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Abstract 

This paper reports on an experimental and finite element analysis (FEA) of the cold extrusion of high-grade (AA1100) aluminum. The 

influence of die angle, reduction ratio and die land on the extrusion force during the extrusion process was investigated. A forward 

extrusion die was designed and manufactured for the purpose of the experimental research. Interchangeable elements of the extrusion 

die allowed rapid change of the extrusion parameters to attain a high degree of experimental flexibility. A load cell, incorporated into 

the die design, allowed accurate determination of extrusion forces while a linear variable differential transformer (LVDT) provided 

automatic measurement of punch travel during the extrusion cycle. All data obtained from the instrumentation was captured and 

analyzed using a personal computer (PC). A finite element analysis (FEA) of the cold extrusion process was undertaken in parallel 

with the experimental programme. The FEA simulation was carried out using ELFEN, FEA software, specifically produced for metal 

forming simulation. An ax symmetric 2D geometric model of the tooling and billet was constructed for the analysis. Data obtained 

from the FE model included die-work piece contact pressure, effective stress and strain and material deformation velocity. The 

correlation between the experimental, calculated and FEA data obtained in this research is presented and discussed. 

Keywords: Forward & Backward extrusion; aluminum; Extrusion force; Reduction ratio; Finite element analysis, Dies 30, 45, 60 

degree. 

1. Introduction 

Extrusion, though one of the most important manufacturing processes today, is a relatively young metalworking process. Commercial 

extrusion of lead pipes started early in the 19th century and it was not until near the end of that century that it was possible to extrude 

even brass. This was largely because the heavy and sustained pressures necessary for extrusion were not available. In cold extrusion, 

which is used for the manufacture of special sections and hollow articles, the material is generally made to flow in the cold condition 

by the application of high pressure. The high pressures force the material through a cavity enclosed between a punch and a die. Cold 

extrusion can be used with any material that possesses adequate cold workability, e.g., tin, zinc, copper and its alloys, aluminum and 

its alloys. Indeed it is for these metals that the process is more widely adopted. Low-carbon soft nealed steel can also be cold extruded. 

If the product cannot be fully shaped in a single operation, the extrusion process may be performed in several stages [1]. The initial 

stock from which cold extrusions are produced consists of round blanks, lengths cut from bars, or specially preformed blanks. The 

punches and dies used in cold extrusion are subjected to severe working conditions and are made of wear-resistant tool steels, e.g., 

high-alloy chromium steels. The main advantages of cold extrusion as opposed to hot extrusion are that good mechanical properties 

are imparted to the work piece due to the severe cold working, good surface finish with the use of proper lubricants and no oxidation 

of the work piece. Extrusion produces compressive and shear forces in the stock. No tensile force is produced, which makes high 

deformation possible without tearing the metal. Previous research has shown that the extrusion die geometry, frictional conditions at 

the die–billet interface and thermal gradients within the billet greatly influence metal flow in cold extrusion [2]. Many researchers 

have attempted to investigate the effects of various lubricants at the die–billet interface. These investigations have resulted in a number 

of standard friction tests, e.g., ring and bucket test [3–5]. The influence of the friction at the die–billet interface on the geo-metrical 

accuracy of the extruded part has been investigated for the cold extrusion process using a finite element analysis. Various values for 

the coefficient of friction were used in finite element models. High values of the frictional coefficient produced greater form errors in 

the extruded component due to the greater compressive stresses at the contact surfaces of the die [6]. The influence of die half-angle 

and reduction ratio on extrusion force has been researched for the hydro-static extrusion process and the data obtained can be used for 

the forward conventional extrusion process [7]. Geometrical characteristics of the extrusion die influence both the extrusion process 

and the mechanical properties of the extruded material. While it is widely acknowledged that one of the main effects of cold extrusion 

on the billet material is strain hardening, other mechanical characteristics of the extruded material also change. Using both 

experimental and finite element analysis, some researchers have analyzed the hardness and density changes that occurred as a result of 

both the extrusion and drawing process [8]. Experimental investigations have been made to determine the effects of die reduction ratio, 

die angle and loading rate on the quality of cold extruded parts, extrusion pressures and flow patterns for both lead and aluminum [9]. 

Empirical equations were determined to as-sess the effect of the aforementioned extrusion variables on the extrusion pressure. The 

geometrical features of the die land are a critical feature in obtaining defect free cold extruded parts. As the die land length directly 

influences the amount of friction at the die–billet interface, extrusion die designers use this geometrical parameter to control the metal 

flow from the die. Appropriate die land geometrical features will allow uniform distribution of residual stresses in the extruded part as 

it emerges from the die. Various proposals have been made by researchers to provide a numerical basis for the design of the die land 
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parameter [10–12]. The ability of a crystalline material, particularly metals, to undergo plastic deformation rather than fracture is an 

invaluable property. Extruded and deformed products have under-gone plastic deformation and this deformation increases their 

mechanical properties such as hardness and tensile strength. Generally, residual stresses exist within the part, which can only be 

relieved by an appropriate heat treatment process [13]. Furthermore, strength and hardness of the metal are increased with a 

corresponding loss in ductility as a result of a distortion or fragmentation of the grain structure. The occurrence of central bursts in 

cold extruded parts has been investigated as a function of die geometry [14]. These re-searchers concluded that the central bursts could 

be considered as the process of ductile fracture resulting from the coalescence and growth of micro voids in the materials. The basic 

idea of many ductile fracture criteria is that fracture occurs when the value of a damage parameter reaches a critical value [15–18]. The 

relationship between extrusion velocity with both temperature distribution within the extruded part and extrusion load has been 

investigated by a number of researchers [19–23]. The extrusion load was shown to increase with extrusion velocity. The magnitude of 

the increase is larger at higher reduction ratios. 

 2. Aims of research 

An experimental programme of forward cold extrusion was undertaken in the present investigation. The aims of the research were to 

analyze the effect of three geometrical variables, namely, reduction ratio, die angle and die land height on the extrusion force. 

Experiments were conducted using two different lubricants; zinc separate and an oil-based lubricant that contained lead and copper 

additives. The magnitude of the extrusion force was determined experimentally by means of a force transducer. The data obtained 

from these measurements was compared to data obtained by calculation using a previously published theoretical formula and from 

finite element software predictions. Fifteen experiments were carried out using various die geometries with both lubricants. 

3. Experimental research 

3.1. Billet preparation 

The billets, of initial diameter and height, 38 and 20 mm, respectively had a chemical composition as presented in Table 1. The billets 

were subjected to an annealing treatment to eliminate any residual stresses present prior to extrusion. This consisted of heating the 

billets to 345 ◦C in an induction oven, soaking at this temperature for 15 min, followed by gradually cooling in air to room 

temperature. 

3.2. Extrusion tool design 

An extrusion tool was designed and manufactured for the experimental programme. It consisted mainly, of three main  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Plates: upper, active and lower. The upper and active plates were free to move on four pillars as shown in Fig. 1. A rapid punch and 

die release system was incorporated into the over-all tool design to facilitate reduced experiment set up times and allow a high degree 

of experimental flexibility. The extrusion force was transmitted from the active die through a pres-sure plate to the force transducer. 

The contact surface between the pressure plate and the force transducer was machined to a hemispherical form to eliminate any force 

components in the horizontal direction. The force-sensing component was designed for a nominal load of 2 MN. This load was 

calculated using a modified upper bound equation, i.e., Equation (1) [24]: 
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Where µis the coefficient of friction at die/billet interface, 

D the billet diameter (mm); d the die land diameter (mm),h the Die land height (mm), a the die half angle (◦),H the billet height (mm) 

and kf is the maximum tangential stress at die–billet interface (N/mm2).Strain gauges were mounted on the force-sensing component 

and connected to form a Wheatstone bridge circuit. An optimum mounting position for bonding the strain gauges was established by 

modelling the elastic deformation of the transducer with ANSYS finite element software. The load cell was mounted in the extrusion 

die and calibrated using a high precision calibration device. An LVDT transducer was attached between the top plate and the active 

plate of the extrusion die to monitor punch travel. The output signals from the strain gauges and LVDT were amplified and filtered 

using a signal-conditioning unit.  

 

 

3.3. Experimental Setup 

The experimental program undertaken is outlined in Table 2. The three parameters varied during the experimental work were the die 

exit diameter, die land height, and hand die angle. The die geometry is shown in fig. 2. 

4. Finite element analysis 

A mechanical simulation of the extrusion process was per-formed using the finite element software. This was achieved by constructing 

an accurate two-dimensional CAD model of the process. The model was meshed with appropriate elements and material properties and 

boundary conditions were added. As the meshed model became distorted during the simulation, remeshing facility made the analysis 

of large de formations and strains possible. The complete meshed model of the extrusion process is shown in Fig. 3 

 

 

 

 

  

 

 

 

 

 

 

 

4.1. FEA formulation 

ELFEN/explicit, a dynamic explicit finite element code was used to perform the simulation. The flow formulation approach, using 

rigid plastic material elements, was used in the finite element analysis. The constitutive equations for this approach are identical to 

those for a non-Newtonian fluid. 

Nodal velocities defined in the Eulerian mesh were the unknowns in the flow formulation and were related to the material strain rates 

by standard kinematical expressions. Using this method it was possible to calculate the deformation power as a product of the 

invariants of the stress and strain rate tensors, which makes the solution insensitive to rotations. In the Eulerian formulation the 

material flows through a frame of reference, which is fixed in space. Therefore, problems with grid distortion due to large deformation 

are eliminated. As the material boundaries do not follow the mesh lines in an Eulerian calculation, the mesh generation is completely 

independent of the structure, which greatly simplifies both the mesh generation and the structure definition. The Eulerian formulation 

used in the present work is based on operator splitting, which permits the sequential solution in two steps of the Eulerian conservation 

equations, i.e., Equation Set (2): 
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Where is the density, µthe velocity, σ the Cauchy stress tensor, the strain rate tensor, b the body force and e is the internal energy. The 

non-linear behavior of the billet material, i.e., the material hardening was accounted for using the Von Misescriterion. Stress–strain 

data for the AA1100 material was obtained from previously published work [25]. The A1100 aluminum was modelled as a 

viscoplastic material while the punch and die elements were modelled with elastic elements. 

 

5. Results 

On completion of the FE simulations billet–die interface contact pressure, effective stress and strain and material deformation 

velocities were output to file. The effective stress distribution within the billet at various stages of the extrusion  

 

 

 

 

 

 

 

Process is presented in Figs. 4 and 5.Values for maximum extrusion forces were obtained from the finite element simulation by high-

resolution history plots. 

 

 

 

 

 

 

 

This function was programmed in the post analysis module of the software. An example of such an output is presented in Fig. 6. The 

magnitude of the extrusion force obtained from the FE simulation was compared to values acquired by both experiment and 

calculation. This comparison is presented in Table 3 and graphically displayed in Figs. 7 and 8. The calculated values were obtained 

from Equation(1) 
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6. Discussion 

Fifteen manufactured die sets were successfully used in a purpose built extrusion tool to investigate the effect of die geometry on the 

extrusion force. It was possible to vary the reduction ratio between 60% and 98.4% and vary the die an-gle from 120◦ to 180◦. 

Additionally the die land was varied from 2 to 6 mm. Two lubricants were used during the extrusion experiments. A finite element 

analysis of the extrusion process was carried out in parallel to the experimental program. The high-grade aluminum billet was 

modelled as a perfect plastic material for the non-linear analysis during the finite element simulation. Output from the finite element 

program included extrusion force, effective stress and strain and material deformation velocities. From Table 3, it is evident that the 

maximum extrusion force obtained corresponds to Experiment No. 9. The dieexit diameter, angle and land height for this experiment 

were 5mm, 150 ◦and 4 mm, respectively. This experiment represented the largest percentage reduction in the extrusion experiments 

and consequently required the largest force to success-fully extrude the aluminum. Further investigation of Table 3 and Fig. 7 and 8 

show that the extrusion force is a function of die angle. Experiments Nos. 1 and 5, utilized dies with die angles of 132◦and 168◦, 

respectively, while the die exit diameter and die land height were constant. Extrusion loads of 1016.01 and 977.87 kN were obtained 

experimentally using the Zn state lubricant for Experiments Nos. 1 and 5, respectively. A similar trend was found for Experiment 

Nos.13, 14 and 15. These results indicate that as the die angle is reduced, larger extrusion forces are required to extrude aluminum 

AA1100. This is due to the increased contact length between the die and the billet leading to high friction power losses. Further 

research will establish an optimum die an-gle for the process. On examination of the extrusion load as a function of die land length, it 

is evident that the extrusion force required increased as the die land increased. From Table 3, in Experiment Nos. 11, 12 and 15, both 

the die exit diameter and the die angle are constant. As the land length is increased, there is a corresponding increase in the extrusion 

force. Dies with land lengths of 2, 4 and 6 mm were used in Experiment Nos. 11, 15 and 12, respectively. The corresponding loads 

obtained from experiment, FEA and calculation show an increase as land length increased. For die land lengths of 2, 4 and 6 mm; 

extrusion forces of 575.13, 586.4 and 595.84 kN were found by experiment, respectively. The stress distribution at two stages of the 

extrusion process for Experiment No. 12 is presented in Figs. 4 and 5. The maximum stress value showed in Fig. 5is 137.5 MPa. This 

level of stress occurs in the billet at the die angle as the metal exits the die. High-resolution plots were obtained from the finite element 

software to enable determination of extrusion forces. An example of such a plot is shown in Fig. 6. This graph shows an extrusion 

force of 856.4 kN was required when using a die with included angle, exit diameter and land height of 132◦, 9 and 2.8 mm, 

respectively. The FE model did not account for thermal softening of the billet or variations in the frictional coefficient at the billet–die 

interface due to lubricant breakdown. The maximum percent-age error noted when the experimental value was compared to the FEA 

prediction was 8.42%. On comparing values of extrusion forces obtained from the FE software and those obtained by calculation, the 

most significant errors occurred at the smallest reduction ratios, i.e., Experiment Nos. 2, 4, 6, 8and 10. Nevertheless at higher reduction 

ratios, i.e, where the die exit diameter is 9 and 5 mm, the FEA prediction error is below 11%.The main reasons for differences in the 

FEA and experimental results can be attributed to frictional and deformation heating of the extruded material, unstable die–billet 

interface conditions and measurement errors. 

 

7. Conclusions 

A successful experimental programme of cold extrusion of high-grade (AA1100) aluminum was carried out with purpose-built tooling. 

Extrusion forces were successfully determined by incorporation of a load cell in the tooling set-up. Experiments were conducted using 

two different lubricants; zinc separate and an oil-based lubricant that contained high pressure lead and copper additives. There was no 

remarkable difference in the extrusion forces required for the different lubricants. The finite element results show good correlation 

with results obtained from the experimentation, thus confirming the accuracy of the finite element model. Furthermore extrusion force 

data obtained by calculation show reasonable agreement with data obtained from both calculation and FE work. The largest extrusion 

force obtained by experiment was 1260 kN. This force was measured when extruding the aluminum billet using a die with exit 

diameter, die angle, and land height of 5 mm, 150 ◦and 4 mm, respectively. This represents a reduction in area of the billet of 98.2%. 

Further research is planned to quantify the effect the extrusion process has on the hardness and surface roughness of the extruded 

component. The values for the magnitude of the extrusion forces obtained experimentally were compared to both the finite element 

results and data calculated from Eq.(1). This comparison of results is illustrated in Table 3and Figs. 7 and 8. Reasonable correlation 

exists between the FE, experimental and calculated values of the extrusion force. Although a satisfactory accuracy was obtained in 

predicting the extrusion loads for certain experiments, it is evident the FE model would benefit from further refinement to enable 

precisely simulation the extrusion process characteristics. 
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