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ABSTRACT
The usage of the finite volume method (FVM) for calculation of bulk metal forming working pressure
is described in this paper. FVM is applied on two-dimensional orthogonal grids and colocated
variable arrangement. The application of the FVM is done in case of solving the plastic flow during
extrusion processes with different boundary conditions. The method of involving of the most frequently
used friction models, Coulomb’s friction and constant friction law into the FVM algorithm is
presented. Obtained numerical results are in agreement with the theoretical considerations.
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1. INTRODUCTION
Due to the high pressures and temperatures, surface quality and lubrication properties, it is extremely
important to perform the friction value and its influence on considered metal forming technology.
Friction is one of the most important problem in metal forming processes. It is a complex and hardly
understood and controlled phenomenon [2,5,6,8]. The most information on friction phenomena is
obtained by studying the workpiece surface after metal forming. These studies render some insight
into the mechanisms that govern friction but do not supply sufficient information to specify the
constitutive relations that can be applied to model friction in a forming analysis.
Therefore, the different friction laws are developed in order to describe the friction influence on the
plastic metal flow during metal forming processes [1,2,9]. In this paper the Coulomb’s and the
constant friction law are compared in the FVM algorithm for extrusion process simulation.
2. FRICTION MODELS
To model the friction, a variety of constitutive laws can be used to define the surface tractions that are
exerted on a material when it is sliding along a surface. Usually, the tangential surface tractions τ s is
related to the size of the normal surface traction σ sn and to the relative sliding velocity along the
tooling (v − v tool ) . As a point of departure a Norton-Hoff type law is considered which has the
following form:
α
τ s = − mσ sn
v − v tool

β −1

( v − vtool )

(1)

where m represents the friction coefficient, and α and β are additional constitutive parameters. Notice
that for this law the dimension of m depends on the choice of α and β.
For metal forming processes the velocity of the tooling is given by:
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⎧0
v tool = ⎨
⎩ v ram

∀x ∈ Γdie ∪ Γcontainer ,
∀x ∈ Γram

(2)

where Γ represents the corresponding surface area.
For the particular values of the parameters α and β, the following special friction laws are obtained:
— α = 0, β = 1 - the Norton friction law,
— α = 0, β = 0 - the constant friction law,
— α = 1, β = 0 - the Coulomb’s friction law.
In metal forming analysis all of these laws have been used to model friction. However, in some
technologies, like extrusion practice, it has been observed that locally increasing the length of the
bearings above a certain value, does not further improve the balance of the extrudate. This suggests
that towards the exit of the bearing the frictional traction decreases and even vanishes for large bearing
lengths. This trend cannot be captured by adopting the constant friction law.
Also, the Norton law is incapable of describing this behavior since it predicts that a particle that is
sliding along the bearing will experience a frictional traction proportional to the sliding velocity. Since
the velocity of a particle will not change significantly within the bearing, the Norton law suggests a
nearly constant friction. Furthermore, there are indications that the sliding velocity has very little
influence on the friction forces in metal-metal contact. Therefore, the comparison between the
Coulomb’s and constant friction law is done.
3. NUMERICAL SIMULATION OF FRICTION
In the simulation of extrusion processes, it is common to use a rigid-(visco)-plastic constitutive model
to describe the material behavior and thus neglect the elastic properties of material. The reason for this
is that the elastic deformations are small compared to the very large plastic deformations that occur
during the process. For the frictional models comparison, the finite volume method, originally
developed for the fluid flow and heat and mass transfer problems [3,4,7], is used in this paper. The
tangential stress τb near to the cell faces with friction boundary conditions, Figure 1, is equal to
product of viscosity and tangential velocity gradient in normal direction [3]:

Figure 1. Velocity profile near the contact wall
⎧mpb - for Coulomb' s friction law
⎛ ∂vt ⎞
⎟ =⎨
- for constant friction law
⎝ ∂n ⎠ b ⎩ fk

τ b = μb ⎜

(3)

where m and f are the friction coefficient and friction factor respectively, pb is the pressure at the
boundary node and k is the share yield stress. The tangential velocity on cell faces is extracted from
equation (3):
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(4)

where hb is the normal distance between the calculation point M and boundary face, figure 1, and vtM is
obtained by linear interpolation from the values at points P0 and Pk , where Pk are the neighbour
control volumes. This boundary constrain is of Dirichlet (velocity prescribed) type.
4. THE NUMERICAL EXAMPLE
In this paper the constant friction and a Coulomb’s friction models are analyzed in an example of
plane strain forward extrusion through a flat faces die with the degree of deformation ε = 50%.
The prescribed workpiece yield stress is σY =100 MPa, and a rigid-perfectly
plastic model of material is used. The ram velocity is v0=0,01 m/s. For the
sake of simplicity, the friction boundary condition is prescribed only on the
wall part of the die, Figure 2.
The discretisaton procedure by employing a finite volume method is in
detail described by Demirdžić and Muzaferija [4]. The spatial domain is
discretised into a finite number of contiguous arbitrarily shaped control
volumes (CV) bounded by cell faces, with computational nodes placed in
the centre of each CV.
The orthogonal numerical mesh consisting of 900 control volumes together
with prescribed boundary conditions is given in Figure 2. Due to the
problem symmetry, only the half of the solution domain is used for
calculation.
Figure 2. The numerical mesh and boundary conditions
The obtained distributions of tangential stress component τxy for the constant friction law and different
friction factors f are given in Figure 3.

(b) f = 0,2
(c) f = 0,5
(d) f = 0,7
(e) f = 1
(a) f = 0
Figure 3. Distribution of the tangential stress τxy for the constant friction law
One can see that the tangential stress on the die wall is systematically increased with the increasing of
the friction factor. The case f = 0 , Figure 3(a) corresponds to the sliding interface, while the case
f = 1 represents the sticking wall (tangential stress on the die wall is equal to the shear yield stress
τ xy = k = 57,7 MPa), Figure 3(e).
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The relation between the extrusion pressure and the friction factor/coefficient is given in Figure 4.
p0

p0

σY

σY

(a)
(b)
Figure 4. The relation between the extrusion pressure and friction factor/coefficient.
One can see a uniform increasing of extrusion pressure in the case of constant friction law, Figure 4a.
But, for the case of Coulomb’s friction law the maximum extrusion pressure (corresponding to the
sticking wall) is reached before, approximately for the friction coefficient m = 0,3 . The further
analyze shows that the value assigned to the Coulomb friction coefficient (or constant friction law) has
a substantial influence on both the flow and the temperature fields of extrusion material.

5. CONCLUSION
The presented numerical method enable that in every point on the metal surface that is in contact with
the tooling, the stress state and the velocity must satisfy the criteria that the frictional traction is
opposed to the sliding velocity. Also the stick and slip are mutually exclusive. FVM enables obtaining
the distribution of velocity components and pressure field throughout the solution domain, from which
the other important variables e.g. strain-rate and stress tensor components can be easily calculated.
The main advantages of the FVM are its simplicity and an efficient use of computer resources
(steaming out of the iterative segregated solution procedure). The calculated results are in good
correlation with theoretical considerations and experiments [3].
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