrd.com 222 

                              (3) 

 Where yi is the ith Value of Measured Response, n 

is the Total Number of runs & s is the Standard Deviation 

Table 2 shows the process parameters and their levels. 

Parameters/Factors 
Level 

1 2 3 

A Punch velocity (mm/s) 2.5 3 3.5 

B Coefficient of friction (µ) 0.15 0.25 0.35 

C Die angle 30° 45 ̊ 60° 

Table 2: Process Parameters & Their Levels 

 In this work, L9 full factorial array is used based on 

three factors and three levels for the experiments. Signal to 

noise ratio analysis is performed using minitab 17 statistical 

software to determine the optimum level of parameters for the 

responses. Main effect plots for s/n ratio are used to depict the 

relationship between the process parameters and response 

variable. Also from the S/N ratio plot, optimum levels of 

process parameters were determined. 

III. RESULTS & DISCUSSION 

In this investigation DEFORM-3D software is used to 

simulate the extrusion process. There are 600 element and 

651 nodes in the model. Displacement boundary condition is 

applied on the ram. Ram is given a displacement of 60 mm. 

Interaction of billet and die is accounted through contact 

algorithms of the software. Finite element simulation is 

carried out in incremental manner in 100 steps. Mesh 

distortion is automatically taken care of by the in built mesh 

adaptively algorithm. 

 

 

 
Fig. 2: Load vs Time 

 Fig. 2 shows the stress, temperature obtained for the 

first set of experimental run corresponding parameters as 

punch velocity 2.5mm/sec, coefficient of friction 0.15 μ and 

die angle 30°. At these levels of input parameters the 

predicted extrusion load is 3470 KN and predicted extrusion 

temperature is 334 ºC. It can be observed that high 

temperature region is occurred at the exit of the die from the 

center of the blank. 

 
Fig. 3: S/N Ratio Plot of Effective Stress 

 Therefore, based on the S/N ratio the set of optimal 

parameters for stress is Pv = 2.5 mm/sec, COF = 0.35μ and 

die angle = 60°, the set of optimal parameters for triaxiality 

stress is Pv = 3 mm/sec, COF = 0.15μ and die angle = 60°, 

the set of optimal parameters for extrusion load is Pv = 2.5 

mm/sec, COF = 0.15μ and die angle = 60°. While for 

temperature it is Pv = 2.5 mm/sec, COF = 0.25μ and die angle 

= 60°. 

IV. CONCLUSION 

The finite element analysis of temperature and extrusion load 

during the extrusion of aluminium 2024 alloy is carried out in 

the present work. The optimal set of extrusion variables for 

the chosen responses was obtained. The experimental runs 

were conducted based on the Taguchi’s L9 design matrix. 

ANOVA is employed to identify the significance of variables 

on the responses. Also, the percentage of contributions of 

each variable on each response was represented graphically. 

The set of optimal process variables was obtained with the 

help of Taguchi optimization method on the basis of 

minimum S/N ratio. These optimal process variables help to 

extrude the chosen aluminium alloy with minimum stress, 

min. triaxiality stress, min. temp. & using minimum extrusion 

load. Hence, the quality of the extruded product improved 

with minimum energy. The following conclusions are drawn 

from present analysis: 
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1) Based on the S/N ratio the set of optimal parameters for 

stress is Pv = 2.5 mm/sec, COF = 0.35μ and die angle = 

60°, the set of optimal parameters for triaxiality stress is 

Pv = 3 mm/sec, COF = 0.15μ and die angle = 60°, the set 

of optimal parameters for extrusion load is Pv = 2.5 

mm/sec, COF = 0.15μ and die angle = 60°. While for 

temperature it is Pv = 2.5 mm/sec, COF = 0.25μ and die 

angle = 60°. 

2) ANOVA is employed for the obtained FEA results. It can 

be found that coefficient of friction and die angle are 

more significant for extrusion load. 

3) Die angle are more significant for stress and triaxiality 

stress. 

4) These findings will assist the design engineers in 

efficient design of extrusion process. 
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