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ABSTRACT : This paper presents an improved numerical simulation of bulk metal forming processes. It takes 

into the account the advanced formalism of large displacements and large deformations. Also, the interface 

workpiece formalism in considered. Metallographic studies are conducted to determine the evolution of the 

micro hardness as a function of annealing time and that to characterize accurately the plastic range of 

aluminum alloy for a range of plasticity 120%. The obtained results of metallographic studies are used to 

simulate a hot upsetting under the friction law of the plastic wave. Several simulations of forging operations of 

an axisymmetric billet by a rigid axisymmetric conical tool are performed with ABAQUS/standard computer 

code and that for preheated billets from 20 °C to 500 °C. The numerical study of the evolution of the normal 

stress at the interface has shown that the latter is independent of the tool roughness for a temperature close to 

500 °C. The numerical study also allowed us to define the three areas of forging whatever cold; warm and hot 

forging. The effects of friction coefficient on the metal flow and contact pressure are numerically explored. 
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I. INTRODUCTION 

Forging is a bulk metal forming process which gives either a single geometric shape billet or a complex 

predetermined one and that by using a specific tools [1]. This process is widely used because the obtained parts 

have higher strength than ones obtained by machining or casting for equivalent masses.  

These parts are resistive to strain and to impact resistance and that is due to metallurgical properties 

obtained during the bulk forming. Today, the automotive and aerospace industries are the predominant 

application because they use more than four-fifths of the produced parts by forging. Economic and technological 

interests of shaping metals are undeniable: high production rates, good geometric and mechanical quality, and 

low falls rate. 

In the bulk forming processes, the friction plays an important role which is sometimes difficult to 

control. In the literature, several experimental tests are carried out to characterize the friction in plastic forming 

were reported [2].In the field of plastic forming, ring compression test is often used [3-6]. Also, a conventional 

test of a cylinder could be used to characterize the friction of the bulk forming operations [7-8]. The most 

sophisticated manufacturing processes have never produced perfect smooth surfaces. The characterization of the 

state roughness measurement plays major role in the study of friction.  

In this context, modeling and numerical simulation can be used to predict material's flow, the analysis 

of deformations, the stress and the temperature distribution [9-11]. Also, in industrial applications, the finite 

element method is widely used [12-14]. In the numerical simulation development of thermo-mechanical's 

materials processing, surface behavior of existing laws fall within the modeling of contact by considering or no 

the friction are constantly being improved to better approximate the actual conditions. Therefore, a new friction 

law, known as the plastic wave has been studied for several years [15] for contacts between a rigid punch and an 

elastic-plastic. In order to characterize the friction law of the plastic wave, three parameters must be identified 

[16]. The first one is the flow of the materiel law in the vicinity of the contact interface between the tool and the 

workpiece. 
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In the present work this parameter (plastic flow) will be identified by a torsion test for which the plastic 

deformation zone is higher than in a tensile test. Thus, the torsion test was carried out on specimens of 1345 

aluminum alloy to identify the law of the materiel flow. The identified parameter will be used into the 

simulation program. The studies on the state of specimens subjected to test upsetting showed a micrographic 

structure mainly characterized by large grains [17]. The annealing was performed on specimens before torsion 

tests in order to approximate this micro-structural state. 

The simulation of the forging process is carried out by the FEM via the ABAQUS software using very 

fine mesh at the interface contact. The ABAQUS code offers the possibility to implement the plastic wave 

friction model using the user subroutine ".for". The main objective of this simulation is the comparison on the 

microscopic level of the sensitivity of the stress according to the temperature. 

The paper is structured as follows: in section two, the theory of plastic wave friction is presented. The 

experimental procedure (hardness test, micrographic study, torsion test) is detailed in section three, the 

numerical simulation of the bulk forming processes is given in section four. The paper ends with concluding 

remarks and conclusion. 

II. SUMMARY OF THE THEORY  
The classical friction tests for bulk forming processes are usually based on simple compression by a 

rigid punch. This test induces a heterogeneous strain hardening in the billets [18]. 

A lot of microscopic models are developed in order to obtain a law of macroscopic friction [19-20]. 

The plastic wave model, formulated with slip line theory [21] and the upper bound, consider a plane strain field 

in a perfectly rigid plastic triangular asperity is based on a 2D geometry and actual roughness, of circular shape, 

is replaced by a triangular geometry of the same average height R and the same wavelength AR [22]. This 

model will allows to obtain a friction law at the interface according to normal contact stress, the roughness of 

the tool, the workpiece material yield stress and local constant friction coefficient. In this model, the friction 

force opposes the sliding of the rough surface and the resulting growth in the plastic wave material of the 

workpiece. 

Table 1. Geometry of punch. 

Cone Angle R (µm) AR (µm) 

7° 20.985 359.060 

III. EXPERIMENTAL DETAILS 

3.1. Hardness test 
In this section the experimental tests are presented, cylindrical samples of 7 mm thickness and 20 mm 

diameter were cut from the heat-treated rods of the furnace at 320°C. A minimum of four readings were taken 

on each sample in order to obtain reasonable statistics for the measured hardness values. 

3.1.1. Hardness before heat treatment 
All hardness tests were carried out on the external faces [23] of the samples previously polished, under 

a consistent load of 300 kgf applied for about 15 seconds as shown in Table.2. 
 

Table 2. Hardness before heat treatment. 

 Test1 Test2 Test3 Test4 Average 

Vickers Hardness 40.1 40 42.6 41.1 40.95 

3.1.2. Hardness after heat treatment 
The annealing treatments of re-crystallization, which give new crystals, increase considerably the 

plasticity however, the elastic limit, the load rupture and the hardness are decreased. 

To change the micro-structural properties, a thermal annealing is carried out on samples at 320 °C for a 

time period of 1 hour to 8 hours. After cooling, the hardness measurement tests are performed and the results are 

presented in Table 3. 

Table 3. Hardness after heat treatment. 

Annealing time  Test1 Test1 Test1 Test1 Average 

1h 34 32.6 33 32.1 32.92 

1h30 27.3 25.8 27.9 26 26.75 

2h 25.4 23.6 26.1 25 25 

3h 21.6 22.9 22.3 20.3 21.77 

4h 22.8 22.3 20.9 21 21.75 

5h 23.8 19.3 21.2 20 21.07 

8h 21.5 21.7 20 21.2 21.02 
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According to the obtained results, the hardness of the specimen drops significantly during the first three 

hours of annealing and then stabilizes at 21 HV (figure 1). One can deduce that it is necessary to have the same 

hardness as that obtained after upsetting test, to subject samples to annealing for a minimum time of at least 4 

hours. 

 
Fig. 1. Hardness evolution according annealing time. 

3.2. Micrographic study 
To study the microstructure, the specimens were prepared to be in accordance with the standard 

metallographic procedure. Before performing the micrographic control specimens, polishing was performed 

using abrasive paper of finer silicon carbide, a finishing with Alumina is performed by a diamond paste to get 

fine surface. To bring out the grain boundaries and in order to obtain a contrast between different grains, a 

chemical attack using appropriate Keller’s reactive (distilled water, hydrofluoric acid, nitric acid, hydrochloric 

acid) was performed for 30 and 40 seconds. Metallographic microscope which is equipped with a camera 

connected to a PC to get shots of each samples. 

3.3. Evaluation of microstructure 
In figure 2, analysis of shots is carried out and the following remarks can be made: For specimen 

without heat treatment, there are a few grains that are not clear. Annealing for 1 hour, no grain boundary is 

visible even by increasing the zoom. An annealing of 1h30 gives a lightly difference suppose an enlargement 

grains.  

On this specimen, the grain boundary is visible. In the annealing of 2 hours and there is no exploitable 

visible change. Whereas, in the annealing of 3 hours, a significant difference compared to the other specimens is 

visible; grain boundaries begin to appear and we can easily identify the various grains on the figure e. Less 

grains are observed after 4 hours of annealing compared to one of 3 hours. After 5 hours of annealing, it is found 

that the microstructure of the specimen has completely changed. From figure h which corresponds to 8 hours of 

annealing, a significant increase is observed in grain size of specimen material. The latter is directly related to 

the annealing time. A great similarity is observed between the microcrystalline state micrograph of the specimen 

heated for 8 hours and the state of the specimen subjected to upsetting test. 

 
 

Fig. 2.  (a) Without heat treatment ×100, (b) After 1 hour of heat treatment, (c) 1 h30, (d) 2 h, (e) 3 h, (f) 4 h, 

(g) 5 h, (h) 8 h, (i) Metallographic aspect of the specimens having undergone a upsetting test [17]. 
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3.4. Mechanical characteristics and material 
Numerical modeling of bulk forming processes (forging, stamping, punching ...) requires the prior 

determination of the mechanical characteristics of materials in the elastic range as well as those in large plastic 

deformations (100% to 300%). Accurate knowledge of those mechanical properties is usually required in 

various engineering applications such as aeronautical [24-25], automotive [26-27], naval [28-29] and in the 

mechanical manufacturing areas [30]. 

To determine the mechanical characteristics of the material, tensile test are used, from where the 

Young modulus and the Poisson's ratio of the material are measured. In [16], the tensile test is used and 

extrapolated the results to a larger plastic strain. 

In this work, we performed a torsion test to determine the mechanical properties of the material for 

which we have a larger plastic strain. The specimens of 1345 Aluminum alloy with an initial diameter of 8 mm 

and an initial length of 160 mm, were subjected to a preliminary annealing at 320 °C for 8 hours . Then, the test 

torsion is performed. The stress-strain curve has been raised to 120% as given by figure 3. 

 
Fig. 3. Stress-strain curve of the billet material. 

For the numerical modeling of the upsetting process, the punch material is supposed to be rigid with 

the combination of the following mechanical and thermal properties. See table 4. The billet is perfectly plastic 

material, the mechanical and thermal properties are shown in table 5. 

Table 4. Thermal and mechanical properties of the punch. 

Properties Values 

Young modulus E  210000 MPa 

Poisson ratio   0.28 

Mass density   7700 Kg/  

Thermal expansion coefficient   1.3e-005 /K° 

Thermal conductivity K  50 W/m/°K 

Specific heat pC  460 J/kg/°K 

Table 5. Thermal and mechanical properties of the billet. 

Properties Values 

Young modulus E  69000 MPa 

Poisson ratio   

Yield stress 0σ  

0.33 

125 MPa 

Mass density   2700 Kg/  

Thermal expansion coefficient   2.4e-005 /K° 

Thermal conductivity K  230 W/m/°K 

Specific heat pC  1000 J/kg/°K 
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IV. NUMERICAL SIMULATION 

4.1. 4.2. Mesh and boundary conditions 
The problem similarity allows considering calculation only for one half of the higher punch and a 

quarter of the billet. The geometries of the dies and billet are meshed with, 4-node axisymmetric thermally 

coupled quadrilateral elements with bilinear displacement and temperature shape functions, reduced integration, 

hourglass control. A mesh refinement is applied to the interface tool/workpiece (20 elements in front of each 

tool asperity). This simulation leads to 13875 elements for the mesh from the billet and 453 for the tool. 

 
Fig. 4. Quadrilateral element. 

The billets are cylindrical with an initial diameter of 6 mm and an initial height of 8 mm, the top base is 

conical with angle inclination set to 7°. The interface is modeled with the assumption that the friction is not 

considered (perfect sliding) and the mesh is made very fine in the vicinity in the contact area. The punch goes 

down at a constant speed with a stroke of 1.2 mm subdivided in different positions. As for the boundary 

conditions, the transverse displacement is blocked on the level of the base as well as radial displacement on the 

symmetry axis. See figure 5. 

 
Fig. 5. Boundary conditions. 

 

V. RESULTS AND DISCUSSIONS  

5.1. Contact pressure distribution 

5.1.1 Effect of friction coefficient on contact pressure 
The important parameters which influence friction include normal stress along the tool–material 

interface, the lubrication condition, the relative velocity, temperature, surface roughness, and mechanical 

properties of the material and / or tool. ABAQUS is one of the most powerful finite element calculation 

software. In the processes of bulk forming metals, many studies have considered the contact pressure as a 

parameter. Figure 6 shows the effects of friction on the amplitude of the maximum contact pressure. It is 

observed a decrease of pressure in the vicinity of the contact surface depending on the variation of the friction 

coefficient. It is also noted that the value of contact pressure is higher (753.9 MPa) for a zero friction coefficient 

and its value (525 MPa) for the case of dry friction with a coefficient equal to 0.45. The shape of the curve 

shows a significant effect of the friction on the contact pressure. 
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Fig. 6. Effect of friction on the maximum contact pressure. 

5.2. Plastic flow in the workpiece 

The pressure distribution in the vicinity of the contact surface results in a plastic flow of the billet 

material. During the bulk forming process, the contact pressure in the upper region of the billet is much larger 

than that of the lower region, as shown in Fig. 7. By observing the directions shown on the figure it is observed 

that the diameter of the upper region is larger than that of the lower region of a deformed workpiece. 

 
Fig. 7. Deformed workpiece for m0.=0.1 

Accordance to the literature, we can evaluate quantitatively the plastic flow of a deformed slug with the 

following relationship: 

max min

0

100%D

D D

D



                                (1) 

D is the diameter of the workpiece,Dmax and Dmin are the maximum and minimum diameters of the 

deformed surface of a workpiece, respectively. 

 
Fig. 8. Effect of friction on the plastic flow. 

Figure 8 shows the effect of friction coefficient on the plastic flow of axisymmetric billets. It is noted 

that decreases substantially linearly when the friction coefficient increases. At the end of the upsetting for a 

punch stroke of 1.2 mm, we notice that the value of   is 749.234 for zero friction, taking the values 721.42, 

705.131, 689.533, 677.701, 669.609, 659.637, 653.248, 640.850 for, respectively, the friction coefficients of 

0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4 and 0.45. 
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Fig. 9. Workpiece diameter evolution. 

Figure 9 shows the influence of friction on a diameter of the deformed workpiece, we find that the 

diameter increases with lower friction. In contrast to the larger diameter it decreases when the friction increases. 

In fact, the friction tool / workpiece interfaces not only affect the surface quality of the product but also changes 

in the geometry and physical properties. Experimental tests enable to validate the numeric simulation taking into 

account the friction at the interface. 

 

5.3. Upsetting analyzes 

Some bulk forming processes are carried out at hot conditions to decrease the efforts, because the 

temperature determines the flow stress value of the material to be deformed. Figure 10 shows the predicted Von 

Mises stress distribution in workpiece surface during the simulation results history for various workpiece 

temperatures included between 20°C and 500°C. These results show that on the interface, more the temperature 

is high, less is important the stress   and its fluctuations: so, the material becomes easy to forge. 

 
Fig. 10. Von Mises stress distribution in workpiece surface along the radial direction. 

Several of the billet preheat temperatures were studied in order to distinguish the various areas from the 

stress evolution during the upsetting process. 

The numerical simulations were made for temperatures varying between 20°C and 500°C and that to 

locate the variation points, it can be found from figure 11 the yield stress evolution according to the billet pre 

heating temperature. On this Figure we notice three different zones: 

Zone I: for temperatures going from 20°C to 100°C, the stress is practically constant, between 

2.92E+02 MPa and 2.89E+02 MPa. 

Zone II: change of the behavior is noted with a stress varying of 2.89E+02 MPa, for a pre-heating of 

100°C, and with 9.28E+01 MPa for a temperature of 300°C. 

Zone III: the stress is stabilized, for a zone of temperature of 200°C, between 9.28E+01 MPa and 

4.12E+01 MPa. 

These areas correspond with the three zones of forging indicated in the literature, the first zone 

corresponds perfectly to the cold forging zone during which the evolution of the material's structure is caused 

only by the work hardening, where the flow stress increases and the ductility decreases. The second is included 

in the warm forging zone for which notable reduction in work hardening is observed. The flow stress is a 

decreasing function of the temperature. For the hot or with warm processes the conclusions are similar. The 

third zone starts at the higher temperatures of the zone of warm forging and extends until the zone of the hot 

forging. 
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Fig. 11. Yield stress evolution for aluminum alloy according to the temperature. 

 

VI. CONCLUSION 
We have presented in this paper, an improved numerical simulation of bulk metal forming processes. 

Our contribution concerns the precise characterization of materials in the deformation area. Torsion tests of 

specimens on Aluminum alloy were carried out to characterize material in the plastic range and micrographic 

tests were conducted on specimens subjected to annealing in order to obtain a metallographic state similar to 

that of specimens undergone a upsetting test. The obtained data were introduced into ABAQUS to simulate the 

behavior near the interface tool-workpiece in a bulk forming operation. In this simulation, the friction 

coefficient is modeled by so-called “plastic wave” friction law. The influence of the temperature on the metals 

bulk forming process was studied as well as the determination of the cold, warm and hot forging zones. It has 

been observed that roughness does not have any influence on the operations of hot bulk forming 
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