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Abstract
In deep drawing operation, friction plays an important role. Friction also influences the stresses and strains in the
work-piece material and, hence, the quality of the product. In sheet metal forming simulations, the Coulomb’
friction model is often used. The friction coefficient is dependent on contact pressure and/or deformation of the
sheet material. When two surfaces come in contact, the surface texture of a material changes due to the
combination of normal loading and stretching. A recently proposed friction model based on the surface changes on
the micro-scale is incorporated into an in-house FE deep drawing code to find its effect. The results show a
realistic distribution of the coefficient of friction depending on the local process conditions.
Keywords: Friction modeling, flattening mechanisms, real contact area, ploughing, adhesion.

1.

Introduction
Sheet metal forming processes like deep
drawing, stretching, bending, etc. are widely used. If
the cup depth is more than half the diameter of the
drawn cup, the process is called deep drawing. In this
process, the sheet metal is pushed through the die,
which possesses the shape of the product to be drawn.
The schematic of the deep drawing process is shown in
Fig. 1 [Saxena 2009].

Figure 1: Schematic of Circular Cup Drawing
Deep drawing is effectively used for ductile
metals, such as aluminum, brass, copper, and steel.
Due to pre-processing, the sheet material has a specific
roughness value which has an important influence on
the deep drawing process. In deep drawing, friction
originates from sliding contact between the tool and
the sheet. In metal forming processes, friction affects
the punch load, clamping forces, stresses, strain
distribution, material flow, energy consumption and
surface texture of the products. Many times, the
formability of sheet metal depends on the friction at
the tooling/work-piece interface in addition to its
material properties. The friction in punch-sheet
interface must be sufficiently high to ensure that the
sheet follows the movement of the punch. The friction
in the die-sheet and blankholder-sheet interface must
not be too high, because a high friction leads to higher
punch forces, resulting in fracture [Altan and Tekkaya
2012]. It is observed that the coefficient of friction

does not remain constant throughout the contact
surface for lubricated contacts due to varied internal
and environmental conditions at contact.
Various friction models have been proposed in
literature. Few of the popular models viz. Coulomb
and Shear friction model [Karman 1925, Orowan
1946], Bowden and Tabor Model [1967], Dahl model
[1968], General friction model [Wanheim et al. 1974,
1975], LuGre model [Canudas et al. 1995], Torrance et
al. Friction Model [1997], Absolute Constant friction
stress model [Tan et al. 1998], Empirical friction
model [Tan 1999], and Levanov’s Friction Model
[Cora 2004] are used in different metal forming
processes.
2. Literature Review
Challen & Oxley [1979] developed a model which
takes the combined effect of ploughing and adhesion
on the coefficient of friction. They performed a slipline analysis on the deformation of a soft flat material
by a hard wedge-shaped asperity. Wilson [1988]
developed a separate friction model which treated
independently the effect of adhesion and ploughing for
calculating the coefficient of friction in metal forming.
Yang et al. [1990] used the coulomb friction model
incorporating relative displacement. Tan [2002] has
examined five different models to analyze the
upsetting of Al 6082 cylindrical test pieces viz.
Coulomb friction model, shear friction model, general
friction model, constant friction model and empirical
friction model. Wang and Pelinescu [2003] used a
Coulomb friction model to analyze the contact forces
and connection flexibility between work-piece and
fixture. Liu et al. [1985] and Ghosh et al. [2004] used a
constant friction factor model in the study of the cold
rolling process. Hol et al. [2012] developed a friction
model which accounts for the change of the surface
texture on the micro-scale and its influence on the
friction behavior on the macro-scale.
The value of the coefficient of friction is
dependent upon the surface asperities and stretching of
the asperities. This phenomenon depends upon the
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flattening mechanism viz. normal loading and strain
condition of the deforming material. A friction model
for the determination of the coefficient of friction
incorporating the flattening mechanism at the localized
region is proposed [Hol et al. 2012]. It is applied in the
forging and rolling processes. In the present work, this
friction model is incorporated to find its effect on cup
drawing process. Following existing models have been
used to describe the mechanisms of this variable
friction coefficient:
• The flattening behavior of asperities due to normal
loading; the contact model of Westeneng [2001].
• The flattening behavior of asperities due to straining;
the strain model of Westeneng [2001].
• The influence of ploughing and adhesion on the
coefficient of friction; Challen & Oxley [1979]
model for multiple asperities.
2.1 Assumptions for friction model
The primary assumptions for calculating the friction
coefficient [Hol et al. 2012] are as follows:
i. Material is ideal plastic and only plastic
deformation of asperities is assumed without work
hardening effects.
ii. Effect of temperature is neglected.
iii. Tool is rigid and harder than the work-piece.
iv. Surface asperities describing the roughness are
assumed to be in the form of Gaussian
distribution.
v. Boundary lubrication is considered between the
tool and work-piece.
vi. Flattening due to sliding has been neglected.
vii. Soft and rough work-piece deforms in the normal
and in the tangential direction both.
Friction
models
encompassing
micromechanisms are generally difficult to be used in largescale FE simulations. Therefore, translation technique
is used to translate microscopic contact behavior to
macroscopic contact behavior [Hol et al. 2012]. Using
stochastic methods, rough surfaces are described on
the micro-scale by their statistical parameters (mean
radius of asperities, asperity density and the surface
height distribution). Statistical parameters are used
assuming the isotropic surface texture for the workpiece and tool material [Westeneng 2001].
2.2 Characterization of rough surfaces
A discrete surface height distribution of the tool and
work-piece material is required from surface profiles
(Fig. 2). For the ease of integrating the discrete
distribution, it is approximated as a continuous
function. Various methods exist to describe discrete
signals by continuous functions. In the present work, it
is assumed to follow Gauss distribution function
because the surface height distribution is symmetric
and approximates a normal distribution function:
 z2 
1
(1)
exp  − 
ϕ ( z) =
2π
 2 
2.3. Flattening mechanisms
Two flattening mechanisms have been implemented in
the friction model to calculate the real area of contact

of the work-piece viz. flattening due to normal loading
and flattening due to stretching.

Figure 2: Representation of surface profile and
surface height distribution [Westeneng 2001]
Westeneng [2001] assumed the tool as rigid and
perfectly flat, which indents into a soft and rough
work-piece material. Westeneng [2001] modeled the
asperities of the rough surface by bars which can
represent arbitrarily shaped asperities (Fig. 3).
Westeneng [2001] introduced three stochastic variables
as in Fig. 3 viz. the normalized surface height
distribution function of the asperities of the rough
surface ϕ ( z ) , the uniform rise of the non-contacting
surface U (based on volume conservation) and the
separation between the tool surface and the mean plane
of the asperities of the rough surface d.

Figure 3: Indentation of soft rough surface by a
smooth hard surface [Hol et al. 2012]
Flattening due to normal loading
The asperities of the sheet material deform under the
applied normal load of the tool. For the analysis, the
contact between a flat hard smooth tool surface and a
soft rough sheet metal surface is assumed without
sliding and bulk deformation. Ideal plastic deformation
of asperities is assumed without work-hardening
effects. To account for energy conservation the amount
of external energy is assumed to be equal to the
internal energy of deformation. The amount of external
energy is described by the energy needed to indent
contacting asperities. The internal energy is described
by the energy absorbed by the indented asperities and
the energy required for lifting up the non-contacting
asperities. Further, a distinction is made between
asperities in contact with the indenter, asperities which
will come into contact due to the rise of asperities and
asperities which will not come into contact with the
indenter.
The amount of flattening ‘d’ of contacting asperities
and the rise of non-contacting asperities U due to
normal loading is calculated by solving Eq. (2) and Eq.
(3) simultaneously [Hol et al. 2012]. The equations are
presented based upon asperity deformation as:
∝
P
(2)
ξ 1 + ηχ ∫ ϕ ( z ) dz − nom = 0
d
H

(

)
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∝

∫ ( z − d + U )ϕ ( z ) dz − U = 0

(3)

d −U

where, Pnom is the nominal pressure and H is the
hardness of sheet asperities. These are two equations
with unknowns d and U. The above sets of equations
are solved for fraction of real contact area α , d and U
by using the second order Newton-Raphson scheme.
Flattening due to stretching
The asperities of the sheet material also deform due to
the stretching deformation of the material due to
tangential load of the sliding contact. Westeneng [2001]
derived an analytical contact model to describe the
influence of strain on deforming, arbitrary shaped
asperities. It is assumed that the effective hardness of
asperities reduces under deformation. As a result, more
flattening of contacting asperities occurs. The outcome
of the ideal-plastic load model, for normal loading, is
used as an input. Similar to the normal loading model,
the stretching model considers contact between a flat
hard surface and a soft rough surface. Only plastic
material behavior is assumed without work hardening
effects.
As a starting point, a single asperity on the soft
surface is in contact with the tool. A fraction of real
contact area of this asperity ߙത௦ is defined. The change
in ߙത௦ as a function of the nominal strain ε, which for
infinitesimally small changes of ε is defined as
d α S d ε . It is assumed that the fraction of the real
contact area for one asperity ߙത௦ equals the total fraction
of contact area ߙ௦ . Therefore, the stochastic form of the
real contact area can be used to solve the differential
equation
dα S
l
(4)
= ϕ ( dS − U S )
dε
E
where, l is the mean half asperity spacing and E is the
non-dimensional strain rate [30]. To calculate the
change of α S , the value of US and dS is solved
simultaneously while ε is incrementally increased. The
differential equation in Eq. (4) is solved by applying the
Euler Method [Jain et al. 2003].
Pnom and ε in

dαs l
= ϕ (ds −U s )
dε E

from FECode
U , d andα from
load model

α s = α s + dα s

∫

∝

d s −U s

∫

∝

d s −U s

ε + d ε < ε in

ϕ ( z ) dz − α s = 0

( z − d s − U s )ϕ ( z ) dz − U s = 0

d s and U s

Figure 4: Flow chart for stretching model

Based on volume conservation, the equation:

∫

∝

d s −U s

ϕ ( z ) dz − α s = 0

(5)

and based on the definition of the fraction of real
contact area, the equation:

∫

∝

d s −U s

( z − d s − U s )ϕ ( z ) dz − U s = 0

(6)

are solved simultaneously using second order NewtonRaphson. Figure 6 shows the flow chart for calculating
these coefficients for stretching model.
The model of Challen & Oxley [1979] has been used to
calculate the coefficient of friction between a hard
asperity and a soft flat surface. They performed a slipline field analysis to describe contact conditions of
wedged-shaped asperities. The model incorporates the
combined effect of ploughing and adhesion between
contacting surfaces.
The friction force acting on one asperity FWasp is
described by:
FWasp = µ asp FNasp

(5)

FN asp represents the normal load on one asperity. A

relation between the normal load

FN asp

and the

indentation ߱ is defined as [Hol et al. 2012]:
FNasp = 2ωβ t − ω 2 bH

(6)

where, ߚ௧ is the radius of tool asperity, ߱ represents
amount of indentation, b is the unit width of rough
surface for a plane strain assumption and H is the
hardness of the work surface.
Westeneng [2001] extended the model of Challen &
Oxley [1979] to describe friction conditions between a
flat work-piece material and multiple tool asperities.
Total friction force is calculated as [Hol et al. 2012]:
FW = α S Anom ρ t ∫

smax

δ

FWasp ϕt ( s ) ds

(7)

where, s denotes the asperity heights of tool surface, ߩ௧
denotes the asperity density of tool surface, ߪ௦ denotes
the deviation from the mean value of asperity heights
and ܨௐೌೞ the friction force occurring at a single
asperity.
The coefficient of friction is calculated by
F
µ= W
(8)
FN
The friction model has been implemented into the inhouse FE deep drawing code on MATLAB. The
friction model is called independently for every node in
contact on the die/blankholder surface during FE
simulation. If a node is in contact, the nominal contact
pressure and strain in the bulk material is called from
the finite element code.
2.4. Formulation for Deep Drawing Simulation
Updated Lagrangian formulation is employed to
develop the incremental finite element equations using
eight-noded brick elements. Incremental logarithmic
strain measure is used. The incremental stress is made
objective by evaluating it in a frame rotating with the
material particle. The material is assumed to be elastoplastic strain hardening yielding according to the vonMises yield criterion. The strain hardening behavior is
modeled by a power law. Body forces are neglected and
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due to small accelerations inertial forces are not
included.
Modified
Newton–Raphson
iterative
technique is used to solve the non-linear incremental
finite element equations [Saxena 2009].
3. Results and Discussion
Now, the model is applied to find out the effect of
variable friction coefficient on deep drawing
characteristics.
3.1. Validation
Sheet material DC 04 low carbon steel is used for the
FE simulation with blank radius 79.38 mm (Table 1).
Total blankholder force used is 22 kN for 1.6 mm plate
thickness. Two sets of simulations have been performed
in order to quantify the individual contributions of the
two flattening mechanisms. The first set of simulation
accounts for the influence of normal loading on the
coefficient of friction and the second set of simulation
use both flattening models to determine the coefficient
of friction.
Table 1: Mechanical Properties for sheet Metal
Material parameter
Value
Elastic modulus
210 GPa
Poisson’s ratio
0.3
Yield Strength
150 MPa
Hardening coefficient
500 MPa
Hardening exponent
0.2
Initial strain
0.00243
The surface properties of the work-piece are given in
Table 4.2.
Table 4.2: Geometrical Properties for sheet Metal
surface
Value
1400 MPa
1
5000 mm-2
0.002 mm
Standard
distribution
For comparison purpose, the distribution of
friction coefficient at a punch displacement of 25 mm is
plotted. For the first set i.e. with normal loading, the
friction coefficient varies from 0.12 to 0.142 throughout
the contact region of the sheet material. The maximum
value of friction coefficient observed just before the die
profile radius region, Fig. 5. The grey color shows the
zero value of friction coefficient.
For the second set i.e. with combined normal loading
and stretching of the surface asperities, the friction
coefficient varies from 0.12 to 0.22 (Fig. 6). All the
process variables remain the same. The friction
coefficient is higher for the second set of simulation.
This increase is due to increase in real area of contact
after the inclusion of stretching phenomenon.
The range of friction coefficient is in compliance to Hol
et al. [2012] for the similar set of process varables. Hol
et al. [2012] have used a cross shaped geometrical
parameters whereas in the present work the simulation
is perofrmed for circular cup drawing. It is observed

that the predicted values of the coefficient of friction at
different zones of the deformation are reasonable.

Figure 5: Development of coefficient of friction for
normal loading

Figure 6: Development of coefficient of friction for
normal loading + stretching
3.2. Parametric Study
A parametric study is performed for getting the effect
of friction model with normal loading and with a
combined effect of normal loading and stretching on
different process variables for circular cup drawing.

Material parameter
Work-piece hardness
Persistence parameter(η)
Density of work-piece asperities
Radius of tool asperity
Roughness distribution

Figure 7: Relationship between punch force and
punch displacement for both flattening mechanisms.

Figure 7 shows the relationship between punch-force
and punch displacement for both the flattening
mechanisms. It is observed that the punch force
requirement is more when the friction is assumed to
depend on both the normal loading and stretching
phenomena. In the friction model some amount of force
is required when straining of the asperities are assumed.
In view of the above, requirement of punch force is
more for the friction model involving normal loading
and stretching.
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Figure 8: Dependence of fractional contact area on
nominal contact pressure

Figure 10: Dependence of coefficient of friction on
fractional real contact area

Figure 8 shows the relationship between the fraction of
real contact area and contact pressure ( Pnom = FN Anom )
for different values of the hardness of surface asperities.
It is observed that the value of fractional real contact
area increases as the nominal contact pressure
increases. The increase in the nominal contact pressure
crushes the surface asperities giving rise to more real
contact area. Further, the fractional real contact area
decreases with hardness for a particular value of the
nominal contact pressure.
Figure 11: Location of node (under observation) in
contact with die shown with black dot

Now, the trend for the coefficient of friction with punch
displacement is studied. A representative node is
selected for the study. As the problem is axisymmetrc
any node along the circumference can be selected.
Figure 11 shows the node which has been taken into
consideration for studying the deep drawing
parameters. The spatial coordinate of this node is
(50.12, 40.34) in the undeformed configuration.
Figure 9: Dependence of coefficient of friction on
nominal contact pressure

The variation of coefficient of friction with nominal
contact pressure for three different hardness values is
presented in Fig. 9. It is observed that the coefficient of
friction first increase up to a certain value of nominal
contact pressure and with the further increase in the
pressure the value of the friction coefficient decreases.
The value of the friction coefficient is less for higher
values of the hardness. Further, it is observed that the
relative decrease in the coefficient of friction is more
with decrease in the hardness value when the nominal
contact pressure is more than 400 MPa.
The variation of coefficient of friction with fractional
real contact area for different values of the hardness is
presented in Fig. 10. It is observed that friction
coefficient increases with increase in the fractional real
contact area for every value of hardness.

Figure 12: Variation of friction coefficient with cup
depth for a node in contact with die

Figure 12 shows the variation of the friction coefficient
for the representative node in contact with die for both
the flattening models. The friction coefficient increases
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with the puch displacemnet. Initially there is slow
increase in the coefficient of friction which reaches a
maximum value when the node is on the die profile
radius region. It again starts decreasing before leaving
its contact with the die.

Figure 13: Variation of Nominal pressure with cup
depth for a node in contact with die

Figure 13 shows the distribution of the nominal contact
pressure with cup depth. The value of the nominal
contact pressure is in the range of 10-20 MPa when the
node remains on die. It is further observed that there is
steep jump in the nominal contact pressure to the value
of 850-900 MPa when the node is on the die profile
radius and again it decreases to a value of 20-30 MPa.
When the node is on and near to die profile radius there
is a steep jump in the nominal contact pressure due to
large deformation of the material and corresponding
constraining forces from the geometry of the process.
4. Conclusions
A localized friction model involving flattening
mechanism viz. normal loading and stretching of sheet
material at microscopic level, is incorporated in an inhouse deep drawing finite element code on MATLAB.
A statistical approach is adapted to translate the
microscopic models to a macroscopic level. It is
observed that friction coefficient is dependent on both
the flattening mechanisms and predicts a reasonable
value of the friction coefficient at various locations
along the die-sheet interface.
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