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a b s t r a c t

Deep drawing is one of the most widely-used forming processes to manufacture automotive body parts
from sheet metal. In order to simulate deep drawing processes, a finite element (FE) method was used to
predict formability. The accuracy of the FE simulation depends on the material models, numerical
techniques, and contact algorithms. Despite the fact that the contact conditions between the tool and
sheet material influences the coefficient of friction in forming processes, the coefficient of friction is
often treated as a constant Coulomb friction coefficient in FE simulations. However, a friction model
based on local contact conditions and surface topography is required to improve forming predictability.
There is growing interest in developing contact models to predict the nature of friction conditions for
use in FE calculations. In deep drawing processes, the sliding contact predominantly occurs in the blank
holder region between the tool and sheet material. The contact pressure in the blank holder is non-
uniform due to bending and material compression which vary depending on tool geometry. The sheet
metal surface is subjected to repeated contact during sliding, which in turn affects the local friction
conditions. The objective of this paper is to develop a sliding friction model for mixed modes of surface
deformation. The deterministic approach used in the current model includes the roughness of both the
sheet material and the tool. The sheet material is subject to an asperity flattening process. Further, the
tool surface indents into the sheet material under normal loading. The geometry of the asperities is
characterized by an elliptical paraboloid shape to better calculate the load-dependence of friction. The
model has been compared with data from experiments using a rotational friction tester under multiple
loading conditions.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

1.1. Contact conditions in deep drawing processes

Deep drawing process involves the forming of the sheet metal to
the required shape using a die and punch. Complex contact conditions
occur between the sheet metal and tool when sliding over the die
rounding region due to the combined bending and tensile forces [1] as
shown in Fig. 1. The contact pressure is not uniform in the blank
holder and die rounding regions and the sheet metal surface is
subjected to repeated contacts under varying loads. For example,
when the sheet material slides over the die rounding region (marked
as 1–3 in Fig. 1) the surface is locally loaded to a high contact pressure

followed by lower contact pressures. At the micro-scale, the contact
occurring between the surfaces is discrete. The surface topography is
composed of micro irregularities, called as asperities. The formation of
junctions at the micro-contacts due the application of load governs the
friction as proposed by Tabor [2]. The junction theory has been further
used to develop contact models to describe surface deformation
process. Statistical methods have been developed by Greenwood and
Williamson [3] and Pullen and Williamson [4] to describe the surface
deformation process. For metal forming processes, the surface defor-
mation is complex and the contact models have been extended to
describe the bulk deformation process by Wilson and Sheu [5] and
Sutcliffe [6] using a wedge shaped asperity for plane stress and strain
conditions. Various experimental techniques have also been developed
to measure the coefficient of friction by simulating the conditions
occurring in deep drawing processes. The choice of experiment
depends on how the deformation behaviour is controlled. For a simple
deep drawing process (for example cup drawing test or U-shaped strip
drawing test) as a test method, punch forces can be measured to
quantify the effect of surface roughness and lubrication effects.
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However, the individual effects like normal loading, stretching and
repeated contacts for surface deformation cannot be quantified. Strip
drawing test has been used by ter Haar [7] to measure the effect of
surface deformation (due to normal loading and pre-stretching) and
sliding speed to construct a Stribeck curve for deep drawing process.
The friction is found to be hardly influenced by the bulk deformation
process. Roizard et al., [8] has also used a strip drawing test to measure
the friction for sheet metal forming to study the influence of repeated
contacts and temperature influence. They showed that the coefficient
of friction in repeated contacts has increased due to adhesive transfer
of material. Emmens [9] used a rotational friction tester to study the
influence of surface roughness, lubrication and various material
combinations only for normal loading conditions. Jonasson et al.,
[10] used a bending under tension test to measure the friction using
different textured surfaces by replicating the deformation zone in die
radius. Wiklund et al., [11] also used a bending under tension test to
validate a friction model with normal loading, bulk deformation and
lubrication effects for different surface textured sheet material at
various sliding speed. There has been a wide variety of contact models
have been developed as well as experiments have been conducted to
understand the tribological behaviour in deep drawing process. The
correlation between models and experiments is still lacking to under-
stand the individual effects. This article focuses on improving the
predictability of the developed friction models related to normal
loading and reloading of surfaces. Bulk deformation adds complexity
to the friction measurements in both the strip drawing test as well as
bending under tension tests due to change in surface roughness and

bending forces respectively. The contact models to predict the
coefficient of friction described in [12–21] discusses the effects of
asperity flattening due to normal loading and bulk deformation,
ploughing, third body effects, boundary and mixed lubrication condi-
tions. However, the deformation of the sheet surface is assumed to be
rigid plastic. The current work focuses on improving the contact
models for mixed modes of deformation for loading and reloading
contact conditions.

1.2. Contact model

Tool and sheet material surfaces are nominally flat. When two
nominally flat surfaces are brought into contact, the contact occurs
only at certain spots as shown in Fig. 2. Hence, the real contact
area is generally smaller than the nominal contact area. The
contacting surfaces differ in roughness levels. The tool surface is
generally smoother than the sheet material surface. In the contact
model, it can be assumed that the tool is smooth at the workpiece
(sheet material) roughness scale [12]. The smooth tool flattens the
encountered workpiece asperities. The asperities undergo mixed
modes of deformation when subjected to loading/reloading of
surfaces. An elastic–plastic contact model from Jamari and Schip-
per [22] is used to describe the deformation of workpiece
asperities for reloading contact conditions. At a smaller scale
(i.e., tool roughness level), the tool asperities indent into the
flattened workpiece. During sliding, the indented tool asperities
plough through the workpiece. A tool indentation model for

Nomenclature

a semi-major radius of elliptical paraboloid asperity [m]
b semi-minor radius of elliptical paraboloid asperity [m]
fd boundary layer degradation factor [dimensionless]
fhk interfacial friction factor [dimensionless]
h surface separation [m]
k shear strength of deforming material [Pa]
m elliptic integral parameter [dimensionless]
A contact area of an asperity [m2]
CA critical contact area at the onset of plasticity

[dimensionless]
E elliptic integral of the second kind for the elliptical

paraboloid asperity [dimensionless]
En combined elastic modulus of the contacting

materials [Pa]
F force [N]
H hardness of the deforming material [Pa]
K elliptic integral of the first kind for the elliptical

paraboloid asperity [dimensionless]
Kv contact pressure factor for the hardness of deforming

material [dimensionless]
Pm mean Hertzian contact pressure [Pa]
Pnom nominal contact pressure [Pa]
R radius of the elliptical paraboloid asperity [m]
Sq root mean square of the surface roughness [m]
α non dimensional semi-axis of contact ellipse in major

direction [dimensionless]
β non dimensional semi-axis of contact ellipse in minor

direction [dimensionless]
γ non dimensional interference of elliptical paraboloid

[dimensionless]
δ non dimensional interference of asperity,

[dimensionless]
κ ellipticity ratio of asperity [dimensionless]

λ asperity curvature ratio [dimensionless]
μ coefficient of friction [dimensionless]
υ Poisson ratio [dimensionless]
φ orientation of the elliptical paraboloid asperity with

sliding direction [1]
σy yield strength of the deforming material [Pa]
σκ standard deviation of the asperity curvature [m�1]
σs standard deviation of the asperity slope [m�1]
τBL shear strength of boundary layer [Pa]
ψ bandwidth parameter of surface [dimensionless]
ω interference of asperity [m]

Subscript

1 transition point for interference from elastic to elastic–
plastic deformation mode

2 transition point for interference from elastic–plastic to
full plastic deformation mode

e elastic deformation mode
ep elastic–plastic deformation mode
p fully plastic deformation mode
t tool
wp workpiece (sheet material)
x major direction of elliptical paraboloid asperity
y minor direction of elliptical paraboloid asperity
W frictional force
N normal force

Superscript

0 tool asperity
ul unloading mode
trans transition load/area at the onset of plasticity
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elastic–plastic contact is described by Masen et al., [23] to
calculate the wear process. The coefficient of friction is calculated
based on the ploughing of the tool asperities as described by
Karupannasamy et al., [13] for two rough surfaces in contact using
the model of [23].

1.3. Asperity characterization

The surface is represented in a height matrix of pixels. As the
contact load is increased, the surface separation reduces. For a
known surface separation, the contact patches are located within
the height matrix. The contact patches are identified by means of
connected pixels. After the contact patches are identified, they
were characterized as elliptical paraboloids using the volume and
area of the contact patch as given by de Rooij et al. [24]. This gives
a better control for the description of the asperity compared to the
conical or spherical shape according to [14,23,24]. The base area of
the contact patch is described using an ellipse with a semi-major

and semi-minor radii, a and b and the orientation of the ellipse
with respect to sliding direction, φ as shown in Fig. 2. The elliptical
paraboloid asperity is characterized with radii in the major and
minor axis directions as denoted by Rx and Ry.

2. Single asperity deformation model

An asperity which is in contact undergoes three different modes
of deformation with increasing load, i.e. elastic, elastic–plastic and
plastic deformation. When the load is increased to a critical load
which is beyond the elastic regime, the onset of plasticity occurs. The
plasticity occurs beneath the surface. While unloading the asperity, a
part of the deformation zone remains plastic and the rest of the
deformation recovers. The asperity geometry changes due to the
plastic deformation. A finite element simulation is shown by Shankar
and Mayuram [25] for the deformation of hemispherical asperity
with a rigid flat. Initially, a plastic deformation zone starts in a small

Deformed Workpiece surface 

Friction model 

 W/FN  

Boundary 
layers 

FW 

Workpiece 

Tool 

Identification of contact patches and 
mapping of tool surface 

FN 

Asperity 
characterization 

Fig. 2. Contact occurring between tool and sheet metal surfaces in deep drawing processes.

Contact pressure from a FE simulation 
of a cup drawing process 

1 

2 

3 

Fig. 1. Contact conditions from FE simulation of a deep drawing process.
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contained region just beneath the centre of the asperity. The
condition at the very apex of the asperity is a hydrostatic stress state
since the pressure is infinite. The plastic deformation zone is
surrounded by a hydrostatic core and the elastically deforming
region as shown by Johnson [26]. With a further increase of load,
the plastic region between the hydrostatic core and the elastic region
grows. When a full plastic deformation stage is reached, the core and
the elastic region are enveloped by the plastic region. A lot of
attention has been paid to the contact model for the mixed modes
of deformation at single asperity level [27–29].

2.1. Asperity loading

The asperity loading model for an elliptical paraboloid asperity
is presented in this section according to [30].

2.1.1. Elastic contact
From Hertz's theory of elasticity, the elastic contact area and

load are expressed in terms of interference of the asperity and its
geometry. The elastic contact area, Ae for an elliptical paraboloid is
given as

Ae ¼ 2πR
αβ
γ
ω ð1Þ

The mean effective radius, R of the asperity is given as

1
R
¼ 1
Rx

þ 1
Ry

ð2Þ

The dimensionless parameters for the elastic contact situations
are given as [30]

α¼ κ1=3
2
π
EðmÞ

� �1=3
ð3Þ

β¼ κ�2=3 2
π
EðmÞ

� �1=3
ð4Þ

γ ¼ κ2=3
2
π
EðmÞ

� ��1=32
π
KðmÞ ð5Þ

The elliptic integrals E(m) and K(m) are approximated as

EðmÞ � π
2
ð1�mÞ 1þ 2m

πð1�mÞ�0:125 lnð1�mÞ
� �

ð6Þ

KðmÞ � π
2
ð1�mÞ 1þ 2m

πð1�mÞ ln
4ffiffiffiffiffiffiffiffiffiffiffiffi
1�m

p
� �

�0:375 lnð1�mÞ
� �

ð7Þ

where

m¼ 1�κ2 ð8Þ

κ ¼ 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lnð16=λÞ

2λ

r
�

ffiffiffiffiffiffiffiffiffi
ln 4

p
þ0:16 ln λ

" #�1

for 0oλr1 ð9Þ

The asperity curvature ratio is defined as

λ¼ Rx

Ry
ð10Þ

The contact load carried by an elliptical paraboloid asperity
under elastic conditions is given as

FN;e ¼
4
3
En ω

γ

� �3=2 ffiffiffiffiffiffi
2R

p
ð11Þ

The critical interference at which the onset of plasticity occurs
for the given asperity geometry and material properties is calcu-
lated from the Hertzian contact theory. The mean contact pressure

for the Hertzian contact of an elliptical paraboloid is given as

Pm ¼ FN;e
Ae

¼ 2
ffiffiffi
2

p

3π
En

αβ
ω
Rγ

� �0:5

ð12Þ

The full plastic deformation initiates when the mean Hertzian
contact pressure exceeds a contact pressure factor according to
Tabor [2]. The contact pressure factor is related to hardness of the
material and a hardness coefficient.

Pm ¼ KvH ð13Þ
The hardness coefficient related to Poisson's ratio of the

material from the von Mises shear strain energy criterion accord-
ing to [31] is given as

Kv ¼ 0:4645þ0:3141νþ0:1943ν2 ð14Þ
The critical interference for the onset of plasticity is given from

Eqs. (12)–(14),

ω1 ¼
π2

2
ðαβÞ2γR KvH

En

� �2

ð15Þ

2.1.2. Full plastic contact
In the fully plastic regime, the contact pressure carried by the

asperity is equal to the hardness of the material. Then, the contact
load and area of the plastically deforming asperity is obtained by
simply truncating the asperity geometry as described by Abbott
and Firestone [32]. The contact area of the elliptical paraboloid
asperity under full plastic conditions is given as

Ap ¼ 2π
ffiffiffiffiffiffiffiffiffiffi
RxRy

q
ω ð16Þ

The plastic load under contact is given as

FN;p ¼ 2π
ffiffiffiffiffiffiffiffiffiffi
RxRy

q
ωH ð17Þ

An accurate description for the interference to achieve full
plastic deformation is not known. It is estimated by using
Johnson's criteria for full plastic deformation. According to John-
son [26], full plastic deformation occurs when the contact load
equals 400 times the load at first plastic yielding. The contact load
at first yielding is calculated by assuming again that the mean
contact pressure equals the hardness of the material.

FtransN;p

FtransN;e

¼ 2π
ffiffiffiffiffiffiffiffiffiffi
RxRy

p
ω2H

2πRαβγ�1ω1KvH
¼ 400 ð18Þ

After solving Eq. (18), the transition interference for the full
plastic deformation is given as

ω2 ¼ CA

ffiffiffi
λ

p

1þλ
1
κ
EðmÞ
KðmÞω1 ð19Þ

The parameter CA is the ratio of contact area to the critical
contact area for the first plastic yield. For steel, the value for
CA¼160 by Jackson and Green [33].

For spherical steel contacts (λ¼1), the transition can be further
simplified as,

ω2 ¼ 80ω1 ð20Þ

2.1.3. Elastic–plastic contact
Zhao et al., [29] proposed an elastic–plastic contact model

(ZMC model) by providing a smooth transition between the elastic
and plastic contact areas. In the elastic–plastic deformation mode,
the contact area changes from a complete elliptic area to a semi-
elliptic area. Zhao et al., used a cubic polynomial expression using
the transition interference to join the two asymptotes for the
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contact area. The relative interference is given as

δ¼ ω�ω1

ω2�ω1
ð21Þ

The contact area during elastic–plastic deformation after scal-
ing is given as

Aep ¼ AeþðAp�AeÞð�2δ3þ3δ2Þ ð22Þ
The elastic–plastic contact load is obtained from the mean

contact pressure and the contact area during elastic–plastic
deformation as

FN;ep ¼ Aep H�H 1�2
3
Kv

� �
ln ω2� ln ω
ln ω2� ln ω1

� �
ð23Þ

2.2. Unloading of single asperity contact

In deep drawing processes, the coefficient of friction is not only
influenced by loading of surfaces but also during repeated loading
cases. When an asperity deforms at a contact pressure and again
subjected to reloading at a lower contact pressure, the asperity is
expected to deform elastically as the plastic deformation has already
happened in the first loading stage. This will influence the contact area
and contact load carried by the deforming asperity. In the elastic
deformation mode, the contact load carried is less than the plastic
load. Since the friction is majorly influenced by contact area, it is in fact
the main focus to incorporate reloading effects. The asperity geometry
will change after unloading depending on the deformation mode as
shown in Fig. 3. The residual interference and radius of the asperity
have been changed after the initiation of plastic deformation.

2.2.1. Elastic unloading
During elastic deformation of an asperity, the contact area and

load are calculated according to the Hertzian theory. Once when
the contact load is removed, the asperity deformation is comple-
tely reversible as shown in Fig. 3(a). During reloading, the asperity
remains elastic and still deforms in the same mode. While
unloading the asperity, the residual interference and asperity
geometry remains unchanged.

ωul;e ¼ω; Aul ¼ 0; Rul;e ¼ R ð24Þ

2.2.2. Elastic–plastic unloading
During unloading of elastic–plastic contact, a significant

amount of elastic recovery takes place depending on the degree
of plastic deformation. The residual geometry and interference are
also changed during the unloading process as shown in Fig. 3(c).
When the asperity is removed from the load, the plastic deforma-
tion has already happened. When reloaded to the same contact
load, it is assumed that the whole deformation process is com-
pletely elastic. Hence, the contact load and contact area is given as,

FN;ep ¼
4
3
En

ωul;ep

γ

� �3=2 ffiffiffiffiffiffiffiffiffiffiffiffiffi
2Rul;ep

q
ð25Þ

Aep ¼ 2πRul;ep
αβ
γ
ωul;ep ð26Þ

The deformed asperity geometry after unloading is calculated from
the elastic laws and keeping the original asperity curvature ratio and
contact area. The residual radius, Rul,ep and residual interference, ωul,ep

is calculated by solving the two Eqs. (25) and (26).

2.2.3. Fully plastic unloading
During unloading of plastic deformation mode, the elastic

recovery of the asperity is small. Even though the residual
interference of the asperity is small, the residual radius of the
asperity becomes very large as shown in Fig. 3(b). The change of
the residual radius cannot be neglected while reloading. During
reloading of the asperity, the load and the contact area should be
according to the elastic deformation mode when the previous
plasticity is not exceeded. The residual radius and interference are
found by satisfying the elastic deformation laws. In the analysis,
the asperity curvature ratio is kept constant. The residual radius
Rul,p and interference, ωul,p are found from the contact area and
load for the elastic contact by solving the two Eqs. (27) and (28).

FN;p ¼
4
3
En

ωul;p

γ

� �3=2 ffiffiffiffiffiffiffiffiffiffiffiffi
2Rul;p

q
ð27Þ

Ap ¼ 2πRul;p
αβ
γ
ωul;p ð28Þ

3. Elastic–plastic ploughing model

The friction between the surfaces is caused by interfacial shear
and ploughing in micro-contacts during sliding. For friction
modelling, the geometry of the indented tool asperities into the
deformed contact patches of the workpiece is important. With the
indented geometry of the tool asperity, the coefficient of friction
can be calculated using Challen and Oxley's model [34] for
ploughing and cutting deformation modes with an interfacial
friction factor. Under complete elastic conditions, the asperity
indents and the material fully recovers after the indenter passed
as shown in Fig. 4. In the elastic–plastic contact situations, the
frontal part of the asperity carries the tangential load during
sliding. The contact area changes from a complete elliptic area to
a semi-elliptic area according to Masen et al. [23]. For fully plastic
conditions, the asperity indents and there is no elastic recovery
after the indenter has passed.

Only the front half of the asperity will be in contact during
ploughing in fully plastic regime. In elastic–plastic situations, there
is elastic recovery depending on the degree of plasticity. The
contact pressure and contact area follow from the asperity
geometry for the given indentation depth. When there is a plastic
deformation, the total deformation is permanent and the contact
pressure equals the indentation hardness of the material. The
indentation hardness is size and shape dependent. For an elliptical

Undeformed Deformed asperity 

eul,
pul,

epul,

R eulR ,

R

pulR ,

epulR ,R

Fig. 3. Representation of asperity deformation for (a) elastic (b) fully plastic and (c) elastic–plastic after unloading.
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paraboloid asperity, the contact area under ploughing conditions
assuming only front half of the asperity makes contact is given as

At ¼ π
ffiffiffiffiffiffiffiffiffiffi
R0
xR0

y

q
ω0 ð29Þ

The contact load for indentation at fully plastic conditions is
given as,

FN;t ¼HAt ð30Þ

Similar to the flattening model, the contact load and area for an
asperity is calculated for elastic and elastic–plastic deformation
with the Eqs. (1), (11), (22) and (23). The transition points
from elastic to fully plastic conditions are found with the
Eqs. (15) and (20).

4. Reloading of single asperity contact

A large amount of sliding takes place in the blank holder region
during deep drawing of the sheet material, where loading/reload-
ing of the surface takes place. A single asperity contact model is
shown in this section for loading/reloading conditions with a rigid
flat contact.

During the first loading, the asperity will undergo different modes
of deformation. With the subsequent loading at the same contact
load, the asperity deformation is assumed to be elastic provided that
there are no running-in effects. The numerical results of the loading
and reloading process are shown in Figs. 5 and 6. The force-
displacement during loading is calculated according to the mode of
deformation as explained in Section 2. and the reloading relation is
calculated from the elastic deformation mode as explained in
Section 2.2. Fig. 5 shows the plot of non-dimensional interference
and non-dimensional load. The interference and load is normalized
by their critical values at which the transition from elastic to plastic
regime starts. Non-dimensional interference, ω/ω1¼1 means that
plastic deformation starts, where the reloading behaviour is different
from the loading process. The reloading relation for different reload-
ing cycles (reloading 1, 2 and 3) have the same slope i.e., contact

stiffness. The reloading curve is non-linear for elastic deformations
which is similar to the indentation experiments on micro and nano
scale indentations by Oliver and Pharr [35,36]. One important
observation from the indentation experiments is that the shape of
the indentation after reloading is different and the material recovers
elastically. The impression with the spherical indentation in metals
resulted with a larger radius than the indenter. This phenomenon is
also observed in the asperity flattening model when calculating the
residual geometry shape. During the experiments, the material is
loaded and unloaded a few times before the force-displacement
behaviour becomes completely reversible. Limited amount of plasti-
city occurs in few loading cycles. This can be due to material creep
during loading and reloading cycles.

In Fig. 6, the contact area development is shown during loading
and reloading for a sphere of radius 10 μm. The original curvature
ratio of the asperity is assumed to be unchanged during elastic
recovery. While reloading at same load, the contact area is larger
than during the loading. This is due to the fact that the asperity
radius became larger during unloading due to elastic conditions
which is also in agreement the indentation experiments [35].

In Fig. 7, the change of contact radius is shown during the
loading process. For elastic deformation i.e. 0oω/ω1o1, the
residual remains unchanged. As the plasticity progresses with
the increased load, the asperity radius increases which was also

Fw

FN
Fw

FN
Fw

FN

Fig. 4. Indentation of tool asperity at (a) elastic (b) elastic–plastic and (c) fully plastic deformation modes.

Fig. 5. Calculated force displacement curve for loading/reloading for a single
asperity contact with a rigid flat for mixed modes of deformation.

Fig. 6. Calculated force area relation for loading/reloading for a single asperity
contact with a rigid flat for mixed modes of deformation.

Fig. 7. Calculated residual radius for a given interference after unloading of the
single asperity contact with a rigid flat.
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observed in indentation experiments of [35,36]. The asperity
radius continues to increase with the contact load and becomes
flattened with a larger radius. In practice, the asperity radius
reaches infinite for large plastic deformation conditions. Next, the
influence of the asperity radius is compared in the figure. The
reference radius of the asperity, R0, is taken as 10 μm. When the
asperity radius is small (R/R0¼0.1), there is more plastic deforma-
tion as the smaller asperities deforms plastically due to high
contact pressure. When the asperity radius is high (R/R0¼2), the
asperity deforms more in the elastic–plastic regime and the elastic
recovery is higher. The residual radius will be much closer to the
original radius of the asperity after unloading. The asperity radius
continues to increase with the contact load and becomes com-
pletely flattened with a larger radius when full plasticity deforma-
tion is achieved.

5. Contact analysis of numerically generated rough surfaces

Depending on the shape and size of the asperities, the deforma-
tion may operate in the three different modes of deformation. In
this section, the contact model is subjected to the analysis of how
the contact pressure and surface roughness influences the transi-
tion from elastic to fully plastic deformation for multi-asperity
contacts. For this analysis, the surfaces are numerically generated by
using the fast Fourier techniques of Hu and Tonder [37]. In Fig. 8,
the influence of the contact pressure is shown on the transition of
the asperity deformation from elastic to fully plastic deformation.
The non-dimensional indentation depth is the ratio of the indenta-
tion depth, ω0 to the contact radius of the elliptical base. The non-
dimensional indentation depth can be small either due to the
smaller asperity deformation or larger asperity contact radius. The
asperity deforms solely or partly in an elastic manner at small
deformations. As the non-dimensional indentation depth increases,
the asperity deforms more in the plastic regime. From the plot,

it can be seen that the deformation of surface cannot be considered
to operate only in the fully plastic mode as considered in [4–6,12].
When the contact pressure is increased the number of asperities in
contact also increases and also they merge together to form bigger
contact patches. As a result, the non-dimensional indentation depth
of the asperity decreases. The bigger asperities operate in the
elastic–plastic deformation mode while the smaller asperities
undergo fully plastic deformation. Although the number of aspe-
rities operate in fully plastic deformation mode is large, the major
percentage of the total load is carried by large asperities operating
in elastic–plastic mode increases with the increase in nominal
contact pressure as shown in Fig. 8. The percentage of the load
carried by the pure elastic mode is negligible in this analysis.

The surface roughness indicates how the shape of the asperities
is distributed. If the surface is rough, the asperities are sharp.
In Fig. 9, the influence of surface roughness on the asperity
deformation mode is shown. The surfaces are generated with a
different roughness with constant auto-correlation length. If the
surface is smooth, the number of asperities in contact is high. The
asperities undergo mixed modes of deformation. The majority of
the asperities operate in the elastic–plastic mode. When the
surface roughness increases, the elastic–plastic deformation of
the asperities are diminishing. For the roughest surface
(Sq¼0.4 μm), there are a large number of asperities in plastic
mode of deformation.

6. Loading/reloading analysis on sheet metal surface

The single asperity loading/reloading model explained in the
previous section is used in a multi-asperity contact situation.
A typical surface from DC06 sheet material and a tool surface are
used for the reloading analysis as shown in Appendix A (see
Figs. A1 and A2). The asperities are characterized by elliptical
paraboloids for the given load as described in Section 1.3. In Fig. 10,

Fig. 8. Influence of contact pressure on asperity deformation mode (▮– Elastic, – Elastic–plastic, – Plastic).

Fig. 9. Influence of surface roughness on the asperity deformation mode (▮– Elastic, – Elastic–plastic, – Plastic).
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the development of the nominal contact pressure is shown as a
function of surface separation. At the beginning of the approach (i.
e., high surface separation), only few asperities are in contact and
the load is low. When the surface separation is decreased further,
large number of asperities comes into contact and therefore the
contact pressure increases rapidly. When the surface is reloaded to
a lower contact pressure than the previous contact pressure, the
asperities deforms in the elastic deformation mode. The contact
pressure and fractional contact area are calculated for reloading
cycles (Reloading 1 and 2) for the elastic deformation mode as
shown in Figs. 10 and 11.

The fractional contact area during loading and reloading is
shown in Fig. 11. During loading, the contact area increases as the
surface separation decreases. When the surface is reloaded, the
contact area is larger as the asperities are elastically deforming
(shown for the single asperity contact, see Fig. 6). The fractional
contact area during reloading cycles (Reloading 1 and 2) will
increase steeply if there is a large plastic deformation of the
surface during the initial loading. Smaller asperities undergo
complete plastic deformation since the contact pressures are high.
Larger asperities undergo elastic–plastic deformation and a con-
siderable part of the asperity deformation is recovered.

The plot of the contact area of the asperities is shown for the
given DC06 surface in Fig. 12. The contact area development is
shown for contact pressures of Pnom¼5, 25 and 50 MPa. For
reloading, the surface is first subjected to a maximum contact
pressure of Pnom¼50 MPa and reloaded to lower pressures
(Pnom¼5 and 25 MPa). During loading, the bigger contact patches
undergoes elastic–plastic deformation, while some smaller contact
patches undergoes plastic deformation. It can be seen that the
smaller contact patches are not found during the reloading at the
same contact pressures (i.e., Pnom¼5 and 25 MPa) when compared
with the first loading. This is due to large amount of plastic
deformation experienced by smaller asperities. The residual inter-
ference of these smaller asperities is apparently lower than the
surface separation during the reloading conditions. Meanwhile,
the large contact patches shows increased contact area during

reloading at Pnom¼5, 25 MPa. The contact area of the major
contact patches while reloading are larger than at the first loading.

7. Influence of interfacial friction

The calculated coefficient of friction from the asperity deforma-
tion and indentation model is discussed in this section. The effect
of shear stress between the contacting surfaces is usually
expressed by the interfacial friction factor, fhk. The friction factor
is dependent on the properties of the boundary layers formed on
the surface and the indenter geometry. The friction factor is
defined as the ratio of the local shear strength to the shear
strength of the deforming material. The local shear strength is
dominated by the boundary layers if the contacting surface is flat
(i.e. no ploughing). While ploughing, there is a rupture of the
boundary layers and it degrades at the local asperity scale.
Torrance et al. [38] accounted for the degradation of the boundary
layers by adding a term called the fractional defect of the
boundary layers, fd. The interfacial friction factor at the interface
is given as

f hk ¼
τBLð1� f dÞþkf d

k
ð31Þ

The friction factor fhk¼1 means that there are no boundary
layers and the surface is chemically clean. The shear strength of
the surface is equal to the shear strength of the bulk material.
Kopalinsky and Black [39] studied the influence of metallic sliding
during indentation. The experiment was done using a hard wedge,
representing an up-scaled asperity under boundary lubricated
conditions. The main objective of the experiment is to study the
effect of forces and stresses in wave-wedge formation from initial
indentation to steady state sliding. They estimated the friction
factor to be around fhk¼0.68 for wedge indentation using slipline
analysis. Hokkirigawa and Kato's [40] experiments on steel also
show that the interfacial friction factor for ploughing and cutting
modes are between 0.5 and 0.9 depending on the degree of
penetration. This shows that the boundary layer properties are
degraded under the local asperity conditions. The influence of the
degradation factor on the coefficient of friction is shown in Fig. 13
for the contact between two surfaces. The coefficient of friction is
calculated for three different rough surfaces of DC06 sheet
material (see Fig. A.1 in Appendix A). The error bar shows the
variation due to the surface measurements made at different spots
of the same sheet material surface. To achieve the high friction
factor estimated by [38,39] for local asperity conditions, the
degradation factor (fd) can be in the range of 0.5–0.7. The
coefficient of friction increases with degradation of the boundary
layers as shown in Fig. 13.

8. Evolution of friction conditions during reloading of surfaces

The coefficient of friction is calculated with the asperity
deformation model presented in this article and the ploughing
model as explained by Masen et al., [23]. Challen and Oxley's
model [34] is used to calculate the friction for the single asperity.
The model is based on the slipline analysis of the 2D wedges.
Hokkirigawa and Kato [40] conducted experiments and corrected
the slipline model with correction factors for 3D asperity shapes.
An elaborate description of the contact and the friction model for
fully plastic contact conditions is given in [13]. The same approach
has been used with the extension to elastic–plastic conditions for
the contact between two surfaces. The coefficient of friction during
loading and reloading is obtained with the contact models as
shown in Fig. 14. During the first loading cycle, the coefficient of

Fig. 10. Loading/reloading of surfaces using multi-asperity contact model.

Fig. 11. Fractional contact area as a function of surface separation.
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friction decreases with the increase of contact pressure. When the
indentation is increased, the asperities cluster together and forms
blunt contact patches which results in decrease of friction. This
trend of friction is dominant for the deformation dependent
mechanism, i.e., ploughing.

During the first loading cycle, the contact area between the
surfaces is already established. In this calculation, the surface is
preloaded with nominal pressure of 30 MPa and reloaded with
lower contact pressures. During reloading for the same lower
contact pressures, the larger contact area is formed. This results in
again clustering of the asperities due to the increase of contact

area which further reduces the coefficient of friction. For the same
maximum contact pressure as the initial loading pressure
(Pnom¼30 MPa), there is no difference in the friction.

9. Experimental validation

The developed contact model is compared with the experi-
mental results in this section. The experiments are performed
under laboratory conditions since the friction at the local contact
conditions is difficult to measure in the actual deep drawing
processes. In the actual deep drawing operation, sheet material
is pulled over the die. The friction tester simulates the same
condition by sliding the sheet material over the stationary tool
with constant nominal contact pressure and sliding velocity. The
friction model calculates the coefficient of friction with the
measured workpiece and tool surfaces, material properties of the
sheet material and given contact pressure. The experiments are
performed in the boundary lubrication regime. Finally, the mea-
sured friction values are compared with the calculated values to
check the validity of the friction model.

9.1. Experimental setup

The rotational friction tester (RFT) developed at Tata Steel is used
to measure the coefficient of friction which occurs between the
sheet and tool material. A schematic representation of the friction
tester is shown in Fig. 15. The RFT can be used in different ways to
study the friction dependency on various contact pressures, sliding
conditions and lubrication conditions. The RFT consists of a rotating
platform where the sheet material material is placed. The tool is
represented by three flat notches which contact the rotating sheet
material with a hydraulic actuator. Three flat notches are machined
to the same height level, which ensures that the pressure is evenly
distributed over the three notches. The allowable deviation should
be smaller than the surface roughness of the sheet material. For this
purpose, notches are carefully polished. The contact pressure can be
varied by the choice of notch sizes and hydraulic pressure. The

Fig. 12. Contact area development for the surface during loading/reloading for a maximum Pnom¼50 MPa.

Fig. 13. Influence of boundary layer degradation.

Fig. 14. Development of coefficient of friction for the reloading cycles with
different nominal pressures.
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elastic deformation of the tool is reduced by making the punches
relatively thick and stiff. A computer controlled, brushless servo
motor with low inertia reduction gear drives the specimen holder,
which allows a greater flexibility for position and speed control.

9.1.1. Sheet material specimen
The sheet material material chosen here is uncoated DC06 EDT

(Electrical discharged textured) cold rolled steel material which is
typically used for deep drawing processes in the automotive industry.
The sheet material is cut to a size of 120�120mm2 and cleaned with
acetone and alcohol to remove any surface contaminants. A typical
deep drawing oil, Quaker N6130, is applied on the sheet material
surface. This lubricant is a conservation oil with deep drawing
lubrication properties. The experiments are performed at room
temperature conditions. The lubricant has a dynamic viscosity of
55 mPa s at 22 1C. The lubricant is controlled to an amount of 0.6 g/
m2 during oiling of the sheet material by using a mass balance. The
sheet material specimen has a roughness in the order of Sq¼1.7 μm.
The low amount of lubricant compared to the surface roughness and a
relatively low sliding velocity indicates that there will be no hydro-
dynamic lubrication effects. The experiments are therefore performed
in the boundary lubrication regime.

9.1.2. Tool specimen
The tool is made of three square notches made from uncoated

tool steel material of grade DIN 1.2510. The notches are finely

ground to a roughness, Sq¼0.08 μm by a lapping process so that
there is a complete contact with the sheet material. The tool is
supported in a central pivot system which will ensure uniform
distribution of the load. The dimensions of the square notches are
8�8 mm2. The notches are placed at a regular interval of 1201 in a
circular pattern of mean radius 46 mm to the centre of the notch.

9.1.3. Testing procedure
The lubricated sheet material is placed on the rotating platform

and clamped firmly. The tool specimen comes into contact with
the sheet material and the pressure is applied by the hydraulic
actuator system. The nominal contact pressure between the sheet
material and tool is applied in the range of 5–60 MPa. The applied
load and frictional torque is measured by means of transducers.
The sliding velocity of the rotational friction tester is kept constant
at 10 mm/s. Before the test, the tools are cleaned to remove any
lubricant present. Experiments are performed in triplicate to
measure the variation within the tests. A typical measurement
for the coefficient of friction is shown in Fig. 16. The figure shows
the measured coefficient of friction for a rotational movement of
1201. The coefficient of friction remains constant over the sliding
distance, except for the initial static friction which is higher.

9.2. Results

The mean coefficient of friction is obtained for various contact
pressures using the RFT as shown in Fig. 17. The mean coefficient

Hydraulic 

Guide 

Load/Torque 

Tool notches 

Rotating 

i
Reduction gear 

Servo motor 

Rotational frictional tester 

Pressure       5-60 MPa 

Sliding velocity  10 mm/s 

Mean contact area of notch 52.3mm2

Mean radius of notch  centre 46 mm 

R46 

120° 

RFT Tool  

Fig. 15. Schematic representation of Rotational friction tester.

Fig. 16. Typical friction measurement for different nominal pressure from RFT. Fig. 17. Comparison of the coefficient of friction with the experiment and model.
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of friction is calculated within the rotation angle of 20–1001 to
neglect initial static friction and tail end measurement errors. The
coefficient of friction has been also calculated using the contact
model as explained before for three different measured surfaces of
DC06 sheet material and measured RFT tool surfaces. The input
material parameters for the contact model are given in Table A1.
The measured surfaces are shown in Fig. A.1. The error bars shown
in the calculated coefficient of friction indicates the variation with
respect to the different sheet material and tool surfaces used. The
interfacial friction factor is adjusted by the boundary degradation
factor to correlate with the experimental results. The friction
factor, fhk at the local asperity is found to be 0.6 which is also
reasonable from the single asperity results of [38–40] for plough-
ing and cutting modes of deformation (fhk¼0.5–0.9) in steel under
boundary lubricated conditions. The model predicts the trend of
the friction with the contact pressure which is in agreement with
the experiments.

Also the experiments on loading/reloading of surfaces were
conducted to see the effect on the coefficient of friction as shown
in Fig. 18. First, the coefficient of friction measured for varying
contact pressures without any preloads. For the second case, the
surface is first subjected to a preload of Pnom¼40 MPa and then
reloaded with lower contact pressures. The coefficient of friction is
further reduced with the contact pressure for the preloaded
surfaces. This similar trend was predicted with the model as
shown in the figure. The friction model correctly predicts the
reduction in friction for reloading at lower contact pressure.
Further, the friction is predicted to remain same when the
preloaded contact pressure is reached, where as in the experi-
ments is found to be reduced. This difference may be caused by the
change of sheet material surface due to repeated ploughing effects.

10. Conclusion

A model is developed to describe the friction behaviour and
deformation of surfaces for loading/reloading conditions. For this,
an elastic–plastic single asperity contact model is developed and
extended to a multi-asperity contact situation. During reloading of
the asperities, the deformation is assumed to be completely elastic
in the contact model. An elastic–plastic ploughing model and a
friction model are used to calculate the coefficient of friction
during sliding. The friction model includes the roughness of both

tool and sheet material surface at two different scales. During
loading, the coefficient of friction decreases with increase of
contact pressure. When the surface is subjected to a maximum
contact pressure and subjected to reloading at lower pressures (as
in the case of repeated contacts in deep drawing processes), the
coefficient of friction reduces further. The model is compared for
loading/reloading conditions using a rotational friction tester for
the typical materials used in deep drawing processes. The experi-
ments are performed with low amount of lubricant and low
sliding velocity to ensure that the system operates in boundary
lubrication regime.

The main outcomes of the model and experimental validation
are listed as follows:

� The contact model describes the deformation of sheet material
surface for loading and reloading of surfaces under the normal
loading conditions with mixed modes of deformation.

� The coefficient of friction is calculated from the geometrical
shape of indented asperities using the measured surface
topographies for workpiece and tool.

� The friction model shows good agreement with the experi-
ments if an appropriate value for interfacial friction factor is
used for boundary lubricated contacts.

� The effect of boundary layer degradation at the local contact
conditions is found to be important in the model to predict the
coefficient of friction. If the boundary layer degrades, the
friction tends to increase.

� The contact model can be made better by including the effects
of repeated ploughing of sheet material surfaces by the tool
asperities (i.e., running-in effects).

� The boundary layer model is described by a simple factor which
can be improved using a physically based adsorption and
degradation model with influence of operational conditions.
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Appendix A

Input data for the model (Table A1), (Figs. A1 and A2).
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Fig. 18. Experiments on loading and reloading of surfaces.

Table A.1
Input parameters for the asperity deformation model.

Parameters Values

Elastic modulus, E [GPa] 210
Hardness, H [MPa] 450
Yield strength, σy [MPa] 160
Poisson's ratio, υ [dimensionless] 0.3
Shear strength, τBL [MPa] (see [41]) 3:94P0:81

nom
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