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Abstract

In the Sheet Metal Forming (SMF) industry, especially the car manufacturing indus-
try, a lot of e�ort is put into �nite element (FE) simulations of processes like deep
drawing, stretching and bending. The objective of this is to minimize the trial and
error cost in the development phase of a product and to analyse problems during the
production phase. For accurate computer simulations a good model of the process
has to be available.

Friction forces between sheet and forming tools play an important role because
of their in
uence on the process performance and on the �nal product properties.
This frictional behaviour is often taken into account by using a constant coe�cient
of friction in the FE simulations of SMF processes. This is a very poor description
of the real frictional behaviour and therefore a theoretical friction model as well as
an empirical friction model are presented in this thesis. Both models are based on
the local contact conditions as described by the so-called generalised Stribeck curve.

For the empirical friction model a special friction measuring device, named RON
tester, was developed to study the frictional behaviour of sheet/tool contacts under
SMF conditions. A major requirement for this tester was a possibility to apply con-
trolled (plastic) deformation to the sheet material while simultaneously measuring
the friction force between tool and sheet.

With this RON tester experiments were performed under a wide variety of SMF-
conditions. Experiments without plastic deformation are in agreement with the
results of the theoretical model. Plastic pre-straining of the sheet material did not
signi�cantly change the frictional behaviour as described by the generalised Stribeck
curve. Simultaneously stretching and measuring friction, however, resulted in a shift
of the transition from boundary lubrication (BL) to mixed (ML) lubrication to high-
er values of the lubrication number L. Furthermore, the in
uence of contact pressure
on the BL/ML transition was measured.

It was also found that the surface roughness of the hardened tool material in
u-
ences the coe�cient of friction under BL conditions.

Next to this, experiments were performed on di�erent sheet materials. Uncoat-
ed steel, galvanized steel, galvannealed steel, aluminium and aluminium-polymer-
aluminium sandwich laminate sheet materials were used. The results of the expe-
riments show that the behaviour of the galvanized, galvannealed and the non-ferro
materials is essentially di�erent from that of the uncoated steels.

Furthermore, experiments were performed with di�erent lubricants. It was found
to be possible to rank di�erent lubricants with respect to the value of the coe�cient
of friction for the uncoated steel sheets under BL conditions. The galvanized steel
sheet is insensitive for the di�erences in the lubricants, the galvannealed sheet often
showed stick/slip behaviour and the aluminium sheet showed an unstable frictional
behaviour for most lubricants. It was concluded that further research with respect
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to the galvanized, galvannealed and non-ferro sheet materials is necessary.
A measured generalised Stribeck curve-�t was used as an empirical friction model

and was implemented in the �nite element code DiekA. This code has the possibility
to take into account the large deformations occurring during SMF processes. From
the results of 3D simulations it was found that the friction model in
uences the
punch force/punch displacement characteristic as well as the local strains and the
strain distribution. However, the contact description of the interacting tool and
sheet in FE codes has to be improved in order to take full advantage of the imple-
mented friction model.
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Samenvatting

In de plaatvervormings-industrie, met name de automobiel-industrie, wordt veel
gewerkt aan eindige elementen simulaties van processen als dieptrekken, strekken
en buigen. Deze simulaties worden uitgevoerd om de kosten van `trial and error'
op de werkvloer in de ontwikkelingsfase van een produkt te minimaliseren en voor
probleem-analyse tijdens de produktiefase. Voor nauwkeurige computer-simulaties
is een goed model van het proces vereist.

Wrijvingskrachten tussen plaat en gereedschap spelen een belangrijke rol, omdat
ze zowel het proces als de uiteindelijke produkteigenschappen be��nvloeden.

Vaak wordt een constante wrijvingsco�e�ci�ent verondersteld voor de simulaties
van plaatvervormingsprocessen. Dit is een zeer grove beandering van het werkelijke
wrijvingsgedrag en daarom worden in dit proefschrift een theoretisch en een em-
pirisch wrijvingsmodel gepresenteerd. Beide modellen zijn gebaseerd op de locale
contact-condities zoals die weergegeven kunnen worden door de zogenaamde gege-
neraliseerde Stribeck curve.

Voor het empirische wrijvingsmodel is een speciale wrijvingstester, RON tester,
ontwikkeld om het wrijvingsgedrag van plaat/gereedschap contacten onder plaat-
vervormings-condities te bestuderen. Een belangrijke eis voor deze tester is de mo-
gelijkheid om het plaatmateriaal te onderwerpen aan een gecontroleerde deformatie
en tegelijkertijd de wrijvingskracht tussen plaat en gereedschap te meten.

Met de RON tester zijn experimenten uitgevoerd onder verschillende deformatie-
condities. De wrijvingstester leverde bruikbare resultaten voor een groot bereik van
plaatvervormings-condities. Experimenten zonder plastische bulk deformatie toon-
den een goede overeenkomst met de resultaten van het theoretische model. Het
opleggen van een plastische rek v�o�or de wrijvingsmeting leverde geen signi�cant
verschil op in het wrijvingsgedrag, zoals weergegeven m.b.v. de gegeneraliseerde
Stribeck curve. Het simultaan rekken van het plaatmateriaal en meten van de
wrijving resulteerde in een verschuiving van de transitie van grenssmering (BL) naar
gemengde smering (ML) naar hogere waarden van het smeringskental L. Tevens is
de invloed van de contactdruk op de BL/ML transitie gemeten.

Daarnaast werd gemeten dat de oppervlakteruwheid van gehard gereedschap-
staal de wrijvingsco�e�ci�ent onder BL-condities be��nvloedt. Experimenten op ver-
schillende plaatmaterialen werden ook uitgevoerd. Onbekleed staal, gegalvaniseerd
staal, galvannealed staal, aluminium en aluminium-kunststof-aluminium sandwich
laminaat materiaal werden beproefd. De resultaten van deze experimenten toon-
den aan dat het wrijvingsgedrag van de beklede staalsoorten, het aluminium plaat-
materiaal en het aluminium-kunststof-aluminium sandwich laminaatmateriaal sterk
afwijkt van dat van de onbeklede staalsoorten.

Ook werden verschillende smeermiddelen beproefd. Het bleek mogelijk de ver-
schillende smeermiddelen te onderscheiden m.b.t. de wrijvingsco�e�ci�ent onder grens-
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smeer-condities voor het onbeklede staal. Het gegalvaniseerde staal was ongevoelig
voor de verschillen tussen de smeermiddelen. Het galvannealed staal vertoonde vaak
stick/slip gedrag en het aluminium toonde instabiel wrijvingsgedrag voor de meeste
smeermiddelen. De conclusie is dan ook dat verder onderzoek m.b.t. de materialen,
uitgezonderd het onbeklede staal, nodig is.

Een empirisch wrijvingsmodel is ge��mplementeerd in de eindige elementen code
DiekA. Deze code heeft de mogelijkheid om rekening te houden met de grote defor-
maties zoals die optreden bij plaatvervormingsprocessen. Uit de resultaten van 3D
simulaties blijkt dat het wrijvingsmodel zowel het kracht/weg diagram als de lokale
rekken en dus de uiteindelijke rekverdeling be��nvloedt. Echter, de contactbeschrij-
ving van het plaat/gereedschap contact in eindige elementen codes moet verbeterd
worden om optimaal te pro�teren van het ge��mplementeerde wrijvingsmodel.
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Abbreviations

General:

A { Aluminium sheet
A/D { Analog/Digital convertor (conversion)
BL { Boundary Lubrication
CS { Coated Steel sheet
D/A { Digital/Analog convertor (conversion)
D-I/O { Digital Input/Output
EDT { Electro Discharge Texturing
EBT { Electron Beam Texturing
(E)HL { (Elasto) Hydrodynamic Lubrication
FE { Finite Element
FEM { Finite Element Method
GA { Galvannealed
GI { Galvanized
G&W { reference to the Greenwood and Williams contact model
HD { Hot Dip Galvanized
IF { Interstitial Free
LCC { Lubricated Concentrated Contact
ML { Mixed Lubrication
NC { Uncoated Steel sheet
no-def { No plastic deformation
pre-def { Pre deformation (plastic)
RS-232 { Serial computer interface
S { Sandwich sheet
SMF { Sheet Metal Forming
ZCS { Zinc Coated Steel sheet

Elements:

Al { Aluminium
Fe { Iron
Nb { Niobium
Ti { Titanium
Zn { Zinc
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Nomenclature

Arabic symbols

a half-die width (air bending) [m]
Aa apparent contact area [m2]
Ac BL contact area [m2]
Aeff e�ective bellows surface [m2]
AHertz Hertzian contact area [m2]
Ama macro{EHL contact area [m2]
Ar real contact area [m2]
b half width of the 
at part of the punch nose (air bending) [m]
B strip width [m]
Bc line contact width [m]
c damping coe�cient [{]
ci constant (i=1,2,3,4) [{]
cm mean coating mass [g/m2]
ct mean coating thickness [�m]
c1;2 constant [m]
C constant from the Nadai plastic deformation relation [N/m2]
C� modi�ed constant from the Nadai plastic deformation relation [N/m2]
CBL constant for prediction of the BL/ML transition [{]
CEHL constant for prediction of the ML/(E)HL transition [{]
d time dependent punch displacement (air bending) [m]
del elastic part of the tangential displacement of a contact element [mm]
D Deborah number [{]
E elasticity or Young's modulus [N/m2]
Ei elasticity modulus of part i (i=1,2,...) [N/m2]
E� combined elasticity modulus [N/m2]
f function for asperity contact load, appendix C [{]
f(k) ellipticity ratio function [{]
F force [N]
Fdef deformation force [N]
Ff friction force [N]
Fj function from the Greenwood and Williamson theory [{]
Fn normal force [N]
Fnc normal force carried by the BL contact area [N]
Fnma normal force carried by the macro{EHL contact area [N]
Fn�max maximum normal force [N]
Ft tangential force [N]
g corrected �lm thickness equation [{]
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gdamp gap value at which damping becomes active [mm]
h �lm thickness [m]
hcentr central �lm thickness [m]
hmin minimum �lm thickness [m]
hmin�circ minimum �lm thickness circular contact [m]
hmin�ell minimum �lm thickness elliptical contact [m]
hmin�line minimum �lm thickness line contact [m]
h� separation from the G&W theory [m]
H operational parameter [m]
HBL BL/ML transition value for H [m]
HEHL ML/EHL transition value for H [m]
HEI elastic/isoviscous asymptote [{]
HEP elastic/piezoviscous asymptote [{]
Hmin dimensionless minimum �lm thickness [{]
HRI rigid/isoviscous asymptote [{]
HRP rigid/piezoviscous asymptote [{]
Hv Vickers hardness [N/m2]
j order of the Fj function [{]
k ellipticity ratio [{]
K normal sti�ness of a contact element [N/m]
l length [m]
lstrip time dependent strip length between clamps [m]
lstrip0 original strip length between clamps [m]
�l length increment [m]
l� time dependent length function (air bending) [m]
L dimensionless lubricant parameter (app. D)
L lubrication number [{]
LBL BL/ML transition value of L [{]
LEHL ML/(E)HL transition value for L [{]
Lmax maximum L{value [{]
Lmin minimum L{value [{]
Lpd time dependent distance from punch contact to

die contact (air bending) [m]
L0 center value for L [{]
M dimensionless load parameter (app. D)
M moment per unit width (air bending) [N]
n rotational velocity [rpm]
n constant from the Nadai plastic deformation relation [{]
n number of surface asperities in the G&W theory [m�2]
norg original number of surface asperities [m�2]
p contact pressure [N/m2]
pe pressure on the lubricant [N/m2]
pH hydrodynamic lubricant pressure [N/m2]
pproj load per unit projected area [lbs/inch2]
pr real contact pressure [N/m2]
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p0 constant from the Roelands relation [-]
�p mean contact pressure [N/m2]
�pc mean pressure in the boundary layers [N/m2]
�pHertz mean Hertzian contact pressure [N/m2]
�pma mean pressure in the lubricant �lm [N/m2]
�pmax maximum mean contact pressure [N/m2]
�pmin minimum mean contact pressure [N/m2]
�p0 original mean pressure [N/m2]
r punch nose rounding (air bending) [m]
r radial coordinate (FEM simulations) [{]
R tool radius [m]
R die rounding (air bending) [m]
Ra CLA surface roughness [�m]
Ra(stylus) Ra measured along a line [�m]
Ra(surface) Ra measured over a surface [�m]
Ra0 reference CLA surface roughness [�m]
Raini initial CLA surface roughness [�]
Rani anisotropy value [{]
Rat(max) maximum combined CLA surface roughness [�m]
Rat(min) minimum combined CLA surface roughness [�m]
Rat combined CLA surface roughness [�m]
Rball ball radius [m]
Rcil cylinder radius [m]
Ri radius of part i (i=1,2,...) [m]
Rx equivalent radius of the contact in x{direction [m]
R� equivalent radius [m]
s(t) time dependent place of the contact point

of the die on the sheet (air bending) [m]
s argument of the height distribution �(s) [m]
s0 temperature index (Roelands) [{]
st sheet thickness [m]
t time [s]
tin thickness of inner sandwich layer [mm]
tout1 thickness of outer sandwich layer 1 [mm]
tout2 thickness of outer sandwich layer 2 [mm]
tstop elapsed time at the end of an experiment [s]
tstroke total time for punch stroke (air bending) [s]
T temperature [oC]
v translation velocity [m/s]
vdif di�erential velocity [m/s]
vi velocity of part i (i=1,2,...) [m/s]
vmax maximum sum velocity [m/s]
vmin minimum sum velocity [m/s]
vRON velocity of the RON tester [m/s]
vtest velocity of the tensile tester ram [m/s]
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v+ sum velocity [m/s]
w angular velocity [s�1]
W dimensionless load parameter [{]
x Cartesian coordinate [m]
xstart start position of the RON tester [m]
y Cartesian coordinate [m]
z Cartesian coordinate [m]
Z lubricant viscosity [cP]
ZR pressure{viscosity index (Roelands) [{]

Greek symbols

� time dependent sheet/die angle (air bending) [{]
�l pressure-viscosity index (Barus) [m2/N]
�xoC pressure-viscosity index at xoC (Barus) [m2/N]
� mean asperity radius [m]
�comb combined asperity radius [m]
�org original mean asperity radius [m]
�x asperity radius in x-direction [m]
�y asperity radius in y-direction [m]
" strain [{]
"0 initial strain [{]
"plast plastic strain [{]

 ratio of total pressure and hydrodynamic pressure (p=pH) [{]
_
 lubricant shear rate [s�1]
� dynamic lubricant viscosity [N/m2�s]
�i dynamic lubricant inlet viscosity [N/m2�s]
�inl dynamic lubricant inlet viscosity [N/m2�s]
�max maximum dynamic lubricant viscosity [N/m2�s]
�min minimum dynamic lubricant viscosity [N/m2�s]
�xoC dynamic lubricant viscosity at xoC [N/m2�s]
�0 dynamic lubricant viscosity at ambient pressure [N/m2�s]
� angular coordinate (FEM simulations) [{]
� coe�cient of friction [{]
�c boundary coe�cient of friction [{]
�BL BL-value of the coe�cient of friction [{]
�EHL EHL-value of the coe�cient of friction [{]
�max maximum coe�cient of friction [{]
� Poisson constant [{]
�i Poisson constant for part i (i=1,2,...) [{]
�xoC speci�c density at xoC [kg/m3]
� stand. dev. of the asperity height distribution, G&W [m]
� stress [N/m2]
�b tensile strength [N/m2]
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�org original stand. dev. of the asperity height distribution, G&W [m]
�t longitudinal tension in the strip [N/m2]
�y yield stress [N/m2]
� shear stress [N/m2]
�i interface shear stress [N/m2]
�l limiting shear stress [N/m2]
�max maximum shear stress [N/m2]
�0 Eyring shear stress [N/m2]
��c mean shear strength of the boundary �lm in the BL contacts [N/m2]
��ma mean shear strength of the macro-EHL lubricant �lm [N/m2]
��ml mean shear strength of micro-EHL contacts [N/m2]
�(s) asperity height distribution function [{]
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Chapter 1

Introduction

1.1 Sheet Metal Forming (SMF)

An important group of metal forming processes is the group of Sheet Metal Forming
(SMF) processes. With these cold forming processes it is possible to mechanically
deform sheet metal into a �nal shape without material removal. Bending, stretching
and deep drawing are examples of SMF processes. The use of SMF processes is
widely spread over many di�erent industries. The bending process can be found
in most assembling industries because of its 
exibility. The other two processes,
stretching and deep drawing, are for example used for the production of all kind of
cups, cans and other containers for the food industry and for car body panels in the
automotive industry.

All SMF processes have in common that they are mostly performed with the
aid of presses which drive the tools to deform the initially 
at sheet material into a
product. The sliding of a plastically deforming sheet against the tools makes both
tribological as well as mechanical knowledge necessary for optimum processing.

Since the introduction of mass production in the car manufacturing industry in
the beginning of this century, the use of very special production units for producing
large numbers of products of the same type increased rapidly. With these in
exible
production units it was only possible to produce a few varieties of one product.
In the sixties and seventies, automated stamping plants were developed and used
for automatic production of enormous numbers of products. The aim of this was
to speed up production and to minimize manual labour. The production was still
in
exible. Later the introduction of fast computers and information technology in
the eighties increased the possibilities of these automated stamping plants by making
it possible to produce di�erent products on the same production unit in a 
exible
way. This can be done by simply changing the tools and the production settings,
see for example van den Brink (1995).

At present the demands of the consumers have forced the industry, notably the
car manufacturers, to produce an even wider variety of products. Together with
an increase in quality demands, this trend results in the need to use computer
simulations for quality control and problem analysis in the pre-production phase of
a product and during production. With the aid of computer models of the di�erent
processes it is possible to design in such a way that the production can meet the high
requirements. However, for this kind of predictive computer simulations, accurate
models of the material behaviour under deformation as well as the friction between
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tool and sheet are needed. Therefore these models are frequently developed in close
cooperation with the materials suppliers. The friction models used for computer
simulations have a very poor performance. Therefore a closer examination of these
models is needed to obtain a higher degree of predictive capability of the simulations.

1.2 SMF processes

For SMF processes there are always several components needed to obtain a product.
These components consist in general of the initially 
at blank, a die on which this
blank can be clamped and which often has the geometry of the product to be formed
and, �nally, the punch that deforms the blank into the die. Often this whole set of
tools, punch, die and blankholder, is driven by a press.

Three frequently used processes are deep drawing, stretching and bending. In
Figure 1.1 the principle of deep drawing/stretching is shown next to that of air
bending. The di�erence between stretching and deep drawing, Fig. 1.1(a), is that
in the �rst process the material is not allowed to slide through the area of the
blankholder whereas in deep drawing all the material is allowed to move from the
blankholder area into the die.

blankholder

die

punch

deformed
blank

(a) (b)

sheet

die

punch

F,v F,v

figure 1.1: (a): Stretching/deep drawing, (b): air bending.

In Fig. 1.1(b) the air bending process is shown. In this process the blank is
not clamped at all which is a principal di�erence compared to stretching and deep
drawing. Next to this the �nal product is not forced to adapt to the die geometry.

The deep drawing and stretching processes are often used in the car manufac-
turing industries to obtain some 150 di�erent parts for one car. For each di�erent
part another set of tools, i.e. punch, die and blankholder, is needed. This means
that these processes need to be quite 
exible. The advantage of these processes is
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that complicated geometries can be realised as shown in Fig. 1.2 (a) next to a simple
axisymmetric product in Fig. 1.2 (b).

(a) (b)

figure 1.2: Deep drawing: (a) car body panel, (b) axisymmetric product.

The bending processes are more 
exible, especially the air bending process. By
this process it is possible to produce many di�erent products with the same equip-
ment, ranging from single bent to multiple bent.

In addition to these often used processes there are less commonly used SMF
processes. Among these are:

� hydro-forming, in this process the blank is deformed into the die by means
of a pressurized 
uid instead of a punch.

� rubber-forming, in this process, which is very similar to the previous one,
one of the metal tools is substituted by a rubber tool.

� spinning, this process is often used for conical products. The products are
obtained by clamping the initial sheet on a rotating die, the rotating sheet is
then deformed by pressing a tool against it in the direction of the die. This
tool can be of the sliding type or of the rotating (rolling) type.

� ironing, this is e.g. in the canning industry a series of operations following
a �rst deep drawing operation: in the �rst step a cup is deep drawn, in the
ironing operation this cup is drawn through a series of drawing rings with the
same inner diameter and a gradually decreasing outer diameter. The result
is that the wall thickness decreases and the cup height increases. In this way
cans for e.g. beverages are produced.

In this thesis most of the ideas and examples will refer to air bending and deep
drawing.

In the next section the di�erent models used for simulating the SMF processes
will be discussed.
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1.3 SMF models

Models for simulating SMF processes consist of di�erent sub-models. Each of these
sub-models takes a speci�c aspect of the total process into account. In the case
of e.g. the deep drawing process, a material model is needed which describes the
material behaviour under elastic/plastic deformation. In addition to this material
model, a model is needed to describe the frictional interaction of the sliding sheet
and the tool. In the literature several models can be found for both aspects of the
SMF processes. The di�erent material models will be discussed in section 1.3.1. In
section 1.3.2 the friction models will be discussed.

1.3.1 Material models

From the literature many models which describe the material behaviour of met-
als under elastic and plastic deformation are available. Examples of important
and frequently used models are found in Hill (1956), von Mises (1913) and Nadai
(1927). Later other models and variations on these models were developed. It can
be concluded from literature that the currently used complicated material mod-
els provide acceptable results most of the time, see e.g. Atzema (1994), Avitzur
(1983), Besseling (1985), Hu�etink (1986), van der Lugt (1988), Prager (1956), Veg-
ter (1991) and Vreede (1992).

As already mentioned an often used model for the material behaviour is the
Nadai model. In Figure 1.3 the result of a one dimensional tensile test is shown.
The material is stretched in one direction and the stress, �, in the material is plotted
as a function of the natural strain, ", which is de�ned by equation 1.1.

" = ln

 
l +�l

l

!
(1.1)

In this equation l denotes the original dimension whereas the change of this
dimension (elongation) is represented by �l.

The �rst steep linear part of the curve is the so-called elastic deformation zone.
The applied strain will reduce to zero at releasing the tension to zero. The non-linear
part of the curve is the plastic deformation zone where an irreversible deformation
of the material occurs.

This plastic material behaviour can for example be modelled by the following
equation from Nadai:

� = C � ("+ "0)
n (1.2)

where C and n are constants obtained from experiments and "0 represents the
strain that was already present. In Fig. 1.3 the Nadai curve (drawn line) and the
experiment (dots) are shown.
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ε

σ

Nadai model
Experimental data

figure 1.3: Result of an one dimensional tensile test.

With respect to the models of the material behaviour it appears from the liter-
ature that the other aspects of the SMF processes are treated very poorly. One of
these aspects is the frictional behaviour of the sheet/tool contact. For this reason,
frictional behaviour is studied in this thesis.

1.3.2 Friction models

For SMF simulations a good friction model is very important, especially when the
surface/thickness ratio of the blanks is large, because in these cases the friction
forces contribute a relevant part to the total force needed for the operation. De-
spite the well developed material behaviour models, SMF simulations often do not
yield the correct results. This is generally ascribed to the use of a too simpli�ed
friction model. In Figure 1.4 a representation of the frequently used combination of
the `Coulomb' friction model and a limiting shear stress as de�ned by von Mises is
shown.

In SMF process-simulation the apparent frictional shear stress � , and the appar-
ent normal pressure p, are usually calculated. The de�nitions of these stresses are
given in equations 1.3 and 1.4:

p =
Fn

Aa

(1.3)

� =
Ft

Aa
(1.4)
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in which Fn represents the normal force on the contact, Ft the resulting tangential
force and Aa the apparent contact area. In Figure 1.4 the apparent frictional shear
stress is presented as a function of the apparent normal pressure. The �rst part
of the �gure is erroneously considered as the `Coulomb' part. The ratio between
friction force and normal force, de�ned as the coe�cient of friction �, is constant in
this part of the curve, see equation 1.5.

p

τ
Coulomb

von Mises
τl

σy 2σy 4σy

0.5σy

figure 1.4: Friction model as frequently used.

� =
Ft

Fn

� � �Aa

p � Aa

=
�

p
(1.5)

However, according to Bowden and Tabor (1950) the Coulomb coe�cient of
friction is de�ned by equation 1.6.

� =
Ft

Fn
� �i � Ar

pr � Ar
(1.6)

In this equation �i is a constant which represents the shear stress at the interface
of the contact determined by e.g. boundary layers on the surfaces. Ar is the real
contact area determined by the interacting asperities. The parameter pr is the real
contact pressure de�ned by Fn/Ar. For initial plastic contact at the asperities pr
equals the hardness Hv of the softest material and is thus constant as well. This
is also the case for elastic contacts, see Archard and Cowking (1965).

In the case of equation 1.5 the apparent contact pressure, p, varies with di�erent
Fn, whereas in equation 1.6 only the real contact area varies with the load Fn.
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When the apparent frictional shear stress, � , reaches the limiting shear stress �l
of the material, the material will start to shear inside itself, thus outside the contact.
From this point the apparent shear stress will no longer increase and has the value
of the limiting shear stress. This phenomenon is represented by the horizontal part
in the �gure.

The value of � and therefore the slope of the �rst part of the curve is supposed to
be constant. However, particulary in lubricated systems, friction depends on a large
number of parameters, e.g. the micro-geometry, the macro-geometry, the lubricant
and the operational parameters: velocity, temperature and normal load. If one of
the parameters changes, the coe�cient of friction will usually also change. This is
a known behaviour and generally known as `Stribeck' behaviour, named after the
�rst publisher on this subject. Several studies were carried out in this �eld, see
e.g. Stribeck (1902), Hersey (1915), McKee (1927), Emmens (1988), Emmens and
Monfort (1990) and Schipper (1988).

When a SMF process is observed, it is clear that the conditions in all the di�erent
contacts are very di�erent, see Schey (1983). For most SMF simulations the value
of � is chosen as a constant, neglecting the fact that the parameters on which this
value depends might change during the process. Often, several SMF simulations
with di�erent values for � have to be performed before the simulation provides
acceptable results. It is clear that these simulations have no predicting power at all.
From this it is obvious that a model which describes � as a function of the local
contact conditions is needed.

It is shown from the work of Schipper (1988), that it is possible to predict the
frictional behaviour of lubricated concentrated contacts (LCC's) as a function of
the operational conditions. This work is based on the `Stribeck' behaviour and
o�ers a �rst possibility to combine the di�erent in
uences in a model. Schipper's
experiments were, however, performed under elastic deformation conditions only.
Plastic deformation plays a very important role in SMF besides elastic deformation,
and therefore the in
uence of both elastic and plastic deformation on the frictional
behaviour of sheet/die contacts has to be included. In the work of von Stebut,
Roizard, and Paintendre (1989), it is shown that deformation does indeed in
uence
the frictional behaviour.

The development of a model for the frictional interaction based on the local
contact conditions and the type of deformation would considerably enhance the
predictive power of FEM calculations of SMF processes.

1.4 Objective of this research

In the previous sections it was pointed out that a friction model, based on realis-
tic local operational conditions, could improve the reliability and predictive force
of FEM simulations of SMF processes. Therefore, the objective of the research re-
ported in this thesis was to develop such a friction model and, in a wider sense, to
study the in
uence of plastic macro-deformation on the frictional behaviour of tribo
systems.
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In the next chapter a closer view on tribology in SMF will be presented. The
importance of friction will be discussed as well as the friction in
uencing conditions.
Furthermore, the `Stribeck' behaviour of tribo-systems is discussed. This behaviour
can form the basis of an empirical friction model which is worked out in chapter
3. In this chapter 3, two models for the frictional behaviour will be discussed. The
�rst model is developed on the basis of the theoretical work of Greenwood and
Williamson (1966) in combination with Elasto Hydrodynamical Lubrication (EHL)
theory, which leads to the calculation of generalised Stribeck curves. The second
model is based on the `Stribeck' behaviour as well by curve-�tting of experimen-
tally obtained Stribeck curves. In chapter 4, the special experimental setup needed
in order to obtain data for the empirical model will be presented after that the
requirements with respect to SMF (conditions and materials) are discussed. The re-
sults of the experiments performed under various SMF conditions will be discussed
in chapter 5. To analyse the results the curve-�t is applied to these results. The
implementation of the curve-�t model in the DiekA FEM program and results of
performed simulations are given in chapter 6 to detect the di�erences with the now
used `constant coe�cient of friction' model. In the last chapter, 7, the conclusions
will be presented together with the recommendations for further research.
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Chapter 2

Tribology in Sheet Metal Forming

2.1 Introduction

In the previous chapter it was pointed out that tribological knowledge is essential
to understand the importance of friction during the interaction of sheet and tool.
There it was shown that di�erent contacts can be distinguished in each SMF process.
The di�erent conditions for each contact may lead to di�erent frictional behaviour.
This again may lead to unacceptable variations in the process or even in rejection
of the �nal product. In order to determine the frictional behaviour for each contact
it is important to examine these contacts, the objective being to obtain relevant
information for the prediction of the frictional behaviour. With the results of these
predictions the reliability of simulations of the whole SMF process increases.

a b

figure 2.1: Two stages in the deep drawing of a square cup.

An example of the in
uence of the sheet material 
ow by the friction forces in one
of the di�erent contact regions is that of the application of a locally variable blank
holder force in deep drawing. If the deep drawing of, for instance, a square cup is
considered, it is obvious that, without a variable blank holder force, the material in
the corners has to be compressed before it 
ows into the die, see Figure 2.1. Hence,
this material does not 
ow as fast as the material at the straight edges. The result
is localised thinning or tearing of the material and large thickness di�erences in the
�nal cup.

One solution to this problem is the use of a blank holder which is divided in
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separate parts, see Figure 2.2. Each of these parts can be loaded independently
with a di�erent variable force. In this way it is possible to decrease or increase the
mean contact pressure locally. By doing this it is possible to in
uence the friction
force. In the literature, descriptions of these and other more or less similar devices
can be found along with simulations, see e.g. Wang and Majlessi (1994), Murata
and Matsui (1994) and Siegert, Wagner, and Simon (1992).

die

blank-

holder

sheet

punch

F,v

Fi

figure 2.2: Split up blankholder.

Other practical examples for local control of friction are the use of sandpaper at
selected places and/or selective lubricant supply at certain places.

From these examples the importance of friction in the production of critical
SMF products is clear. Unexpected or unknown frictional behaviour may lead to
production faults or even to severe productivity problems. However, very little of
the behaviour is understood. Until now the choice of the value of the locally variable
blankholder force is governed by trial and error.

In this chapter, some relevant tribological theory will be presented in order to
gain insight into the behaviour of tool and sheet under SMF conditions. It can
furthermore be concluded from the examples used in the previous chapter, that the
whole system of di�erent components, sheet and tools, has to be considered if one
wants to control the friction forces during these processes. The behaviour of the
system will be a central theme of this chapter. In section 2.2, tribology will be
brie
y presented. In section 2.3, tribological theory is applied to the sheet/tool
contacts as they occur in SMF processes. On the basis of this study conclusions are
drawn and presented in section 2.4.
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2.2 Tribology

2.2.1 Tribo-systems

In Rowe (1969) the term `tribology' is de�ned as `the science and technology
of interacting surfaces in relative motion and of the practices related
thereto'.

According to Czichos (1978) tribology is best studied by looking at the system
of parameters in
uencing the frictional behaviour of bodies in contact with each
other. This means that not only the contact itself is of importance but also that the
environment of the contact plays a role.

A general tribo-system is shown in Figure 2.3. This system consists of the
following elements: two bodies which interact with each other, a lubricant and
the environment.

lubricant

environment
v1

v2

system boundary F

body 1

body 2

figure 2.3: A tribo-system according to Czichos.

The tribological behaviour of this system is governed by the operational parameters
and the element properties of each element, including the lubricant and the environ-
ment. Together, these properties and parameters form the operational condition
of the system.

In a general system the operational condition is governed by the following op-
erational parameters: load, velocity and temperature. Next to these parameters,
macro- and micro-geometry, thermal properties, mechanical properties and, in the
case of a lubricant, rheological properties, play an important role.

Taken together, the operational condition governs the frictional behaviour of the
SMF contact and determines in which lubrication regime the contact operates. For
this reason it is important to know the range of values of the operational parameters
and the element properties for the case of SMF contacts.

First, the lubrication regimes of lubricated systems will be outlined in the fol-
lowing section. This section will show the possibilities for predicting the frictional
behaviour of the lubricated contacts. In section 2.3 the knowledge of lubrication
regimes will be applied to the di�erent contacts as they occur in SMF processes.
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2.2.2 Lubrication regimes

Most of the tribo-systems studied consist of two or more interacting bodies and a
lubricant. In the case of sheet/tool tribo-systems in SMF processes a liquid lubricant
is often applied; animal fats and natural oils were used in the past, Schey (1983), for
these operations. Often the exact principle behind these lubricants was unknown,
but application of them in
uenced the processes positively.

Application of lubricants can have several reasons:

� Lowering the total force needed for the operation, usually the friction force for
lubricated contacts is much lower than for `dry' contacts.

� Prevention of wear of the sheet and the tools, caused by adhesion and adhesion
related problems.

� Assurance that the products will meet the quality requirements. It is possi-
ble to control the sheet material 
ow into the die by means of friction and
lubrication.

In this thesis only lubricated SMF processes are studied.
Several researchers found that these lubricated contacts did not have a constant

coe�cient of friction. Already at the beginning of this century, the dependence of
the frictional behaviour of tribo-systems on the operational condition was observed
and studied, see e.g. Stribeck (1902), Hersey (1915) and McKee (1927).

Often, the friction force in a lubricated tribo-system is described as a function
of one or more of the operational parameters. Depending on the value of the pa-
rameter(s) used, a tribo-system can operate in the following lubrication regimes:

� (Elasto) Hydrodynamic Lubrication ((E)HL) regime: there is no physi-
cal contact between the interacting surfaces of the contact, the load is carried
completely by the lubricant �lm between the surfaces. The coe�cient of fric-
tion, �, therefore has a rather low value, of the order of 0:01.
For fully separated surfaces it is possible to use 
uid dynamics theory, e.g.
the Navier-Stokes equations or the Reynolds equation presented by Reynolds
(1886), for calculating pressures and �lm thicknesses. Many researchers de-
veloped thoroughly tested algorithms to solve sets of equations for all kinds
of modelled full �lm problems. The hydrodynamically lubricated cold rolling
of sheet was for instance studied by Cheng (1970), Atkins (1970), Wilson and
Walowit (1971) and Lugt (1992) and the hydrodynamically lubricated line and
point contact by Lubrecht (1987) and Venner (1991). However, many practi-
cal problems have to do with physical contact and can therefore not be solved
with the techniques based on full �lm lubrication.

� Boundary Lubrication (BL) regime: there is physical contact between the
interacting surfaces, the load is carried entirely by the surface roughness peaks
which are in physical contact with each other. Friction is determined by the
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layers adhered to the surfaces. The coe�cient of friction is in the range of
0:1 < � < 0:3.

� Mixed Lubrication (ML) regime: this is the regime in-between the BL-
regime and the (E)HL-regime, the load on the contact is partly carried by the
lubricant and partly by the interacting surface roughness peaks. The friction
coe�cient will therefore have an intermediate value i.e., 0:01 < � < 0:1.
For this lubrication regime few models are available, see e.g. Schipper (1988).
Most of these models are based on a combination of models from the two
other regimes. In fact the prediction of friction of systems operating under
ML conditions is still in its infancy.

ln L

µ

BL ML (E)HL

µEHL

µBL

LBL LEHL

BL/ML
transition

ML/(E)HL
transition

figure 2.4: Generalised Stribeck curve.

In the beginning of this century Stribeck (1902) was the �rst who reported the
dependence of the coe�cient of friction on the shaft velocity in journal bearings.
The in his work presented � vs. shaft velocity curves which show the three de-
scribed lubrication regimes are referred to as `Stribeck' curves. Later the coe�cient
of friction was often presented as a function of the following combination of param-
eters: H = �i � v+=�p. This parameter H, see Schipper (1988), was derived from the
number Z � n=pproj, which was �rstly introduced by Hersey (1915) in his work on
journal bearings. Here Z is the viscosity of the lubricant in cP (centi Poise), n the
number of revolutions of the shaft per minute and pproj the load per unit projected
area in lbs/inch2.

Schipper (1988) introduced a dimensionless lubrication number L = �i � v+=(�p �
Ra) = H=Ra. With this number, the e�ect of some surface roughness aspects on the
tribological behaviour of a lubricated contact was included. The use of L instead
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of H resulted in one single `generalised' Stribeck curve (L vs. �) for a whole set
of Stribeck curves (H vs. �) with di�erent Ra values. In Figure 2.4 a generalised
Stribeck curve is shown. In this �gure the three lubrication regimes can be distin-
guished. The boundary regime is situated on the left-hand part of the curve. Here,
the coe�cient of friction has the value �BL. The right-hand part of the curve shows
a relatively low � value, this is the (elasto) hydrodynamic regime. In between these
two regimes the mixed regime can be found, this is the part of the curve in which the
coe�cient of friction depends strongly on the lubrication number L. In the �gure
the two dots mark the transitions between the lubrication regime, respectively, the
BL/ML transition and the ML/(E)HL transition, at LBL and LEHL.

In order to gain insight into the frictional behaviour of SMF contacts, the lubri-
cation regimes in which these contacts operate must be known.

2.3 SMF Tribo-systems

2.3.1 Contact types in SMF processes

As summarised earlier, there are many di�erent SMF processes. Each of these
processes has di�erent sheet/tool contacts. To determine the operational conditions
and system properties of all these contacts would be impossible and useless. Instead
possible similarities were sought among the wide variety of contacts. In the following
sections 2.3.2.1 and 2.3.2.2, the contacts of the two example processes, air bending
and axisymmetric deep drawing, will be analysed. From the results of this analysis
the lubrication regimes which are generally involved in SMF are determined. This
information about the lubrication regimes is of importance for the development
of a friction model, based on local contact conditions, which will be described in
chapter 3.

From a study of the di�erent SMF processes it was found possible to de�ne
three basic contact types as shown in Figure 2.5. For each process and position of
a contact in the process the operational conditions may vary.

In Figure 2.5 (a) the 
at contact type is shown. The sheet slides between two
loaded tool parts. Therefore a 3-dimensional stress situation occurs together with
a relative translation. In Figure 2.5 (b) the sheet is sliding over a curved tool part.
The sheet follows the tool due to the applied 3-dimensional stress and the relative
displacement. This causes a main deformation: the sheet is bent and unbent during
its passage along the tool curve. In Figure 2.5 (c) a combined rolling and sliding
contact is shown. In this contact type the sheet has two di�erent displacement
components: as well as the general sliding motion, there is a rolling motion. This
last contact type will be analyzed in section 2.3.2.1.

By studying these three basic contact types most of the contacts in the di�erent
SMF processes can be analyzed. In the next section this will be done for the air
bending process and for the deep drawing process of an axisymmetric product.
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figure 2.5: Contact types.

2.3.2 Example SMF-processes

2.3.2.1 Air bending

If the air bending process shown in Figure 1.1 (b) is considered it becomes clear
that there are two main contacts. The most important one is the sheet/die-rounding
contact. The other contact is the sheet/punch contact. Only the contact at the die
rounding will be analyzed because of its importance for the process. In the case of
failure of this contact the whole process will fail or the product will be damaged
unacceptably.

In Figure 2.6 the initial position of the tool is shown next to a position somewhere
half-way through the process.

When the contact conditions are analyzed the following assumptions are made:

� the sheet is considered to be rigid in between the sheet/punch contact point
and the sheet/die-rounding contact point, here it stays straight between these
points.

� the sheet is considered to follow the punch geometry in between the two outer
contact points.

� the material deforms according to the Nadai model, see Nadai (1927) and
equation 1.2.
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figure 2.6: Two stages of air bending.

The sheet/die-rounding contact in this process is of the combined rolling and sli-
ding type as mentioned in the previous section 2.3.1. Because of this sliding/rolling
motion of the sheet, the time distance Lpd(t) between die contact and punch contact
is a function of the punch displacement and is therefore time-dependent (t).

The contact conditions in this contact will be combined in the lubrication number
L = �i � v+=(�p �Ra), which has been shown to be a useful dimensionless parameter,
see Schipper (1988).

From the geometry it can be derived that the following equations hold:

s(t) = Lpd(t) + r � �(t) + b� a (2.1)

v(t) =
d

dt
[s(t)] (2.2)

The time-dependent function s(t), in eq. 2.1, represents the position of the con-
tact on the sheet, relative to the original position for punch displacement, d(t) = 0.
The time derivative of s(t), v(t), in eq. 2.2, is the velocity of the displacement of the
contact point. Furthermore, Lpd(t) in eq. 2.3 represents the distance between the
two contact points between sheet and die and, sheet and punch.

Lpd(t) =
q
(a� b)2 + (d(t)� r � R)2 � (r +R)2 (2.3)

�(t) = arcsin

"
r +R

l�(t)

#
� arccos

"
a� b

l�(t)

#
forr +R > d(t) (2.4)
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�(t) = arcsin

"
r +R

l�(t)

#
+ arccos

"
a� b

l�(t)

#
forr +R � d(t) (2.5)

l�(t) =
q
(a� b)2 + (d(t)� r � R)2 (2.6)

Using the above equations the sum velocity of the contact can now be calculated.
What is needed next is an expression for the mean contact pressure. With this
pressure it is then possible to obtain a range of values for the lubrication number L
with certain ranges of Ra and of �i. A contact of this type will then operate in this
range of possible L values.

The mean contact pressure, �p(t), is also time dependent. For the elastic case
according to Hertz (1881), see also appendix A, the expression for �p for a line (strip)
contact reads:

�p =
�

4
�
s
Fn=B � E�
2 � � �R� (2.7)

If the geometry and the materials are known, the only unknown parameter in
this expression is the force Fn. An expression for this force is therefore needed as
well.

From the literature, see Sagel (1992) and de Vin (1994), a simpli�ed expression
for the bending moment per unit width can be obtained. This bending moment is
needed for bending the sheet around the punch nose. This expression is based on
experiments and reads:

M =
2

3
� r2 � E� �

 
E�

C�

! 3
n�1

+ 2 � C� �

2
66664
(st2 )

n+2 � rn+2 �
�
E�

C�

�n+2
n�1

rn � (n+ 2)

3
77775 (2.8)

with : C� =
�
4

3

�n+1
2 � C (2.9)

This bending moment has to be supplied by the force Fn at the die-rounding at
distance Lpd(t), as shown in Figure 2.7.
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punch

sheet

Lpd

M

Fn

figure 2.7: Bending moment.

With the above equations it is now possible to describe the contact conditions
in the die-rounding contact as a function of the time-dependent punch displacement
d(t).

To obtain empirical values an experiment reported in Sagel (1992) was studied.
The example parameters for two experiments with di�erent punch velocities are
shown in table 2.1.

parameter value unit parameter. value unit

dmax 7:50 mm st 1:00 mm
B 40:00 mm E1 = E2 2:1 � 1011 N/m2

a 9:67 mm �1 = �2 0:33 {
b 0:40 mm C 500:5 � 106 N/m2

r 1:67 mm n 0:204 {
R 2:00 mm � 0:2 Ns/m2

tstroke 1:00/60:00 s

table 2.1: Parameter values for the calculations

The parameters �p(t), v(t) and L(t) were calculated for the parameters in table 2.1,
the result is shown in Figure 2.8. From the calculations it can be concluded that the
maximum value for L(t) will be about 2 � 10�5, which is quite low. Other extremes
of the values for L(t) are shown in table 2.2.

In Figure 2.9 a lubrication mode diagram, (Schipper (1988)) is shown, in which
the transitions for a lubricated concentrated contact (LCC) are plotted as a function
of L and �p.

If the value-area of L(t) is placed in this �gure then it is clear that the sheet/die-
rounding contact operates in the BL-regime. Only very extraordinary conditions
make it possible that the contact functions in the ML-regime. From a modelling
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figure 2.8: Result of a calculation with tstroke = 1 s.

point of view this is quite convenient as only experiments in the BL-regime need to
be carried out in order to obtain the necessary information on the constant �-value.
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figure 2.9: Transitions according to Schipper (1988).
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maximum minimum

vmax = max. velocity for tstroke = 0:5 s vmin = min. velocity for tstroke = 60 s
�max = 1:50 Ns/m2 �min = 0:01 Ns/m2

Rat(min) = 0:5�m Rat(max) = 2:0�m
Lmax � 6:5 � 10�5 Lmin < 10�9

table 2.2: Extreme values for L(t)

2.3.2.2 Axisymmetric deep drawing

In Figure 2.10 an axisymmetric deep drawing operation is shown. In this �gure the
di�erent tool/sheet contacts according to Schey (1983) are present.

blankholder

die

punch

deformed
blank

1

23

5
46

F,v

figure 2.10: Axisymmetric deep drawing with di�erent contact zones.

The operational conditions, and thus the frictional behaviour, in all these di�er-
ent contacts can be di�erent.

The blank holder zones 1 and 2 are most studied in the literature, see e.g. Lin,
Wang, and Huang (1992). Together with a relatively low normal pressure (�p � 1
MPa-10 MPa) and a tangential tension, there is a circumferential compression caused
by the di�erence in outer and inner diameter. With a velocity range of v+ = 0:001-
0:5 m/s, and the values for �inl and Ra from table 2.2, this leads to a range for the
lubrication number L of approximately L = 5 � 10�7 to 1:5. Regions 1 and 2 can
therefore operate in all three lubrication regimes. It is, however, likely that at the
edge of the blankholder the contact operates in the (E)HL regime, whereas near to
the die-rounding some contacts operate under severe boundary conditions, due to
wrinkling of the sheet material.
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Next to this zone the die radius contact, 3, is studied. In this contact the pres-
sures and tangential tension are much higher, often of the order of 100MPa. This
will lead to a rough estimation of the minimum value for L of the order of L = 10�8,
which corresponds to the boundary regime.

In the regions 4 and 6 the sheet is often not in physical contact with the tools.
Together with varying velocities, the sheet is stretched in this region. This will
lead to conditions varying from mixed to boundary lubrication. In region 5 again
stretching occurs around the punch nose, causing low velocities and high pressures.
This will lead again to severe boundary conditions, which, however, apply only to a
small part of the sheet.

From the di�erent calculations/observations and experiments included in the
work of Schey (1983), it can be assumed that the operating area of deep drawing in
the L=�p diagram is larger than that of bending. The boundaries of the operating
area for contacts in the deep drawing processes are also shown in Figure 2.9.

2.3.3 In
uence of deformation

Plastic deformation of the sheet material is the main process during SMF. In sec-
tion 1.3 it was already mentioned that, according to von Stebut, Roizard, and
Paintendre (1989), this deformation has a signi�cant in
uence on the frictional
behaviour. In the literature very little information on the principles behind this
in
uence is found.

If the lubrication number L is considered, it can be seen that deformation in
u-
ences some of the parameters in this number. Especially the mean contact pressure
and the surface roughness are a�ected. The in
uence of deformation on the sum
velocity is negligible.

From the work of Lubbinge et al. (1995) it is known that plastic deformation
in
uences the microsurface geometry. Especially the Ra-value is in
uenced by defor-
mation. Increases of about 25% are measured when sheet metal is stretched under
quasi-static conditions. Stretching is not the only deformation mode during SMF
and therefore these results cannot be generalised, but they show the in
uence of
deformation on the micro-geometry.

While deforming, multi-axial stress is present in the sheet material and therefore
the maximum contact pressure will di�er from the uniaxial one, it can be both lower
or higher, depending on the other stresses. For this reason it is not possible to deter-
mine the contact pressure in a relatively easy way like for elastic deformation, Hertz
(1881). The Hertzian theory can however be used to obtain a �rst approximation
of the pressures present in the contacts.

Next to the in
uence of deformation on the L-value, via pressure and surface
roughness, there are possibly other factors that in
uence the frictional behaviour.
The �rst factor is the generation of new, `fresh', surface. This `fresh' surface is at
the moment of generation not covered by a lubricant �lm and is therefore highly
reactive. So the lack of a well generated boundary layer in
uences the frictional
behaviour of the contacts. The intensity of this factor is not yet known. Secondly,
due to the increase of surface roughness and slope of the asperities, see Lubbinge et
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al. (1995), the ploughing part of the total friction increases.
From the above it is clear that the in
uence of deformation on the frictional

behaviour of contacts in SMF processes must also be taken into account.

2.4 Lubrication regimes for SMF

In the previous sections, the basic contact types occurring in SMF processes were
discussed. From the results of this and the `example processes' air-bending and
axisymmetric deep drawing it can be concluded that most contacts operate under
BL-conditions or under ML-conditions. Under extreme conditions it is possible that
a contact operates for a brief period of time in the full �lm lubricated regime. For
this reason a study of the frictional behaviour of SMF contacts operating in the BL-
regime and the upper part of the ML-regime is most important. Contacts operating
in the full �lm regime do not substantially contribute to the total process force, and
are of minor importance for the process.

For the above reasons the research is focussed on boundary lubrication and mixed
lubrication. However, until now it has not been possible to obtain numerical data
from a model which describes the frictional behaviour under these conditions. Only
simpli�ed estimating models are available to describe the interactions in this kind of
contacts. Real practical problems cannot yet be solved with the aid of these models.
For this reason friction models will be developed in the next chapter. These models
will be based on the Stribeck behaviour which was described in this chapter.
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Chapter 3

Modelling friction in

SMF-contacts

3.1 Introduction

As indicated most lubricated tribo-systems show Stribeck-type frictional behaviour.
This is also seems the case for sheet/die contacts under SMF-conditions, see e.g. Em-
mens (1988). For this reason it was decided to use the Stribeck-type behaviour as
the basis of a theoretical model as well as an empirical model presented in this
chapter. However, one big di�erence between the tribo-systems generally studied
and SMF-contacts is that, in these SMF-contacts large plastic bulk deformations
occur. The experiments reported in the literature, see e.g. Schey (1983), Emmens
(1988), Schipper (1988), are lacking in this aspect, i.e. controlled plastic deforma-
tion was not applied. As indicated in section 2.3.3, plastic bulk deformation can
have both a direct and an indirect in
uence on the frictional behaviour.

Hence, the in
uence of plastic bulk deformation on the Stribeck-type behaviour
will also be a point of study.

As explained in the previous chapter, no complete and accurate models exist to
predict the frictional behaviour of contacts operating in the BL or ML regime.

The �rst approach in this chapter is the development of a model on a theoretical
basis. For the contacts operating in the ML regime a combination of the work of
Greenwood and Williamson (1966) and EHL theory can be used to predict the value
of the coe�cient of friction by means of a calculated generalised Stribeck curve. This
approach is discussed in section 3.2.

It is also possible to derive a model based on curve-�tting of experimental data.
In section 3.3, curve-�tting of the generalised Stribeck curve is used to obtain a
function which predicts the coe�cient of friction. The results of both approaches
are summarized in section 3.4.

3.2 Modelling based on theory

In this section the theoretical approach is presented, which leads to a model for pre-
diction of the frictional behaviour of SMF contacts operating under mixed lubricated
conditions based on the Stribeck-type behaviour.
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3.2.1 Mixed lubricated contacts

Under conditions of mixed lubrication a macro-contact consists of di�erent areas.
Only over a relatively small part of the macro-contact area the two bodies are in real
solid/solid contact with each other, see e.g. Greenwood and Tripp (1970). These
solid/solid contacts are called micro-contacts. They only occur at the highest surface
asperities. The frictional behaviour in these micro-contacts can be divided into Dry
Friction (DF), Boundary Lubrication (BL) and EHL, which is commonly
referred to as micro-EHL. In the remaining part of the macro area the bodies are
separated by a lubricant �lm. The frictional behaviour of this part of the macro-
contact is controlled by the liquid/solid behaviour of the applied lubricant. In
Figure 3.1 an impression of the macro contact and the di�erent lubrication modes
is presented.

Macro-contact Micro-contact

Mixed lubricated
concentrated contact

Dry
DF

Boundary
layer
BL

Lubricant
micro EHL

Lubricant

EHL

Bowden and Tabor
(1950)

figure 3.1: Macro- and micro-contact with lubrication modes, after Schipper
(1988).

The total friction force in the macro-contact consists of the sum of the friction
forces in each micro-contact and in the part where the lubricant separates the two
surfaces. At each contact spot a local shear stress determines the friction. As the
description of the frictional behaviour of a macro-contact becomes very complex
according to this view, the following assumptions are made:

� Dry Friction in the micro-contacts does not occur.

� For each micro-contact spot under BL, the shear stress ��c varies linearly with
pressure, see Greenwood et al. (1966) and (1970).

� The mean shear stress in the lubricant for the macro-contact has a constant
value ��ma.

With these assumptions the friction in a contact as shown in Fig. 3.1 can be
represented by:
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Ff = ��cAc + ��maAma (3.1)

The normal force can be represented by:

Fn = Fnc + Fnma = �pcAc + �pma(AHertz � Ac) = �pHertzAHertz (3.2)

In which:

Ac : BL contact area.
AHertz : Hertzian contact area.
Ama : macro-EHL contact area.
Fn : total normal force on the contact.
Fnc : normal force carried by the BL contact area.
Fnma : normal force carried by the macro-EHL contact area.
��c : mean shear strength of the boundary �lm in the BL contacts.
��ma : mean shear strength of the macro-EHL lubricant �lm.
�pc : mean pressure in the boundary layers.
�pHertz : mean Hertzian contact pressure.
�pma : mean pressure in the lubricant �lm.

With these equations the coe�cient of friction, �, becomes:

� =
Ff

Fn

=
��cAc + ��maAma

�pcAc + �pma(AHertz � Ac)
(3.3)

In equation 3.3 two parts can be distinguished, a hydrodynamically lubricated
part with index ma and an asperity contact part with index c. A further assumption
is that the coe�cient of friction in the BL regime, �c, is constant. It is therefore
assumed that the following relation holds:

��c = �c�pc = �cFnc=Ac (3.4)

With this assumption, equation 3.3 becomes:

� =
��cAc + ��maAma

Fnc + Fnma

=
�cFnc + ��maAma

Fn
(3.5)

The total normal force, Fn, on the contact is divided into a part transferred by
the BL asperity contacts, Fnc, and another part transferred by the hydrodynamically
separated area, Fnma = Fn � Fnc, see Johnson et al. (1972).

To calculate friction in the ML regime using equation 3.5, it is necessary to
calculate the values of the di�erent parameters which are involved. As there is no
theory for predicting �c, this parameter has to be obtained from a friction experiment
performed under BL conditions.
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3.2.2 Calculation of Fnc

In Greenwood and Williamson (1966) a contact model is presented to obtain Fnc.
The authors (G&W) considered the elastic contact between a rough and a smooth
surface as presented in Figure 3.2. It is applicable to contacts operating in the lower
part of the ML regime of the generalised Stribeck curve (not too many asperity
contacts).

center line

β

rough surface

smooth surface

h*

figure 3.2: Model of a contact with a rough and a smooth surface, after Greenwood
and Williamson (1966).

The surface micro-geometry is described by three parameters n, �, �, the number
of surface roughness asperities per square meter, the mean radius of the asperities
and the standard deviation of the asperity height distribution, respectively. Accord-
ing to experiments reported by G&W (1966), the product n�� has a value in the
range 0.03-0.05 for practically all surfaces.

The part of the total normal force transferred by the asperity contacts is given
by:

Fnc =
2

3
(n��)E�

s
�

�
AHertzFj(

h�

�
)With :j = 3=2 (3.6)

with:

Fj(
h�

�
) =

1Z
h�

�

(s� h�

�
)j�(s)ds (3.7)

In these equations the following parameters are used:

h� : separation of the surfaces, see Fig. 3.2
s : argument of �(s)
�(s) : asperity height distribution
j : the order of the Fj function
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figure 3.3: Surface Gaussian and exponential roughness distributions, after Green-
wood et al. (1969).

For application in SMF it has to be remarked that a shortcoming is that in the
work of G&W it is assumed that the surface asperities deform elastically and the
bulk material behaves rigidly. In SMF processes this is not the case, elastic and
plastic bulk deformations both occur.

3.2.2.1 Asperity height distribution

Most machined surfaces possess a Gaussian surface height distribution, as schemati-
cally shown in Figure 3.3. This also holds for SMF tools which are mostly ground and
for the sheet material, of which the roughness mirrors the Gaussian roll roughness.
For this reason, implementation of the Gaussian asperity height distribution, �(s) =
(e�s

2=2)=
p
2� in equation 3.7 is desirable. However, in order to solve equation 3.7

more easily, an exponential asperity height distribution, �(s) = e�s, is often used,
see the broken line of Figure 3.3.

Due to wear (run-in) and deformation, it cannot be excluded that the surface
roughness cannot be fully represented by one of the above distributions. In practice,
the wear of the tools is often low as the tool material is very hard. Also, `fresh' sheets
are deformed for each product. For these reasons it is probably acceptable to use
one of the above distributions. If necessary, another distribution function can be
used. From Figure 3.3 it can be seen that the two distributions are similar in the
region of high surface asperities. This region is important for the contact modelling
and the assumption of an exponential roughness distribution is therefore acceptable.
The application of the exponential distribution in equation 3.7 and substitution in
equation 3.7 results in:

Fnc =
1

2
�1=2(n��)E�

s
�

�
AHertze

�h�=� (3.8)
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whereas implementation of the Gaussian distribution results in:

Fnc =
2

3
(n��)E�

s
�

�
AHertz � 1p

2�

1Z
h�

�

(s� h�

�
)3=2e�s

2=2ds (3.9)

3.2.2.2 Determination of n, � and �

As well as the assumption of an asperity height distribution, which leads to a value
for �, it is necessary to obtain relevant values for � and n. Unfortunately it is
not yet possible to measure objective n, � and � values, however, with the use of
new techniques, according to de Rooij (1995b), some advance has been made. For
the reason that it was not possible to use a realistic surface in the calculations,
in Greenwood and Williamson (1966) it is assumed that each asperity has the same
mean � value. This value is obtained by performing surface roughness measurements
with a stylus-type device. From these measurements the n value is also determined.
A Gaussian height distribution is assumed and this results in a � value. The asperity
count to obtain a value for n leads to the question of `how to de�ne an asperity', in
which it is to be taken into account that only the higher (� 25%) asperities play a
role. This question can be answered in di�erent ways as can be concluded from e.g.
Handzel-Powier_za et al. (1992) and Greenwood (1984). The measurements reported
by G&W hence resulted in the conclusion that most surfaces show a value in the
range 0.03-0.05 for the product n��.

At present it is possible to obtain detailed 3D information about the microsurface
by means of optical interferometry. This technique is based on the changes in the
interference pattern caused by changing the distance between the observed surface
and a polarised light source. The changes in the pattern can be translated into
height di�erences on the surface. This technique makes it possible to measure the �
and n value for a surface with a high accuracy. From the digital data it is possible
to obtain the radius of each single asperity in di�erent ways. For a more detailed
description of the determination of n, � and � the interested reader is referred to
appendix E. An overview of the literature on the determination of n, � and � can
be found in de Rooij (1995a).

For the calculation of the generalised Stribeck curves as reported further on, the
3D surface measurements described above are used for the determination of n, �
and �. This does not automatically result in an n�� value of between 0.03 and 0.05.

3.2.2.3 Determination of the separation h�

Finally the separation h� has to be determined to obtain a value for the coe�cient
of friction at each value of the dimensionless lubrication number L. This is done by
solving the equation 3.10 iteratively until a stable h� value is obtained.

Fn � f(h�)� g(h�; Fn; v
+) = 0 (3.10)
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In this equation the function f(h�) is the G&W equation (eq. 3.6) for Fnc, the
normal load on the contact transferred by the solid/solid asperity interaction. The
function g(h�; Fn; v

+) represents the normal load part transferred by the lubricant
�lm. In the model described in this thesis a �lm thickness equation determined by
EHL-theory is used to determine the load transferred by the lubricant �lm. Finally
the separation h�, is obtained iteratively from equation 3.10.

In the last 30 years this EHL-theory was developed to a high level of understand-
ing. Several researchers derived equations to calculate �lm thicknesses for the line,
circular and elliptical contact geometry, see e.g. Dowson and Higginson (1966), Ham-
rock and Dowson (1977), Chittenden, Dowson, Dunn, and Taylor (1985a), (1985b),
and Moes (1992).

For the calculation of the generalised Stribeck curves, two �lm thickness equa-
tions for the line contact situation will be used. These are the equations derived
by Moes (1992), which covers the widest range of operational conditions, and the
equation derived by Dowson and Higginson (1966) which is valid for severe (high
load, low velocity) operational conditions. Both equations are given and discussed
in appendix D.

In the present case for the central �lm thickness is used instead of the minimal
�lm thickness, with:

hcentr =
4

3
� hmin (3.11)

A last remark is that the �lm thickness equations from the above literature do
not take plastic deformation into account.

3.2.3 Calculation of ��ma

The shear stress ��ma depends strongly on the rheological behaviour of the lubricant.
The di�erent types of behaviour are presented in Figure 3.4, see Evans (1983).

τl

τ0

τma

γ= v /hdif

IV

III

II

I

D = 1

viscous

linear viscous

non-linear viscous

plastic

elastic

figure 3.4: Types of friction curves as a function of the rheological behaviour.
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In this �gure the mean shear stress in an EHL-contact is shown as a function
of the shear rate _
 = vdif=h at a constant sum velocity v+. Four di�erent types of
behaviour can be distinguished:

I : linear viscous, Newtonian behaviour
II : non-linear, viscous Eyring behaviour
III : elastic non-linear viscous behaviour
IV : elasto-plastic behaviour

The contact situations in SMF are such that the lubricant behaviour in the
contact region is mainly linear viscous Newtonian (type I), ��ma = � � _
. Thus, for
relatively mild contact conditions, i.e. contact pressure below 0.1 GPa the Barus
viscosity-pressure relation for � can be used:

� = �0 � e�l � pe (3.12)

with:

� - dynamic lubricant viscosity
�0 - dynamic lubricant viscosity at ambient pressure
pe - pressure
�l - pressure-viscosity index

For more severe contact conditions, i.e. contact pressures above 0.1 GPa, the Roe-
lands (1966) relation describes the behaviour of � as a function of pe better:

� = �0 � exp
2
4(ln(�0) + 9:67) �

8<
:
 
1 +

pe
p0

!ZR

� 1

9=
;
3
5 (3.13)

with:

p0 - constant p0 = 1.98�108 MPa
ZR - pressure viscosity index
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3.2.4 Calculated generalised Stribeck curves

In order to verify the theoretical model, generalised Stribeck curves were calculated
for conditions as they can be applied with the friction tester described in the next
chapter . A detailed description of the calculation of a Stribeck curve is given in
appendix C.

The properties of the materials which were used for the calculation of the curves
are summarized in table 3.1. These materials were also used for the experiments
reported in chapter 5. The operational conditions for the calculations are given in
table 3.2

UCS1 UCS2
property Low Carbon TSulc unit description

E 2.1 � 1011 2.1 � 1011 Pa elasticity modulus
� 0.3 0.3 { Poisson constant
�y 175 151 MPa yield strength
�b 312 308 MPa tensile strength
Ra(surface) 1.85 0.82 �m CLS area surface roughness
n 7.70� 109 7.73� 109 [m�2] number of asperities
� 4.21 4.92 �m mean asperity radius
� 2.19 1.21 �m st. dev. of the asp. height dist.
n�� 0.071 0.046 {
quality EDT EDT roughness type

table 3.1: Uncoated steel sheet properties.

UCS1 UCS2 unit
�p 72.7 72.7 MPa
Fn 350 350 N
�20oC 1.2 1.2 Pa�s
v+ 0.0{0.5000 0.0{0.5000 m/s

table 3.2: Operational conditions for the calculations

The �lm thickness equation of Moes (1992) is used for the calculation of the
separation h�, see equation D.4 in appendix D, with �l = 3.3�10�8 m2/N and the
dynamic viscosity at atmospheric pressure �inl = 1.2 Pa�s.

Taking �l and �inl constant implies isothermal conditions, i.e. it is assumed that
a temperature increase, due to the development of frictional heat, does not occur.
For the UCS1 and UCS2 sheet materials, values of �c were measured under BL
conditions. These were: v+ = 0:0025 m/s, �p = 72:7 MPa, Rat = 1:85 �m. Under
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these conditions, �c values of 0.130 (UCS1) and 0.135 (UCS2) were found. With
these parameters and using the Barus equation (3.12), generalised Stribeck curves
were calculated for both materials. The results obtained with the Gaussian asperity
height distribution are shown in Figure 3.5.
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figure 3.5: Calculated generalised Stribeck curve for UCS1 and UCS2 sheet mate-
rial.

In this �gure the coe�cient of friction, �, is shown as a function of L = (�inl �
v+)=(�p�Rat) together with the separation, h

�, for both materials. The main di�erence
between the two sheet materials can be found in the separation, h�, as a function
of the lubrication number L. For the UCS1 material with the higher Ra value, the
curve shows a higher minimum value and a shift to lower L values compared to the
UCS2 material. The latter is a result of the fact that the �lm thickness equation is
independent of the Ra value of the material. This Ra value is a component of the L
number. For this reason the separation curve is shifted horizontally. Furthermore,
the �gure shows that the di�erence in frictional behaviour is almost negligible. It
also shows that the model leads to convincing results as far as the slope of the curve
is concerned. However, a parameter study should be carried out to see if the model
shows the same trends as shown in the literature, see section 3.2.5 and further.
Also, a comparison must be made with experimental results, which will be done in
chapter 5.
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figure 3.6: In
uence of Gauss vs. exponential distribution for UCS1 sheet material.

3.2.5 In
uence of asperity height distribution

The �rst in
uence which was studied was that of asperity height distribution. As
already described, an exponential distribution is often assumed because of its sim-
plicity. Practical surfaces often show a Gaussian distribution. Therefore it is de-
sirable that the in
uence of changing the type of distribution on the calculations is
shown. The results are shown in Figures 3.6 and 3.7.

In these �gures both the coe�cient of friction, �, and the separation, h�, are
again shown as a function of L. From the �gures it follows that the use of an
exponential asperity height distribution instead of a Gaussian distribution causes
the friction curve to shift quite markedly to the right. This can be explained by the
systematically higher separation in the BL regime for the exponential distribution.
This again is caused by the basic di�erence between the two distributions as shown
in Figure 3.8. In this �gure the possibility of an asperity of a certain height is
shown as a function of this height. Compared to the Gaussian distribution, the
exponential distribution overestimates the number of asperities of a certain height.
This predicts that solid/solid contact occurs earlier, and hence, the transition to
higher coe�cients of friction seems to take place at a higher L value.
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figure 3.7: In
uence of Gauss vs. exponential distribution for UCS2 sheet material.
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figure 3.8: Gauss vs. exponential distribution.

If the separation h� for both distributions is observed for the UCS1 material,
Fig. 3.6, it appears that �rst asperity contact occurs at h� � 20 �m for the expo-
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nential distribution and at h� � 7 �m for the Gaussian distribution. The separations
in the BL regime level out at h� � 11�m and h� � 4 �m, respectively. The total
surface (i.e. not the asperity height) height distribution has a � value of about 2.3
�m for the UCS1 material. An often used rule of thumb for the �rst asperity in-
teraction is that the separation is approximately three times as high as the � value,
h�=� � 3. This implies that contact occurs for h� < 3� � 7 �m for the UCS1 ma-
terial. Hence, it can be concluded that the Gaussian distribution is closer to reality
than the exponential distribution.

A next step in the choice of an asperity height distribution may well be the ap-
plication of a distribution calculated from a surface measurement, according to de
Rooij (1995b). This can be realised, however, it has not been implemented in the
present work. The Gaussian asperity height distribution will be used for the further
calculations.

3.2.6 In
uence of the type of �lm thickness equation

Many �lm thickness equations are available for line contacts in the literature. The
�lm thickness equation according to Moes (1992) is the most complete and was
therefore used for the calculations presented in this chapter. This formula is valid
for a very wide range of conditions, whereas most other equations are only valid for
a limited range of conditions. The in
uence of the type of �lm thickness equation is
illustrated by comparing calculated generalised Stribeck curves found with the Moes
equation with those found with the Dowson and Higginson equation, see appendix D.
The calculated curves are shown in Figure 3.9.
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figure 3.9: In
uence of �lm thickness equation.
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From this �gure it is clear that the Dowson and Higginson equation results in
a steeper curve. Using the Moes equation results in a much smoother BL/ML
transition which agrees better with the BL/ML transitions as found from many
experiments reported in literature. The separation curves show a higher value for
the Moes equation. An important point in the choice of a �lm thickness equation
is the range of operational conditions. Sometimes it is possible to use a relatively
simple equation like the one by Dowson and Higginson. Figure 3.9 shows that this
should not be done in the present case.

3.2.7 In
uence of normal force (pressure)

Calculations were performed in order to study the e�ect of load (pressure). The
normal loads were 1, 3.5, 10, 35, 100, 350, 1000 and 3500 N. These forces result in
the mean Hertzian contact pressures 3.9, 7.3, 12.3, 23, 39, 73, 123 and 230 MPa
respectively. Again, a Gaussian asperity distribution is assumed. The results are
shown in Figure 3.10.
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figure 3.10: In
uence of di�erent normal loads.

From this �gure it is found that the transition points of the calculated curves
shift to higher L values with increasing contact pressure (normal load).

Also, it is found that the minimum value of the coe�cient of friction increases
with increasing normal force. This e�ect results in unrealistic curves for the higher
normal forces (1000 N, 3500 N), and is caused by the fact that the Barus equation
(eq. 3.12) is used for the calculation of the dynamic lubricant viscosity in the hydro-
dynamically lubricated area of a mixed lubricated contact. This relation forces the
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UCS1 value unit

norg 7.70�109 m�2

�org 4.21�10�6 m
�org 2.19�10�6 m
n�� 0.071 {

n� variations
n 5norg, 2norg, norg,

0.5norg, 0.2norg m�2

� 0.2�org, 0.5�org,
�org, 2�org, 5�org m

table 3.3: Calculation values for surface parameters

dynamic viscosity and, with this, the coe�cient of friction to increase exponentially
with the pressure in the lubricant. For higher normal loads (pressures) it is therefore
recommended to use the Roelands equation instead. In the present case, the use of
Barus instead of Roelands is preferred for two reasons. Firstly, the applied normal
load (pressure) on the contacts in SMF causes practically no signi�cant di�erence
between Barus' and Roelands' relation. Secondly, for use of the Roelands equation
another lubricant property must be known, the viscosity index ZR. For the present
lubricants the value of this parameter was not available.

3.2.8 In
uence of n, � and �

From the G&W theory it appears that the surface characteristics are important,
because the parameters n, � and � are involved. For this reason the in
uence of
these parameters was studied.

It was decided to perform the calculations for the same n�� product and to
keep � constant as well. Thus the product n� remained constant. Calculations
were performed on the UCS1 material with the surface parameter values as given in
table 3.3. A Gaussian asperity height distribution was again assumed.

Results of varying n and � are presented in Figure 3.11.

From this �gure it appears that the transitions of the calculated curve shift to
the left with increasing � (decreasing n). As � and n�� are constant, the solid/solid

transferred part of the normal force decreases with
q
�=� (eq. 3.6).

Furthermore, it can be concluded that the e�ect of changing n and � by a factor
of 25 only results in a minor in
uence compared to the in
uence of the load, the
type of �lm thickness equation and the asperity height distribution. The accuracy
of the empirically measured n and � values are therefore of minor importance for
the calculations.
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figure 3.11: In
uence of variation of n and �, with constant n� and constant n��.

3.2.9 Summary

In the previous sections a model for determining the coe�cient of friction was derived
on the basis of existing contact models and EHL models. With this model it is
possible to obtain realistic generalised Stribeck curves which could be used as a
model for describing the local coe�cient of friction in FEM simulations of SMF
processes. However, the results show that the success of the model depends strongly
on the assumptions which are made. Summarized, the main assumptions were:

� In the model of Greenwood and Williamson a 
at rigid surface in combination
with a rough rigid surface with elastically deforming asperities was consid-
ered. In SMF reality two rough surfaces are in contact. Plasticity was also
omitted, it could therefore be useful to study the work of Halling see Halling
and Nuri (1991). Further, the theory was based on a Gaussian or an expo-
nential asperity height distribution. In practice not all surfaces show one of
these distributions. The exponential distribution overestimates the separation
drastically and should not be used, the Gaussian distribution or, preferably, a
measured asperity height distribution is better.

� The determination of the parameters n, � and � is often di�cult. The values
depend on the de�nition of an asperity and are also dependent on the surface
measurement equipment. However, calculations show that variation of the n
and � value by a factor 25 has only a minor e�ect on the calculated generalised
Stribeck curve.
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� Another shortcoming is the fact that when rough surfaces are observed, the
Hertzian contact area underestimates the real nominal area of contact. Due to
this the normal pressure distribution on the surfaces smothers out. To solve
this problem Greenwood and Tripp de�ned a surface roughness parameter �,
to de�ne a measure for this deviation, see Greenwood and Tripp (1967).

� A last problem is the separation h�. In the described model a �lm thickness
equation is used for this parameter. Next to the choice of the equation it is
questionable whether plastic deformation of the surfaces should be taken taken
into account.

The �nal conclusion is therefore that the model must be improved on several
points in order to increase the predictive force of the calculations. Furthermore,
experiments must be performed to check the calculated results and to obtain a
value for �c.

3.3 Modelling based on experimental data

As well as the theoretical approach it is possible to develop a model based on ex-
periments. For the sheet/tool contacts operating in the BL regime and high in the
ML regime this is necessary to verify the theoretical model.

In this section an empirical friction model, based on curve-�tting of the gener-
alised Stribeck curve shown schematically once more in Figure 3.12, is developed.
With such a from experiments derived mathematical curve-�t function it should be
possible to determine the local coe�cient of friction during the SMF simulations.

An empirical relation for the generalised Stribeck curve has already been given
by Schipper in Lugt (1992):

� = �EHL + (�BL � �EHL) �
�
0:5� 1

�
� arctan

�
b � ln L

L0

��
(3.14)

with:

L0 = e

ln(LEHL) + ln(LBL)

2 (3.15)

b � 2:5 (3.16)

As the value of b depends on the operational conditions, this �t is not applicable
to all situations. Therefore other curve-�ts have been developed, which do not
depend on unknown variables.
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figure 3.12: Generalised Stribeck curve after Schipper (1988).

3.3.1 Empirical friction models

Based on the curve-�t given in the previous section, better curve-�ts were derived,
which represent the coe�cient of friction as a function of L. When observing the
frictional behaviour, as presented in Figure 3.12, an inverted S-curve can be distin-
guished. This fact can be used for choosing mathematical functions for curve-�tting
purposes. Also, the objective is to obtain functions which depend on the transition
points as in equation 3.14.

Firstly, the position of the transition points (LBL; �BL) and (LEHL; �EHL) is re-
de�ned for curve-�tting purposes. Three lines are used. The �rst one represents the
constant value of the coe�cient of friction in the BL regime, �BL. The second line
is a horizontal one which touches the generalised Stribeck curve in the point with
the lowest coe�cient of friction, �EHL. The last line represents the curve in the ML
regime; it is demanded that this line touch the real curve (same derivative) at its
point of symmetry (L0 ) LEHL; LBL).

The next step is the search for mathematical functions which represent the S-
form. Two possible functions, which meet this requirement, are the arctan and
tanh functions. The curve �ts, based on the respective functions are represented
by the equations 3.17 and 3.18 and are shown in Figure 3.13. For the comparison
of both �tting functions the same values for the transition points were used as input.

Arctan-�t:

� = �EHL + (�BL � �EHL) �
�
0:5� 1

�
� arctan

�
b � log L

L0

��
(3.17)
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Tanh-�t:

� = �EHL + (�BL � �EHL) �
�
0:5� 0:5 � tanh

�
c � log L

L0

��
(3.18)

with:

L0 = 10

log(LEHL) + log(LBL)

2 (3.19)

b = � �

log(LBL=LEHL)
(3.20)

c = � 2

log(LBL=LEHL)
(3.21)
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figure 3.13: arctan-�t and tanh-�t as description of the Stribeck behaviour.

From this �gure it becomes clear that the hyperbolic tangent �t is the steepest
of the two. The arctangent �t approaches the �BL and �EHL values rather slowly.
For this reason the hyperbolic tangent �t as de�ned by equation 3.18 was thought
to be the most appropriate to be used. The combination of equations 3.18, 3.19
and 3.21 results in:
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� = 0:5 �

2
66664(�BL + �EHL) + (�BL � �EHL) � tanh

0
BBBB@
log

 
L2

LBL � LEHL

!

log
�
LBL

LEHL

�
1
CCCCA

3
77775(3.22)

With this curve-�t equation it is now possible to determine the coe�cient of
friction as a function of both transition points and the local operational conditions
combined in the L-value. For the determination of these transition points experi-
ments are required. For this reason an experimental set-up has to be used. This
device and the requirements for it are presented in the next chapter.

3.4 Summary

In this chapter two approaches for the development of a friction model for the predic-
tion of friction coe�cients under BL, ML and (E)HL conditions were discussed. The
theoretical approach leads to a model which generates generalised Stribeck curves.
Due to the assumptions made the result depends strongly on the micro-geometry
of the observed materials and the type of �lm thickness equation and have to be
veri�ed with experiments.

With the presented empirical model, based on curve-�tting, it is possible to
describe the Stribeck behaviour of tribo-systems. The presented �ts are not the
only ones possible. Numerous, more complicated functions can be found which also
represent the behaviour quite well. The used curve-�ts depend on the transition
points, which can be determined from measurements easily by hand or with a com-
puter program based on the least squares method. For analysis of measured data
this last method was applied. The measured data were put into the program, L
versus �, then a �rst estimation for the transition points was given. The program
then determines the transition points iteratively, and thus the best �t. In this way
good predictions for the frictional behaviour can be obtained from relatively few
experiments.

As the tanh-�t seems to be the most appropriate from the two presented �ts, it
will be applied to the experimental results obtained with the RON friction tester
described in the next chapter. The result of the �ts can then be used for analysis
of the obtained results and for prediction of the frictional behaviour of sheet/tool
contacts. Also the in
uence of plastic bulk deformation on the generalised Stribeck
curve can be studied.

With the curve-�ts of the experimental data it is furthermore possible to verify
the theoretical model, this will be done in chapter 5.
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Chapter 4

Experimental device for friction

measurements

4.1 Objective of the experiments

For the empiric friction model experimental data has to be acquired. With these
data it has to be possible to describe the in
uence of the operational conditions and
bulk deformation on the frictional behaviour of sheet/tool contacts. This data can
principally be acquired in three di�erent ways: from the literature, from calculations
or from experiments. In the literature a lot of data can be found, however, for a lot of
these data not all the necessary conditions are given. Hence it is generally not to be
recommended to use data from the literature. The use of calculations, or `numerical
experiments', is another possibility. This is however only possible when thoroughly
tested and consistent friction models are available and when all constraints of these
models are known. In the �rst part of the previous chapter a newly developed the-
oretical model based on the generalised Stribeck curve was presented. This model
could however not be veri�ed yet. One of the objectives of this chapter is to present
a possibility to verify this theoretical model by means of experiments. The objective
of such experiments will be to produce data which represent the frictional behaviour
of sheet/tool contacts under SMF-conditions. After analysis of the results of these
experiments a curve-�t of the results can be used as a friction model for application
in the SMF simulations.

According to section 2.2.1 it is possible to analyse the tribo-system of any
sheet/tool contact. In the next section, 4.2, this will be done and the range of
operational conditions in SMF-processes as well as the requirements for an experi-
mental device will be presented in section 4.2. In section 4.3 the available friction
tester types will be discussed. From this section it will become clear that no available
experimental device meets the requirements. For this reason a new type of friction
tester was developed. This will be presented in section 4.4. Finally, in section 4.5,
the conclusions from this chapter are presented.
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4.2 Requirements for the experimental device

4.2.1 General requirements

The objective is to perform experiments on sheet/tool/lubricant systems under
SMF-conditions in order to study their frictional behaviour. In chapter 2 it was
already shown that most of the SMF-contacts operate under boundary or mixed
lubrication conditions. The operational parameters are:

� Contact pressure, governed by the load on the contact, the geometry and the
materials.

� Sum velocity of the contacting surfaces; v+ = v1 + v2.

� Temperature.

As well as these operational parameters the element properties of sheet, tool,
lubricant and environment are important. These properties can be divided into
mechanical, thermal, geometrical and, in the case of a liquid lubricant, rheological
properties . Also the deformation of the sheet material plays an important role. It is
to be expected that deformation of the sheet material exerts both direct and indirect
in
uences on the frictional behaviour. Indirect in
uences are e.g. changes of contact
dimensions which in
uence the contact pressure and changes in the 3-dimensional
stress condition of the sheet. Direct in
uences are change of velocity and change
of surface micro geometry, see Lubbinge (1994). It is expected that the surface
roughness peaks are much more easily deformed plastically with bulk deformation
than without.

The above conditions and properties form a range of requirements which must
be met by the experimental device in order to perform representative experiments.
The main requirements for the experimental device are:

� A possibility to move the sheet and the tool specimen with respect to each
other.

� Controlled application of normal force to the contact.

� A possibility to measure friction independently of the normal and the defor-
mation forces.

� A possibility to subject the sheet material to controlled deformation during
sliding.

� Control of the temperature of the tools.

� Measurement of friction at one side of the sheet.

From the above it is clear that a device is needed which o�ers the possibility to
measure friction forces in a sheet/tool/lubricant system in which the tool is sliding
along the deforming sheet material.
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4.2.2 Ranges of the operational parameters and element
properties for SMF processes

4.2.2.1 Operational parameters

From a study of a number of SMF-processes the range in values of their operational
parameters are derived. These ranges are presented in table 4.1. The range of
experimental parameters must correspond with the practical ranges in order to make
the performance of experiments under each desired condition possible.

para- range unit description
meter

�p 0 { 600 MPa mean contact pressure (Hertz)
v+ 0 { 0.5 m/s sum velocity
T 20 { 150 oC bulk tool temperature

table 4.1: Ranges of the operational parameters.

Next to these operational parameters there has to be a possibility for deforming
the sheet material. In uniaxial deformation, strains of up to " � 0:20 in one stroke
under quasi-static conditions are possible with the (steel) sheet materials which are
used in SMF-industry.

4.2.2.2 Tool properties

In SMF many di�erent tool materials are used, varying from ordinary gray cast
iron to specially alloyed tool steels. Often, special treatments are applied to these
materials, e.g. hardening treatments such as carburising, ion implantation and the
application of CVD and hard diamond-like PVD coatings are often applied. For this
reason the range of properties of the tool materials is quite large.

The properties of the tool materials can be divided into thermal, mechanical and
geometrical properties. The thermal properties are generally not important for the
processes. The tool temperature during sheet metal forming does not reach values
for which changes in the properties of the tool materials can be expected.

The ranges of the properties of the main bulk tool materials are presented in
table 4.2.
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mechanical properties
parameter range unit description

�y 100 { 500 MPa yield stress
�b 150 { 700 MPa tensile strength
E 120 { 220 GPa elasticity modulus
� 0.2 { 0.4 { Poisson ratio
Hv 4 { 10 GPa Vickers hardness

geometrical properties

R 0 { 1 m surface radius
Ra 0.01 { 1.0 �m CLA surface roughness

table 4.2: Ranges of bulk tool material properties.

These values are valid for the bulk material only, in the case of coatings the
properties at the surface are di�erent. Coated tool materials are the subject of
another project at the University of Twente, de Rooij (1995b). For this reason the
properties of such coatings will not be discussed further in the present work.

4.2.2.3 Sheet properties

In practice, a wide range of coated and uncoated sheet materials is used. Especially
in the car manufacturing industry, the zinc coated varieties are often used for their
corrosion resistance. Next to the steel types also aluminium and sandwich (metal-
plastic-metal) sheets are used. Because of this wide variety, the ranges of sheet
material properties which are to be considered are also large. These are presented
in table 4.3.

mechanical properties
parameter range unit description

�y 75 { 500 MPa yield strength
�b 100 { 700 MPa tensile strength
E 70 { 220 GPa elasticity modulus
� 0.2 { 0.4 { Poisson ratio

geometrical properties

st 0.05 { 5 mm sheet thickness
Ra 0.1 { 2.0 �m CLA surface roughness

table 4.3: Ranges of bulk sheet material properties.
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4.2.2.4 Lubricant properties

Since the �rst introduction of sheet metal forming processes, all kinds of lubricants
have been used ranging from simple animal fats to specialized synthetic lubricants.
Again this means that a wide range of properties can be expected. These ranges are
presented in table 4.4.

parameter range unit description

�20oC 0.001 { 2.000 Pa� s dynamic viscosity
�20oC 750 { 1500 kg/m3 density
�40oC 1.25� 10�8 { 5.00� 10�8 m2/N pressure viscosity index (Barus)
ZR 0.5 { 0.7 { pressure viscosity index (Roelands)
s0 1.0 { 1.5 { temperature index (Roelands)

table 4.4: Ranges of bulk lubricant properties.

4.2.2.5 Environmental properties

As well as the properties of the elements and the operational conditions of the
tribo-system, the environment plays a role. Temperature, humidity and chemical
composition of the environment in
uence for instance the forming of oxides on the
surfaces and as a consequence the frictional interaction of sheet and tool.

In comparison to the in
uence of the operational conditions, the in
uence of the
environment is a second order e�ect. In most SMF production environments the
lubricant and its temperature are the main environmental factors.

4.3 Available experimental devices

In the previous section the primary requirements which have to be met by the exper-
imental device for measuring the frictional behaviour of sheet/tool contacts under
SMF conditions were presented. Together with the ranges of the operational pa-
rameters and the properties of the materials which have to be handled, it is possible
to draw some conclusions on the kind of experimental device that is needed. The
main in
uence on the frictional behaviour as considered in the present study is that
of bulk deformation. The emphasis for the choice of an experimental device will
therefore lie on the possibility to apply controlled deformation.

In practice all kinds of di�erent testers are available for measuring friction coef-
�cients. These devices can be divided into the following groups:

� instrumented presses:
This group includes all devices with which it is possible to perform some kind
of SMF process with instrumented tools and/or instruments on the press itself.
Very often the friction force is derived from a total process force such as the
punch force in deep drawing.
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� strip testing devices:
These testing devices are designed, as the name implies, to test a strip of
the sheet material. The strip is drawn through a set of loaded tools which
can have di�erent geometries. Tool and sheet material can be varied, together
with the lubricant. This tribo-system can be subjected to di�erent operational
conditions.

� rotational testing devices:
The principle of this group of devices is that a tool is pressed against a lu-
bricated sheet specimen and then rotated. The required couple is registered
as a function of the operational conditions of this system, see Houwing (1993)
and Kawai and Dohda (1987).

� reciprocating testing devices:
Several di�erent devices are available within this group of tester. The principle
behind the devices in this group is an oscillating loaded tool which is in contact
with a lubricated sheet material specimen, see Schipper (1988) and Scheers
(1994)

� other testing devices:

{ Split blank holder devices. In this kind of devices the blank holder of
a deep drawing tool is split into two halves. During deep drawing the
friction forces between the sheet and the blank holder causes opposite
reaction forces on the two halves. By measuring these forces between the
two half parts, the friction forces can be derived, see for instance Lin et
al. (1992).

{ Soda pendulum and modi�ed Soda pendulum. The principle of these
devices is the damping e�ect of the friction between a tool pin and a
sheet specimen. The tool pin is mounted on a pendulum. The friction
forces in the contact cause a damping e�ect. From the magnitude of this
damping e�ect the frictional behaviour of a tribo-system can be derived.

{ Pin on plate test rig. With this device it is possible to perform wear tests
up to 2 km of sliding distance on fresh sheet material. The loaded tool
can slide along a speci�c track over a wide 
at sheet of material under
various conditions, van der Heide (1995).

As well as the above testing devices it is of course also possible to use all kinds
of general tribo-testers with some modi�cations to handle sheet and tool specimen.
However, all these testers have in common that they do not satisfy all the require-
ments of the previous section. In particular, the application of controlled defor-
mation of the sheet material specimen during friction measurement is not possible.
Furthermore, the friction forces are often derived from some total process force e.g.
the punch force in the deep drawing process. As the frictional forces are often small
compared to this total force the result is not accurate. The conclusion is thus that
the only possibility to perform experiments under SMF-conditions is to use a newly
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developed friction tester. This experimental device must include the possibility of
controlled deformation during sliding. Other testing devices can, however, still be
used for the no-deformation experiments and for comparison of results.

In the next sections the new experimental device will be presented.

4.4 Newly developed experimental device

4.4.1 Principle of the design

A new experimental device was designed for subjecting the tribo-contact to condi-
tions representative for SMF processes.

The main problem is how to meet the requirement of applying controlled de-
formation of the sheet material while measuring friction. In SMF a new sheet is
processed after each operation. From this and the combination of requirements it
is clear that high-speed one-stroke measurements on a fast deforming specimen are
needed. Hence a powerful experimental device is needed to deform the specimen.
For this reason the friction tester will be combined with the device for deforming
the specimen.

A device which is perfectly suitable for deforming a specimen in a controlled way
is a tensile tester. Hence it was decided to use a tensile tester and to build a friction
measuring device on this tensile tester. The principle of the experimental device is
shown in Figure 4.1.

F
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figure 4.1: Principle of the experimental device.

In this �gure it can be seen that a sheet is clamped and deformed with a force
Fdef , while a friction measuring device simultaneously slides a tool along the spec-
imen with a velocity v. This friction measuring device consists of a sliding and a
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rotating cylindrical tool, loaded by a force Fn. The resulting friction force, Ff , in
the contact between sliding tool and sheet specimen is measured while the rotating
tool loads and supports the contact. In the case that cylinders are used as tools the
contact geometry becomes approximately rectangular as a result of elastic deforma-
tion. The reason for using cylinders rather than other geometries, e.g. balls, is the
fact that the pressures in SMF contacts are not extremely high. By using cylinders
with di�erent tool radii it is possible to cover the entire pressure range described in
the previous sections.

In the next sections the realisation of the newly developed experimental device,
based on the above principle, will be presented. Photographs of several parts of the
tester can be found in appendix H.

4.4.2 Tensile tester

As described above a tensile tester was chosen for the deformation of the sheet ma-
terial. This tensile tester has three tasks: 1) holding the specimen, 2) deforming the
specimen and 3) forming the base construction for the friction measuring system.
The tensile tester needs to be high enough to o�er the possibility to cover a reason-
able sliding distance. The tensile tester used was a MTS-318.10. This tester is a
100 kN device with a maximum stroke of 200 mm. The crosshead of this tester can
be displaced over quite a long distance, and thanks to this it is possible to clamp
sheet metal strips with a length of up to 1300 mm, which makes a sliding distance of
about 1000 mm possible. Hence this equipment perfectly matches the requirements
for the deformation part of the total tester. The tensile tester is shown schematically
in Figure 4.2.

4.4.3 Friction tester

With the choice of the tensile tester the maximum dimensions of the friction tester
are �xed. The friction measuring device of this friction tester has to be moved along
the sheet specimen which is clamped by the tensile tester. The maximum velocity
should be 0.5 m/s as described in section 4.2.2.1. For this reason the choice was
made to develop a friction measuring device mounted on a drive. This drive is then
to be mounted on the tensile tester. These two parts, friction measuring device and
drive, are discussed separately in the next two sections.

4.4.3.1 Friction measuring device

The heart of the whole tester is formed by the friction measuring device which
measures the friction forces in the sheet/tool contact. This device includes the tools
and a possibility to load these tools. The main requirements for this part are:

� The friction force and normal force must be measured separately.

� The operational conditions must be applied within the ranges as mentioned in
section 4.2.2.1.
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figure 4.2: Tensile tester (schematic).

� Friction is to be measured on one side of the sheet material only.

The designed friction measuring device is presented schematically in Figure 4.3.
It consists of two main parts, the sliding tool and the rotating tool. To meet

the requirement of operational conditions, it was decided �rst to design the contact
geometry, to meet the range of pressures which have to be applied. As the pressures
are not too high (max. 600 MPa), a line contact was chosen. This type of contact
is the one that occurs most in SMF processes. For this reason it is possible to use
a cylindrical tool in contact with the strip. The friction forces acting on the tool
due to contact with the strip can be measured on this tool. As the sheet has to be
supported, another cylindrical tool is placed at the other side of the sheet. This tool
is also the one to which the load is applied.

The type of line contact can be controlled by choosing the ratio R=st, in which
R represents the tool radius and st the sheet thickness. Finite element calculations
showed that for a reasonable ratio of R=st � 60 the contact can be considered
as a cylinder against 
at contact, see chapter 6. In this case the in
uence of the
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figure 4.3: Total friction measuring device.

supporting rotating tool at the other side of the strip on the contact pressure can
be neglected. The mean contact pressure, �p, can be estimated by using the relation
of Hertz for a line contact under elastic deformation with smooth surfaces, see
appendix A.

�p =
�

4
�
s
Fn=B � E�
2 � � �R� (4.1)

It was decided, for reasons of mass and sti�ness of the device, that the applied
load, Fn, should not exceed 2000 N. Furthermore, the specimen width, B, should
not be larger than 50 mm. The regular value for B was chosen to be 30 mm. With
these values it is possible to determine the required R� values and thus R values
for the di�erent tools. To cover the whole range of contact pressures, four tool
geometries and load ranges were used. An air pressurized bellows was chosen for
the application of the load to the system to avoid static friction components in the
normal direction. For the four load ranges four di�erent bellows were used to obtain
a maximum accuracy within each load range.

Together with the chosen B and R� values these bellows can realise the desired
range of mean contact pressures for each set.
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figure 4.4: Sliding tool between mounting blocks.

Sliding tool part.

To measure the friction forces in the plane of contact a cylindrical tool was
mounted between two blocks, shown in Figure 4.4.

Two force transducers were mounted in the geometrical plane which includes the
contact plane of sheet and tool. The combination of tool and blocks was mounted
via an elastic joint to a support, see Figure 4.4.

The sti�ness of the piezoelectric force transducers is many times higher than
that of the spring blades. The speci�c sti�ness of the transducers is 300 N/�m.
This means that with a maximum expected friction force of 0.3 � 2000 = 600 N
(�max � Fn�max), the deformation will be approximately 1 �m in the case of two
transducers.

Furthermore, a tool is used which can be rotated a few degrees after each exper-
iment. This has the advantage that it can be used several times before it requires
repolishing.

Rotating support tool part.

To separate normal force application from the friction measuring tool, it was
decided to apply the load to the supporting rotating tool. The normal force was
measured by a piezo-electric force transducer mounted between the tool holder and
a support. This support was mounted via spring blades to the main support. The
force was applied by the bellows via the force transducer. The horizontal center lines
of tool, transducer and bellows coincide with each other. In this way the normal
force can be applied and measured accurately without static friction force compo-
nents. The spring blades also allow the system to adapt to possible sheet thickness
variations. In Figure 4.5 this part of the friction measuring device is presented.
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figure 4.5: Rotating tool part.

The two tool supports are mounted to a guide which makes it possible to trans-
late the supports to the correct position with respect to the sheet specimen. This
guide is again mounted to the table of the drive via the main support. The whole
experimental device was named RON (Recht Op en Neer: \Dutch for Straight Up
and Down") and will from now on be referred to as RON tester.

4.4.3.2 Drive for the friction tester

The two main requirements for the drive are a mounting possibility to attach the
drive to the tensile tester and the possibility to drive the friction measuring device
accurately along the sheet specimen.

For this reason a sti� guide was used as the basis of the drive. This guiding frame
guides a carriage, driven by a screw spindle. The frame can be attached to one of
the columns of the tensile tester by means of a clamping construction. Five clamps
guarantee a high sti�ness of the whole construction, which is shown schematically
in Figure 4.6.

The friction measuring device can be mounted on the table, which can reach a
velocity of 0.5 m/s and an acceleration of 3 m/s2 under full load conditions.

4.4.4 Control and data acquisition

To operate the friction testing equipment and to acquire data, several devices were
used. Just as for the testing equipment, the control and measuring system can be
divided into two main parts. One system is used for control of the tensile tester
and the other for control of the friction testing device. These two systems will be
discussed.

For control of the tensile tester a MTS control unit is used which is operated
with a personal computer. This system is a separate control unit. It is possible to
program the movement of the actuator and to measure and store the forces, displace-
ments and strains. With this equipment one is able to apply controlled deformation
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figure 4.6: Tensile tester with drive (schematic).

to the sheet specimen.
As well as this operating and control system there is another system to control

the friction measuring device. This system can be subdivided into a unit for control
and operation of the drive and a measuring unit, which acquires the data of the
force transducers and controls the bellows pressure by means of an electronic valve.

The unit for control and operation of the drive has the possibility to be pro-
grammed manually or via remote control from a personal computer. The speed,
acceleration and displacement can be controlled in an accurate way. The remote
control is performed by digital in- and outputs, available on the data acquisition
card of the computer.

The same personal computer and data acquisition card are used for measuring
the force signals and for operation of the electronic valve which controls the bellows
pressure and therefore the normal load. A feedback loop is used to stabilize the
normal load. The sampling rate for measuring and the operation of the valve are
performed with the same data acquisition card as mentioned above. It is possible
to program the total control of the measurement in this way.

When both control systems are coupled, i.e. tensile tester and friction tester,
simultaneous friction measurement and deformation are possible. In Figure 4.7 a
schematic representation of the total operating and control system is shown.
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figure 4.7: Control and operating system (schematic).

4.5 Summary

With the newly developed RON tester experiments to measure generalised Stribeck
curves and the in
uence of plastic bulk deformation on them will be performed.
These experiments can be performed under SMF conditions by meeting the require-
ments presented in the �rst part of this chapter. By comparison of the necessary
requirements and the possibilities of available testing devices, it is found that no
existing device can perform the desired experiments. For this reason the new RON
tester was developed. This device consists of a combination of a tensile tester and a
driven friction measuring device, mounted on it. With this equipment it is possible
to include controlled deformation during sliding experiments.

The new RON tester has the additional advantages that it can be mounted on
practically every tensile tester and that it can be used as an ordinary reciprocating
friction/wear tester for ranking sheet materials, tool materials/coatings and lubri-
cants under various conditions.
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Chapter 5

Experimental results

5.1 Introduction

Experiments on di�erent SMF contacts were performed under di�erent conditions.
In this chapter the results of these experiments will be presented and discussed. At
the end of the chapter the most important results will be summarized and conclu-
sions will be drawn.

5.2 Materials

5.2.1 Sheet materials

For the experiments di�erent sheet materials were used, i.e. uncoated steel sheets
(UCS), coated steel sheets (CS for coated steel sheets in general or ZCS for zinc
coated steel sheets), aluminium sheet (A) and sandwich sheet material (S). Most of
these materials are applied in the automotive industry.

Two types of uncoated steel sheet were available and were used for experiments.
The main di�erences between these two materials were the di�erence in surface Ra

value and the di�erence in thickness, see appendix B. The main reasons for using
these uncoated steel sheets was to be able to compare the results obtained with the
RON tester to other testing devices and to study the e�ect of plastic bulk deforma-
tion on the frictional behaviour of the SMF tribo-systems.

In the last decade, zinc coated steel sheets are being used more and more used
because of their high corrosion resistance. Unfortunately, processing of these mate-
rials is rather di�cult The use of zinc coated steel sheets in, for instance, a stamping
line for car body panels, often leads to severe problems. Most of these problems are
friction related. Examples are scu�ng, galling and adhesive zinc transfer to the tools
(pick up). An intensive study of these phenomena has for instance been carried out
by Schedin (1991).

The two types of zinc coated steel sheets used for the experiments are often used
in the automotive industry and they are generally known as Hot Dip Galvanized,
GI, and Galvannealed, GA.
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As well as zinc coated steel sheets, a lot of e�ort is put into the development
of aluminium sheets for the automotive industry. Corrosion resistance and weight
savings are the main reasons for the development of this kind of sheet material.
Since the material properties and the mechanical behaviour of aluminium sheets
di�ers a lot from those of steel sheets it is not possible to process these aluminium
sheets under the same conditions. Also, the material behaviour of most aluminium
sheet materials is not yet well known. For these reasons many problems often occur
when using aluminium. Many of these problems are again friction related. However,
advances are being made in processing the aluminium sheets as the �rst aluminium
cars are being developed and produced already. For initial orientation, experiments
on one type of aluminium sheet material were also performed in this study.

The everlasting search for materials lighter than steel, but with the same sti�ness
and reliability, has recently led to the development of a new group of sheet mate-
rials, i.e. the so-called sandwich laminate materials. For the automotive industry
especially the metal-polymer-metal sandwich sheets are of interest. These materials
consist of two thin metal sheets with a polymer layer in between. Several metals
and polymers and thickness combinations can be used, which leads to an enormous
variety of possibilities. The processing of these sheet materials into products by
SMF processes leads to several problems, as can be expected. One of the problems
is for instance the form reliability, which is strongly temperature dependent. Due to
creep and springback during and after forming it is di�cult to produce the desired
shape. Also, the bonding of the laminates is often a problem, cracks may occur
or one of the layers peel o�, see e.g. (Atzema 1994). The example of the Hylite
material (aluminium-polymer-aluminium sandwich laminate) of Hoogovens shows
however that it is to produce sandwich laminate sheets without these problems and
that it is possible to process this material by SMF processes.

In this research some friction experiments were performed on sandwich sheet
materials in order to obtain a �rst impression of their frictional behaviour during
SMF processes.

The speci�cations of the sheet materials that were tested can be found in ap-
pendix B.1.

5.2.2 Tool materials

For the experiments performed on the RON tester, only one tool material was used.
The material chosen was a hardenable steel according to the DIN 1.2510 norm. It
is also known as ARNE steel. This type of steel is representative for a large group
of tool steels used in SMF processes. It is hardened by heat treatment in order to
obtain a hardness which corresponds to that of the tool steels used in practice. The
speci�cations of the tool material can be found in appendix B.3.
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5.2.3 Lubricants

Several di�erent lubricants were used. For the experiments on the in
uence of
bulk deformation on the frictional behaviour two mineral oils were used. The main
di�erence between these oils was their dynamic viscosity (Lub1 and Lub2), i.e.
0:6 Pa�s and 1:2 Pa�s at T = 20oC, respectively.

As well as these two lubricants a series of lubricants was used with di�erent
components and additives in order to study the in
uence of these components and
additives and their concentrations on friction. The speci�cations of the lubricants
are given in appendix B.2.

5.3 Specimen preparation

Before using the sheet materials, they had to be cut out of coils produced by cold
rolling mills. From these coils the sheet deliverer cuts wide panels of 500 mm �
rolling width. In the laboratory these panels were cut into strips of 30 mm � 923
mm. The rolling direction of the sheet was always perpendicular to the longest side
of the strips. With the RON tester all experiments were performed with the sliding
direction perpendicular to the rolling direction. Due to the cutting process, sharp
ridges were formed at the edges of the strip, which had to be removed. After that,
the sheets were encoded with an inscription for identi�cation purposes.

The next step was the cleaning of the strips. It is well known that the specimen
cleaning procedure can in
uence the results of friction experiments. Therefore, it is
important to use a standard cleaning procedure. The following procedure was used.
Firstly, the sheets were rinsed and brushed in a bath of Petroleum Aether 100-140.
After this they were wiped dry with tissue material. Immediately after cleaning the
sheets were stored in rectangular stainless steel containers, �lled with the di�erent
lubricants.

Several hours before the experiments a number of sheets were taken out of the
lubricant containers and hung up vertically. After several hours the excess lubricant
had dripped of. The remaining amount of lubricant was enough for all experiments
to avoid starved lubrication. This was checked by visual inspection of the inlet zone
of the contact during the experiments. In all cases a lubricant reservoir was present
in the inlet.

Contrary to the above procedure, the sandwich materials were stored dry because
of the possible in
uence of the petroleum aether and lubricants on the polymer of
the central layer. Just before an experiment the strips were cleaned several times
with a tissue with petroleum aether and lubricated with a roller, and hence the
strips were stored vertically for a couple of minutes.

Before each experiment the tool material was also cleaned with Petroleum Aether.
For every experiment, fresh tool material was used.



60 Chapter 5: Experimental results

figure 5.1: Uniaxial stress/strain behaviour of steel sheet material.

5.4 The in
uence of bulk sheet deformation

The in
uence of bulk deformation was studied by applying di�erent degrees of de-
formation to the sheet materials and measuring the frictional behaviour of the tribo-
system as a function of this deformation.

Two sheet materials were used, i.e. the uncoated UCS1 and UCS2 material
(appendix B). These materials are tested against the hardened ARNE tool in com-
bination with two di�erent lubricants, Lub1 and Lub2.

Di�erent degrees of deformation were applied to the strips by the tensile tester.
In the uniaxial stress/strain curve, Fig. 5.1, these di�erent deformation situations
are represented by the numbers 1 to 5.

Besides the tangential force the sheet material was subjected to a normal force
applied by the friction measuring device. This caused a two-dimensional stress
situation in the material. In Figure 5.2 the stress situation of Figure 5.1 is again
presented, this time including the e�ect of a constant stress applied by the friction
measuring device. The solid ellipse represents the von Mises yield criterion whereas
the dotted ellipse represents the same yield criterion after some plastic deformation.
The yield surface has in this case increased due to work hardening.

In the following sections the results of experiments performed under the di�erent
deformation situations are reported. For each situation the experimental procedure
is explained.

5.4.1 No-deformation experiments

For studying the in
uence of bulk deformation it was necessary to obtain information
about the frictional behaviour without deformation as a reference. Therefore expe-
riments were performed to obtain a reference Stribeck curve. In the next section
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figure 5.2: Two-Dimensional stress situations.

the experimental procedure will be explained, in section 5.4.1.2 the results will be
discussed.

5.4.1.1 Experimental procedure and materials

Table 5.1 list the experimental conditions. From this table it is found that the
applied tension is rather low. This tension causes only low elastic strains. The
experiments performed under this deformation condition are called `no-def'.

From experiments reported in Schey (1983) and Schipper (1988), it is known
that the viscosity of the lubricant does not in
uence the position of the transitions
in the generalised Stribeck curve, in which the the coe�cient of friction is plotted
as a function of L, see Figure 2.9. The most important di�erence between the
sheet materials is the microstructure of the surface, as can be seen in table B.1,
appendix B. The surface Ra value of material UCS1 is approximately twice as high
as for UCS2. According to Schipper (1988) the Ra value in
uences the ML/(E)HL
transition.

For each combination of parameters a generalised Stribeck curve was measured.
To that purpose, separate experiments were performed at di�erent values of velocity
v+. In every separate experiment, a fresh sheet was used in combination with a fresh
part of the sliding tool.

The measuring procedure was as follows:

1. fresh tool part is positioned;

2. fresh sheet is clamped;
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UCS1 UCS2 unit
�p 72.7 72.7 MPa
Fn 350 350 N
�20oC 0.6/1.2 0.6/1.2 Pa�s
Ra(surface) 1.85 0.89 �m
v+ 0.0025{0.5000 0.0025{0.5000 m/s
�t 25 25 MPa
"plast 0 0

table 5.1: Conditions for no-def experiments

3. sheet is strained elastically (low elastic tension);

4. sliding tool is positioned against the sheet and �xed;

5. rotating tool is positioned against the sheet and �xed;

6. measurement program is started;

7. measurement of the normal force, Fn, and data storage are started;

8. drive is started, velocity is set at a constant value v+;

9. measurement of friction force, Ff ;

10. normal force is applied;

11. measuring continues during sliding;

12. drive is stopped;

13. normal force is removed;

14. friction and normal force measurements are stopped;

15. next experiment;

In Figure 5.3 the result of an experiment is given.

5.4.1.2 No-deformation results

The results of the experiments under no-deformation conditions are summarized in
this section. After discussion of the results for the two sheet materials separately,
they will be compared to each other.

The results for the UCS1 sheet material are presented in Figure 5.4 in terms
of a �� L diagram.
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figure 5.3: Result of an experiment.
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figure 5.4: Results obtained with the UCS1 sheet material.
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no-def value transition
LBL 4:2 � 10�4 BL/ML
�BL 0:130
LEHL 6:1 � 10�3 ML/(E)HL
�EHL � 0

table 5.2: Transitions for the UCS1 sheet material.
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figure 5.5: Results obtained with the UCS2 sheet material.

From this �gure it can be seen that, according to expectations, the di�erence
in dynamic lubricant viscosity does not signi�cantly a�ect the generalised Stribeck
curve. Therefore the solid line is a curve-�t which is derived from all the data in
the plot. The curve-�t function is the tanh function derived in chapter 4. From this
curve-�t the values of LBL, �BL, LEHL and �EHL are given in table 5.2.

In Figure 5.5 the results of the no-deformation experiments on the UCS2 sheet
material are presented in the same way as for the UCS1 material. Again the tanh
curve-�t function is used to determine the transitions, which are given in table 5.3.

From the results it can again be concluded that the the generalised Stribeck
curve is not in
uenced by the dynamic lubricant viscosity. In Figure 5.6 the tanh
�ts for both materials are shown in one graph.

From this �gure it can be seen that the major di�erence between the materials
is the value of �BL, which is a little, but signi�cantly higher for the UCS2 material.
From the tables 5.2 and 5.3 it appears that the ML/EHL transition for the both
materials di�ers slightly. This is caused by the di�erence in surface roughness.
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no-def value transition
LBL 6:3 � 10�4 BL/ML
�BL 0:135
LEHL 5:5 � 10�3 ML/(E)HL
�EHL � 0

table 5.3: Transitions for the UCS2 sheet material.
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figure 5.6: Comparison of the tanh curve-�ts for the UCS1 and UCS2 sheet mate-
rials.
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From e.g. Schipper (1988) it is known that this transition shifts to higher L values
for higher Ra values. This trend corresponds to the di�erence found here.

5.4.2 Pre-deformation experiments

A logical step after the no-deformation experiments described in the previous sec-
tion was performance of experiments on pre-strained material. Due to the plastic
deformation some of the material parameters such as the hardness and uniaxial yield
stress are in
uenced. Furthermore it was shown by Lubbinge (1994) that the surface
Ra value changes as a result of the applied strain. It was expected that due to these
changes the tribo-system would show di�erent frictional behaviour.

5.4.2.1 Experimental procedure and materials

The experiments were performed on the same UCS1 and UCS2 sheet material and
with the same tool and the same lubricant as the no-deformation experiments de-
scribed in the previous section. Again the aim was to measure the Stribeck type of
curves.

The sheet was pre-strained plastically for these experiments (" = 0:17). After s-
training, the tension on the strip was lowered until the remaining stress situation was
low elastic again. The experiments were performed under the deformation condition
as described by point 2 from Figure 5.1. Due to the pre-straining the strip width
changed from approximately 30 mm to 27 mm, thus the mean Hertzian contact
pressure was 76.7 MPa, instead of 72.7 MPa for the no-deformation experiments. In
table 5.4 the conditions for the pre-deformation (pre-def) experiments are shown.

UCS1 UCS2 unit
�p 76.7 76.7 MPa
Fn 350 350 N
�20oC 0.6/1.2 0.6/1.2 Pa�s
Ra(surface) 2.21 0.95 �m
v+ 0.0025{0.5000 0.0025{0.5000 m/s
�t 28 28 MPa
"plast 0.17 0.17

table 5.4: Conditions for pre-def experiments

From this table it can be seen that, compared to the original values from table 5.1,
the surface Ra value for both materials increased slightly due to the pre-deformation.
The reason for this is explained in the next section.
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figure 5.7: Tensile test specimen geometry, after Lubbinge (1994).

5.4.2.2 The in
uence of 1D straining on the microsurface structure

In Lubbinge (1994) the results of experiments are presented which show a relation
between bulk sheet deformation and surface micro-geometry. Several rastered ten-
sile test specimen, see Figure 5.7, were quasi-statically strained in a tensile tester.
After straining, the surface micro-geometry was analysed with a computer con-
trolled interference microscope. The material was the UCS2 steel, as described in
appendix B.

By performing a tensile test, the specimen is only constrained in the longitudinal
direction. The main conclusion from the work of Lubbinge is that the surface Ra

value changes according to Figure 5.8.
It was found that the Ra value �rst decreased up to strains of approximately

" = 0:04. This is caused by the fact that the applied stress is entirely absorbed by
stretching of the surface asperities. For higher strains, the Ra value increases linearly
with the applied strain. In this case the strain is too large to be absorbed totally
by the asperities. This results in a change of grain orientation in the material which
destroys the orientation introduced by the rolling process. This last orientation was
smooth and therefore a re-orientation causes the grains to turn out of the surface.

5.4.2.3 Pre-deformation results

In Figures 5.9 and 5.10 the results obtained with the two lubricants on the UCS1
and UCS2 materials, respectively, are shown together with their respective tanh
curve-�ts. The two �ts are shown together in Figure 5.11 in order to compare them.
The transition values which follow from these two �ts are presented in tables 5.5
and 5.6.

From these results it can be seen that the same small di�erence in �BL that was
found in the no-def experiments still exists. Furthermore it is found (Fig. 5.12) that
the transitions for the no-def and the pre-def experiments for the same material do
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figure 5.8: Surface Ra as a function of plastic strain, after Lubbinge (1994).
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figure 5.9: Pre-def results with the UCS1 sheet material.
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figure 5.10: Pre-def results with the UCS2 sheet material.

pre-def value transition
LBL 5:1 � 10�4 BL/ML
�BL 0:129
LEHL 6:7 � 10�3 ML/(E)HL
�EHL � 0

table 5.5: Transitions for the pre-def UCS1 sheet material.

pre-def value transition
LBL 5:1 � 10�4 BL/ML
�BL 0:136
LEHL 8:2 � 10�3 ML/(E)HL
�EHL � 0

table 5.6: Transitions for the pre-def UCS2 sheet material.
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figure 5.11: Comparison of the tanh curve-�ts for the UCS1 and UCS2 sheet
materials.
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figure 5.12: Comparison of the no-def and pre-def curve-�ts for the UCS1 and
UCS2 sheet materials.

not di�er signi�cantly.
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UCS1 unit
�p 72.7 MPa
Fn 350 N
�20oC 1.2 Pa�s
Ra(surface) 1.85 �m
v+ 0.0025{0.500 m/s
�t 150 MPa

table 5.7: Conditions for high elastic tension experiments

The main conclusion that can be drawn from Figure 5.12 is that plastic pre-
deformation by straining does not signi�cantly in
uence the frictional behaviour as
presented by the generalised Stribeck curve under low elastic longitudinal tension
conditions. The di�erence in Ra value due to pre-deformation does not result in
signi�cant di�erences compared to the no-def results.

5.4.3 High elastic tension experiments

A next step in the project was the performance of experiments on sheet material
which is strained elastically under high tension conditions. Under the applied tension
the strain was still reversible but near to the yield stress, see point 3 in Figures 5.1
and 5.2. Due to the normal force applied by the friction measuring device, the
specimen deformed plastically in the contact zone. With these experiments it was
tried to establish the e�ect of bulk local plastic deformation on friction.

5.4.3.1 Experimental procedure and materials

The experiments were performed on the UCS1 sheet material in combination with
the ARNE tool material and the Lub2 lubricant. The experimental conditions are
summarized in table 5.7. The experimental procedure followed was the same as
described in section 5.4.1.1.

5.4.3.2 High elastic tension results

Figure 5.13 shows the result obtained under high tension.

In this �gure the measured data and the tanh curve-�t are presented. Next to
this, the tanh curve-�t of the reference experiments (no-def) is plotted. It turns out
that there is almost no di�erence between the two �ts. Only the BL coe�cient of
friction is somewhat higher for the high elastic tension experiments. The transition
values for the �t are presented in table 5.8. Comparison of the values in this table
with those of table 5.2 corroborates the conclusions.
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figure 5.13: Result of experiments on UCS1 sheet material under high elastic
tension.

pre-def value transition
LBL 3:20 � 10�4 BL/ML
�BL 0:137
LEHL 5:57 � 10�3 ML/(E)HL
�EHL 1:68 � 10�11 � 0

table 5.8: Transitions for the high elastic tension experiments.
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5.4.4 Simultaneous deformation and sliding experiments

With the RON tester it is possible to perform experiments under combined sliding
and deformation conditions as they frequently occur in SMF practice. Due to possi-
ble creation of `fresh' surface, which is not covered with a boundary layer, di�erences
were to be expected with respect to the no-def and pre-def experiments. Further-
more, the bulk deformation situation is constantly changing, due to simultaneous
stretching in one direction and application of a normal load perpendicularly, which
might also account for di�erences.

5.4.4.1 Experimental procedure and materials

Only the UCS1 material was subjected to simultaneous sliding and deforming. It
was again used in combination with the hardened ARNE tool and the Lub2 lubricant
based on a mineral oil. As the sheet specimen could only be stretched one time to
its maximum length, it was only possible to perform one experiment on each strip.
The conditions are summarized in table 5.9.

UCS1 unit
�p 72.7{76.7 MPa
Fn 350 N
�20oC 1.2 Pa�s
Ra(surface) 1.85{2.21 �m
v+ 0.0068{0.68 m/s
�t 150{350 MPa
"plast 0.0{0.17

table 5.9: Conditions for simultaneously sliding and deforming experiments

Due to the fact that the strip is clamped on one side and stretched at the other
side, the sum velocity v+ changes when the friction measuring device and the strip
end move simultaneously with a constant velocity. The velocity of a point on the
strip is position dependent. Therefore, a relation for the sum velocity is needed as
a function of the position of the friction measuring device, relative to the clamping
point, see Figure 5.14.

From this �gure it can be derived that the following equations hold respectively
for the sum velocity v+, at the contact spot and the position xRON (t), of the friction
measuring device with respect to the �xed clamp:

v+ = vRON + vtest � xRON(t)
lstrip(t)

(5.1)

xRON(t) = �vRON � t+ xstart (5.2)
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figure 5.14: Schematic diagram of simultaneous stretching and sliding.

lstrip = lstrip0 + vtest � t (5.3)

with:

vRON the constant velocity of the measuring device
vtest the constant velocity of the end of the strip
t the time
xRON (t) the time-dependent position of the measuring device
xstart the start position of the measuring device
lstrip(t) the time-dependent length of the strip

During simultaneous deformation and sliding the sum velocity of the contact
decreases linearly. It is furthermore assumed that the contact pressure increases
linearly with the applied strain, due to the change in strip width. For an analysis in
the form of Stribeck curves it is also necessary to know the surface roughness CLA
value in front of the contact during the experiment. In section 5.4.2.2 the behaviour
of Ra as a function of the applied strain was shown. For the following analysis it is
assumed that this Ra=" relation is also linear. Expressed mathematically:
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�p(t) = �p0 + c1 � t (5.4)

Ra = Raini + c2 � t (5.5)

In these equations the two constants, c1 and c2, are material dependent. Together
with equations 5.1 and 5.2 these equations give a time-dependent value for the
lubrication number, L(t):

L(t) =

� �
"
vRON + vtest �

 �vRON � t + xstart
lstrip0 + vtest � t

!#

(Raini + c2 � t)(�p0 + c1 � t) (5.6)

The coe�cient of friction can now be shown as a function of the time-dependent
lubrication number L(t).

5.4.4.2 Simultaneous deforming and sliding results

The results of the simultaneous deformation and sliding experiments are shown in
Figure 5.15. The values shown are the �-values at the start and the end of the ex-
periment, versus their respective L-values, together with their tanh �ts. The values
of the two constants from equations 5.4 and 5.5 are: c1 = ��p=tstop = 4 MPa=tstop
and c2 = �Ra=tstop = (2:21�1:85)�m=tstop, in which the � represents the di�erence
between initial and �nal parameter value and tstop represents the time elapsed at the
end of the experiment. This last value depends on the velocities of the RON tester
and the tensile tester.

In Figure 5.15 the curve-�t for the no-def experiments is shown as well. It can
be concluded that the starting values behave as expected, and that they agree very
well with the no-def �t.

On the other hand the curve based on the �-values measured at the end of the
test series turns out to be much steeper, which means that the ML regime is very
narrow.

As the value of �BL (� 0:13) does not seem to depend on the applied deformation,
the e�ect is probably not due to the generation of `fresh' surface during the tests.
More research is required to clarify this. Possible reasons for the curve shift may be:

� the real mean contact pressure di�ers from �p;

� non-homogeneous stretching occurs in front of and behind the contact

The transitions from the start and the stop curve are given in table 5.10.

5.4.5 Pressure e�ects on the transitions

In order to study the e�ect of pressure on the BL/ML and ML/EHL transition a
series of experiments was performed with a di�erent tool. A cylindrical tool with a
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figure 5.15: Simultaneous sliding and deforming.

start �t value transition
LBL 4:5 � 10�4 BL/ML
�BL 0:132
LEHL 5:4 � 10�3 ML/(E)HL
�EHL � 0:001

stop �t value transition
LBL 1:8 � 10�3 BL/ML
�BL 0:132
LEHL 4:6 � 10�3 ML/(E)HL
�EHL � 0

table 5.10: Transitions for the start and stop �ts of the simultaneous sliding and
deforming experiments.
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diameter of 20 mm was designed for application of high pressures. Together with the
experiments performed with the �100 mm tools, used for most experiments, these
experiments resulted in generalised Stribeck curves for two di�erent pressures.

The experiments were performed on the UCS1 material in combination with
the Lub2 lubricant. For the high pressure experiments a special tool holder was
designed to hold a cylindrical tool with a diameter of 20 mm and an Ra value
of 0.05 �m, see Figure 5.16. With this tool no-def experiments were performed
under a pressure of 163 MPa, which equals approximately the uniaxial yield stress
of the UCS1 material. An overview of the conditions is shown in table 5.11. The
experiments were performed under the conditions of point 6 in Figure 5.2.

side view front view
(tool and holder only)

small tool small tool

figure 5.16: Special high pressure tool holder.

UCS1 unit
�p 160 MPa
Fn 350 N
�20oC 1.2 Pa�s
Ra(surface) 1.85 �m
v+ 0.0025{0.5 m/s
�t 25 MPa

table 5.11: Conditions for high pressure experiments

The generalised Stribeck curve found is shown in Figure 5.17, in which the �t
for the no-def results at �p = 72:7 MPa is shown as a reference.
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figure 5.17: No-def results for high pressure on UCS1.

From this �gure it can be seen that the BL/ML transition shifts to higher L
values. This does not agree with the work of Schipper (1988). This discrepancy is
further discussed in appendix D. However, it does agree with the calculations, the
results of which are presented in Figure 3.10. Due to this shift to higher L values
and thus to higher velocities, it was not possible to reach the EHL regime. Therefore
it was not possible to determine the ML/EHL transition from the experiments. The
BL/ML transition point can be estimated by hand, its characteristic values are given
in table 5.12.

high pressure value transition
LBL 4:5 � 10�4 BL/ML
�BL 0:135

table 5.12: Transition for high pressure on UCS1 sheet material.

In evaluating this pressure e�ect, it should be borne in mind that the mean
contact pressure only varies by a factor of 2. It is therefore recommended to perform
more experiments with di�erent pressures to obtain a better insight into the pressure
dependence of the transitions for SMF conditions.
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figure 5.18: The in
uence of Ra on friction in BL.

5.5 In
uence of surface roughness on friction in

the BL regime

The �20 mm tool described in the previous sections was initially delivered with
a surface Ra value of 0.4 �m. Compared to the �100 mm tool this value was
approximately 10 times higher. The new tool and tool holder were tested under BL
conditions, which resulted in a signi�cantly higher coe�cient of friction. Normally
two �100 mm tools were used for the experiments. The surface quality and diameter
of these tools were measured after every re-grinding operation in order to ensure the
repeatability with respect to roughness. At one time, the two �100 mm tools were
found to di�er signi�cantly in surface roughness, tool 1 (Ra � 0:1�m) was twice as
rough as tool 2 (Ra � 0:05�m).

In most research projects it is assumed and measured, see e.g. Schipper (1988)
that the coe�cient of friction in the BL regime does not signi�cantly change with
the combined surface roughness Rat. To see whether this is also the case under SMF
conditions the tools with di�ering Ra values were used in tests, performed under
BL conditions with UCS1 sheet material and lubricant Lub2. The results of these
measurements are shown in Figure 5.18.

From this �gure it can be seen that a higher tool roughness causes a signi�cantly
higher coe�cient of friction in the BL regime. An important di�erence compared
to the work of Schipper (1988), who did not observe a roughness e�ect, is that in
the latter work two materials with approximately the same hardness were combined
and were also run-in for some time. In the case of SMF processes the tool has a
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figure 5.19: Comparison of calculated and measured generalised Stribeck curves.

much higher roughness and has been hardened. For this reason it may be expected
that an increase in tool roughness causes an increase of the ploughing component in
the BL coe�cient of friction. Hence, it is necessary to take into account the surface
roughness when results of measurements under BL conditions have to be applied in
practice.

5.6 Comparison of the experiments to the calcu-

lations

In this section the theoretical model proposed in chapter 3 is compared to the
experimental results, given in the previous sections. To that purpose, in Figure 5.19,
the no-def �ts of the UCS1 and UCS2 material, Figure 5.6, are presented together
with the results of Figure 3.5.

From Figure 5.19 it is clear that the measured �ts are positioned at higher L
values than the calculated curves. Apparently, contact occurs for higher L values
in the measurement case. The slopes of the curves correspond quite well with each
other. Also, the measured curves show a larger di�erence between the UCS1 and
UCS2 sheet material than the calculated curves. From these results it becomes clear
that calculation of generalised Stribeck curves is possible, but must be improved to
�t the measured ones. Especially the e�ect of the asperity height distribution used
in the calculations is important, as this distribution determines the occurrence of
the �rst asperity contacts.
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exp. type vRON [m/s] vtest [m/s] Fn [N] �p [MPa] �t [MPa] "plast [{]
A 0.0025 0 350 72.7 25 0
B 0.0025 0 350 72.7 25 0.17
C 0.005 0.0018 350 72.7 0{350 0{0.17

table 5.13: Conditions for the di�erent experiments.

5.7 Experiments on zinc coated and non-ferro sheet

materials

5.7.1 Zinc coated and aluminium sheet results

In addition to the BL tests on the uncoated sheet materials UCS1 and UCs2, exper-
iments were performed on a number of di�erent materials, i.e. zinc coated galvan-
nealed, GA, steel sheet, zinc coated galvanized, GI (HDG), steel sheet and alumini-
um 6000, Al, sheet. The properties of these materials can be found in the tables in
appendix B. For all tests the ARNE tool (� 100 mm) and the Lub2 lubricant were
used.

Two types of tests were performed, i.e. without deformation, low elastic ten-
sion (no-def) and with pre-straining (" = 0:17, pre-def). Tests under conditions of
simultaneous sliding and deforming failed in all cases, because of extremely severe
stick/slip e�ects and constantly increasing (average) � value. The conditions for the
experiments are given in table 5.13.

In Figure 5.20 the results of these tests are presented in terms of � values with
standard deviation. The labels A and B represent, respectively, the no-def and
pre-def conditions.

It can be seen that the GI material shows very stable frictional behaviour, even
more stable than for the UCS1 sheet (see Figure 5.4). In both cases the (GI and
UCS1) the average value of � is approximately 0.13 for the BL regime, independent
of the deformation condition.

With GA sheet reproducible results (low standard deviation) are found only if
no-def tests (type A) are performed. The average value of � (0.143) is somewhat
higher than the value found with uncoated sheet (� � 0:13). In the pre-def tests
with this material stick/slip occurred which contributed to the large standard de-
viation. Still, the average value of � has essentially the same value as was found
in the no-def tests. Again, the average value of � is virtually independent of the
deformation condition.

With the GI sheet as well as with the GA sheet material it was found that after
the tests the tool was covered with a zinc layer, which is indicative for adhesive
material transfer.

With the Al sheet material it were the no-def tests which su�ered from large scat-
ter. Remarkably enough, in this case there was very smooth sliding, i.e. stick/slip
did not occur. The results of the pre-def tests did not show this large scatter, but
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experiment type

A B A B A B

µ

0.10

0.12

0.14

0.16

0.18
GA
GI
Al

A = no-def
B = pre-def

figure 5.20: Results of experiments on di�erent sheet materials. Number of tests
per point: 5 to 10 (with Al in case B only 3). The average value of � for UCS1 sheet
is � 0:13, for both no-def and pre-def.

UCS1 unit
�p unknown MPa
Fn 350 N
�20oC 1.2 Pa�s
v+ 0.00005{0.05 m/s
�t 25 MPa

table 5.14: Conditions for experiments on sandwich materials

only three tests were performed. In this case the results did show a signi�cant e�ect
of the deformation condition on friction. Tests with other lubricants show that this
e�ect is characteristic for Al sheet.

5.7.2 Sandwich laminate results

Experiments were also performed on the rather new sandwich laminate materials.
Three di�erent types were used. All three consisted of two aluminium outer layers
with a polymer layer in between. The properties of these materials are given in the
tables in appendix B. The materials were subjected to no-def experiments only. The
conditions of these experiments are given in table 5.14.

The calculation of the mean contact pressure by the equations of Hertz demands
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figure 5.21: Results of no-def experiments on sandwich sheet materials.

a combined elasticity modulus. This is a problem as the elasticity modulus for the
sandwich laminate material is not known. Therefore in Figure 5.21 the coe�cient
of friction, � is presented as a function of L � �p = � � v+=Ra.

From Figure 5.21 it can be seen that good Stribeck-like curves were found. For
comparison to the UCS1 steel sheet the no-def curve-�t from section 5.4.1.2 is also
plotted. From this comparison it becomes clear that the transition points for the
sandwich laminates are situated at lower L � �p values. This implies that mixed
lubrication occurs for lower L values for the sandwich laminates compared to the
UCS1 sheet material when the same pressure is applied. However, as the pressure in
SMF practice is always lower, for the same tool set with the same process settings,
this might well result in corresponding generalised Stribeck curves.

Further research is needed to obtain contact pressures for these kinds of sheet
materials. A �rst approximation could be the use of the elasticity modulus of the
intermediate polymer layer as the outer aluminium layers are relatively thin.

5.8 Experiments with di�erent lubricants

In order to study the frictional behaviour as a function of the lubricant composition,
several di�erent lubricants were tested in combination with four sheet materials. The
lubricants were based on one and the same mineral oil, which was combined with a
varying weight percentage of di�erent additives. The dynamic viscosity of all lubri-
cants was 1.2 Pa�s at 20oC. The experiments were performed at an environmental
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Code % Linear % Branched % EP/AW % Mineral Design
ester ester additive oil nr.

SDF0061/Lub2 0.0 0.0 0.0 100.0 1
SDF0062 0.0 0.0 1.0 99.0 5
SDF0063 10.0 0.0 0.0 90.0 8
SDF0080 0.0 10.0 1.0 89.0 3
SDF0081 5.0 0.0 0.5 94.5 9
SDF0082 10.0 10.0 0.0 80.0 6
SDF0083 10.0 10.0 1.0 79.0 4
SDF0085 0.0 10.0 0.0 90.0 2
SDF0086 0.0 5.0 0.5 94.5 11
SDF0087 5.0 5.0 0.0 90.0 10
SDF0088 10.0 5.0 1.0 84.0 12
SDF0089 10.0 0.0 1.0 89.0 7

table 5.15: Composition of the lubricants.

temperature of T = 20oC. The additives were a linear poly-oxy ester, a branched
poly-oxy ester and an extreme pressure/anti-wear (EP/AW) additive. The compo-
sition of the different lubricants is given in table 5.15, the percentages in this table
are weight percentages. In this table SDF0061 is the reference mineral lubricant.
This mineral oil is the same as the Lub2 lubricant, used for the previously described
experiments.

The sheet materials were uncoated steel UCS1, Hot Dip Galvanized GI, Galvan-
nealed GA and Aluminium Al. The speci�cations of the last three sheet materials
can be found in the tables in appendix B. The experiments were performed under
BL conditions, in order to avoid the possible e�ects of slight changes in the contact
conditions in the ML regime. The exact conditions are given in table 5.16.

material v+ [m/s] � [Pa�s] �p [MPa] Ra [�m] L [{]
(no-def/pre-def) (no-def/pre-def) (no-def/pre-def)

UCS1 0.0025 1.2 72.7/76.7 1.85/2.21 2.23� 10�5/1.77� 10�5
GI 0.0025 1.2 72.7/76.7 0.95/1.14 4.34� 10�5/3.43� 10�5
GA 0.0025 1.2 72.7/76.7 1.44/2.15 2.87� 10�5/1.82� 10�5
Al 0.0025 1.2 51.3/53.1 0.94/1.48 6.22� 10�5/3.82�10�5

table 5.16: Operational conditions of the experiments.

Experiments were performed on undeformed (no-def) and pre-deformed (pre-def)
sheet specimen. In Figures 5.22, 5.23, 5.24 and 5.25 the results of these experiments
are presented. Per lubricant the no-def results are positioned at the left-hand side
and the pre-def results at the right-hand side. The lubricant codes in these �gures
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Deformation and lubricant type
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figure 5.22: Results of di�erent lubricants in combination with UCS1 sheet mate-
rial.

are given in table 5.15. Each value shown in the �gures represents an average and
standard deviation of a number of experiments with a minimum of 3 and a maximum
of 12 experiments per experiment type, per lubricant. It has to be mentioned that
only the value of � is taken into account for comparison of the di�erent lubricants.
Wear is not measured and therefore the e�ect of the EP/AW additive cannot be
fully appreciated with respect to its total performance.

5.8.1 Results

From the experiments on the UCS1 sheet material, Fig 5.22 it is clear that the
SDF0063 lubricant with 10% linear ester (S63) caused the lowest coe�cient of fric-
tion for undeformed as well as for pre-deformed sheet material. The experiments
performed on this combination showed a very stable friction signal. For this reason
it is expected that this lubricant will also cause stable frictional behaviour in SMF
processes when uncoated steel sheets are involved. A low coe�cient of friction for
this lubricant is also found for the Al sheet material (Fig. 5.25), however, the 
uc-
tuations on the aluminium Al sheet are quite large compared to the 
uctuations on
the uncoated UCS1 material.

Figure 5.22 also shows that the e�ect of pre-deformation manifests itself rather
strongly in two lubricants, i.e. S81 and S82; it should, however, be noted that in
these cases large standard deviations occur which makes this result less reliable.

The results with the di�erent additives in combination with the GI galvanized
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Deformation and lubricant type
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figure 5.23: Results of di�erent lubricants in combination with GI sheet material.

Deformation and lubricant type
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figure 5.24: Results of di�erent lubricants in combination with GA sheet material.
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Deformation and lubricant type
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figure 5.25: Results of di�erent lubricants in combination with Al sheet material.

sheet material, Fig. 5.23, showed no signi�cant di�erences. In all cases the coe�-
cient of friction lies at the 0.13 level. Perhaps the frictional behaviour of this system
is completely controlled by the (zinc) transfer layer which is found on the tool after
the experiments.

For the GA sheet material, Fig. 5.24, material transfer and running-in behaviour
caused large deviations from the mean value, especially in the pre-def tests. For the
pre-deformed sheet material severe stick/slip behaviour was again measured. The
values for these measurements are therefore unreliable. The only positive exception
with respect to stable frictional behaviour are the SDF0087 and SDF0088 lubricants.
Conclusions about the e�ect of the di�erent additives cannot be drawn from these
results.

Finally, the aluminium Al sheet material, Fig. 5.25, showed even more 
uctua-
tions in frictional behaviour, compared to the GA material. However, the source of
these 
uctuations did not become clear as most of the time no stick/slip behaviour
was found, see also section 5.7.1. Other factors seem to in
uence the frictional be-
haviour of the aluminium sheet material. Further research is desirable.

A tentative conclusion from the experiments is that the e�ect of the linear ester is
more explicit than that of the branched ester or the EP/AW-additives. Experiments
on the GA and AL materials showed too much scatter to make it possible to distin-
guish between di�erent lubricants. Still, the results with Al seem to corroborate the
conclusion that with Al pre-straining a�ects � rather strongly (cf. section 5.7.1).
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5.9 Discussion of the results

5.9.1 Bulk deformation

From the results in section 5.4 it appeared that in most bulk deformation cases the
generalised Stribeck curve is not signi�cantly in
uenced. This is due to the fact that
the major in
uences involve the operational conditions. The e�ects of changes in this
operational condition is covered by the use of the lubrication number L proposed
by Schipper (1988). The e�ect of straining the sheet material close to its elastic
limit adding to this the normal pressure of the RON tester neither did not result in
a signi�cant di�erence. An exception to this is the e�ect of simultaneous stretching
and sliding. In this case the most in
uence on the generalised Stribeck curve is found
in the upper ML-regime. In comparison with the no-def and pre-def results the BL-
regime is extended to higher L-values. Apart from this, the ML/EHL transition is
not signi�cantly in
uenced. Therefore, the ML-regime becomes steeper. The value
of the coe�cient of friction in the BL-regime is not in
uenced. For this reason it
is expected that the forming of fresh sheet material due to the bulk deformation
will not in
uence the frictional behaviour. A good explanation for the extension
of the BL-regime to higher values has not yet been found. Further research is
recommended.

The experiments under higher contact pressure conditions resulted in a shift of
the generalised Stribeck curve to higher values. This implies a pressure dependence
of the transitions. From the calculations in chapter 3 the same shift to higher
L values for higher loads was found. This pressure dependence of the transitions
contradicts the results of experiments of Schipper (1988). An explication is found in
the fact that the operational conditions for the compared systems are not compatible.
In appendix D it is shown that due to the di�erent conditions the described trends
for both systems can be predicted by the �lm thickness equation of Moes (1992).

From using di�erent tools with di�erent Ra values it appeared that the coe�cient
of friction in the BL regime depends on the tool roughness. A rougher tool results
in a higher BL coe�cient of friction. As, due to hardening, the tool material is
signi�cantly harder then the sheet material, it can be expected that the ploughing
component of the BL coe�cient of friction is higher for the rougher tool. This
result implies that the roughness and hardness combination of sheet and tool play
an important role in the BL regime. Further research on this subject is required.

5.9.2 Di�erent sheets and lubricants

The experiments on the di�erent sheet materials resulted in the general conclusion
that zinc coated steels and aluminium show totally di�erent behaviours. The z-
inc coated materials lead in the case of galvannealed varieties to unstable frictional
behaviour under SMF conditions whereas the galvanized varieties result in stable
behaviour which is probably governed by the (zinc) transfer layers built up on the
tool surface. This possibility is supported by the insensitivity of these sheet mate-
rials to di�erent lubricants. This stable behaviour seems pro�table with respect to
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process control, but leads to slowly changing geometry, which in practice often leads
to production problems after some time. The experiments on aluminium showed
that steel sheet and aluminium sheet do not show similar frictional behaviour. This
fact is supported by the di�erence in material behaviour. An intensive study of the
frictional and material behaviour of aluminium sheets is necessary.

The experiments with di�erent lubricants prove that it is possible to rank lu-
bricants on the RON tester with respect to coe�cient of friction and stability of
the BL coe�cient of friction. The galvanized sheet material was insensitive with
respect to di�erent lubricants. For the galvannealed material the lubricant seemed
to have a minor in
uence on the frictional behaviour compared to the zinc layer
induced stick/slip. Aluminium sheets show a very wide spread in results. However,
stick/slip was not encountered.

In general it can be concluded from the results that it is very well possible to
measure generalised Stribeck curves under a wide variety of SMF conditions. For
this reason the RON tester could be very useful for further research.
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Chapter 6

Application of friction curve-�ts in

FEM-simulations

6.1 Introduction

One of the objectives of the research described in this thesis was to develop a fric-
tion model for application in the FEM code DiekA ( Hu�etink (1986)). The most
important advantage of this code is that a mixed Eulerian-Lagrange formulation of
the problem can be used. In the Eulerian description, a spatially �xed geometry
is used to describe the material 
ow. This description is therefore appropriate for
problems with non-changing surfaces and large deformations. In the Lagrange de-
scription the grid is �xed to the material. Deformation of the material results in
deformation of the grid. This description is suitable for problems with changing
geometry and history dependent properties, such as e.g. strain hardening. In the
mixed formulation the advantages of both methods are combined: the nodal points
are decoupled after each displacement and again coupled in such a way that the
initial mesh is not too much distorted. This mixed formulation makes DiekA very
useful for performing SMF simulations, because large deformations and practically
rigid surfaces are combined.

Both the theoretical model (section 3.2) and the curve-�t model (section 3.3) can
be implemented in this FEM code. However, initially it was decided to implement
a curve-�t of measured data as a �rst test to check whether the e�ects of friction
justify the more complicated implementation of the theoretical friction model. This
curve-�t does not include the pressure dependence of the generalised Stribeck curve
found in chapter 3.

For the implementation of contact behaviour, special elements were developed.
These contact elements will be discussed in section 6.2. Next, the results of the
implementation of a generalised Stribeck curve will be discussed. After the imple-
mentation of the curve-�t in the contact elements the result is veri�ed by performing
the calculation of a generalised Stribeck curve for a simulation of the RON tester.
Furthermore, 3D simulations of several problems are performed in order to obtain
an impression of the di�erences caused by using the curve-�t instead of a constant
coe�cient of friction. Finally, conclusions will be drawn.
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6.2 Implementation of the friction model

In this section implementation of the constant friction model as well as the curve-
�tted generalised Stribeck curve will be discussed. Because of the fact that in the
latter model several di�erent parameters play a role, this is more complicated than
the constant friction model.

Generally, for the description of the contact behaviour, special contact elements,
positioned between the interacting surfaces, are used. Depending on a contact cri-
terion, the condition of the contact elements can be `closed' or `open'. In the open
condition the surfaces of tool and sheet do not interact in any way. In the closed
condition the both surfaces interact and cause stresses. The stresses which are im-
portant with respect to the frictional behaviour are the normal stress �n and the
shear stress � . This � in the FEM simulations depends on �n by the following
relation:

� � � � j�nj (6.1)

in which the <-sign is valid in the case of stick and in which � represents the
coe�cient of friction. This coe�cient of friction can be a constant input parameter:

� = const: (6.2)

Often this is referred to as `Coulomb' friction, which is in fact an incorrect name,
as discussed in chapter 1. It is also possible to use a coe�cient of friction which
depends on the local contact conditions as presented in chapter 3. In this chapter
equation 6.3 (eqn. 3.22 in chapter 3) is used:

� = 0:5 �
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From this equation it can be seen that as well as the stresses, also the sum
velocity has to be calculated for the contact element.

Some speci�c remarks on the implementation of the frictional behaviour in the
contact models have to be made:

� If a contact element is closed, the accompanying �nite displacement results
in a penetration of the surfaces. This penetration depends on the normal
sti�ness of the contact element and the normal stress in the contact. For
calculation time reasons this contact sti�ness is chosen lower than the elasticity
modulus of the materials involved, which results in a larger contact area than
is expected on the basis of the Hertzian theory and the discretization (number
of elements in contact) error. This, in turn, causes an inaccuracy in the contact
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figure 6.1: Contact pressure distributions calculated using Hertz and using DiekA

geometry and thus in the contact pressure. The di�erence between the contact
pressure calculated with DiekA and the Hertzian pressure distribution is shown
in Figure 6.1.

� For numerical stability reasons a damping force is added to the model. This
damping force is applied just before a contact element really closes and still
operates for a short time after opening of the contact element. In this way the
stresses in the contact are applied smoothly. Without damping the total stress
would be applied in a single step (open!closed), which would cause numerical
instability. For the above reasons this damping force can cause stresses on the
surface which is not in contact, which again results in a certain inaccuracy.

For a more detailed description of the use of contact elements in FEM simulations
of SMF processes the interested reader is referred to Vreede (1992) and Vreede et
al. (1995). For the exact information about the implementation of the generalised
Stribeck curve in contact elements see Troelstra (1996). For comparison of both
implemented friction models, calculations were performed for several 3D test cases.

6.3 Veri�cation of the implemented friction mo-

del

For veri�cation of the implemented local friction model, based on the generalised
Stribeck curve, it was decided to use a curve-�t (using equation 6.3) in a 2D FEM
simulation of the RON tester. In this way the curve-�t, which was used as an input,
should be reproduced by the simulation.

Only a small part of a strip in the contact zone of the RON tester was modelled,
see Figure 6.2.
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figure 6.2: Two-dimensional �nite elements model of the contact zone in the RON
tester.

dimension of: length width unit
strip 3 0.78 mm
rolls 3 3 mm

roll
radius 50 mm

table 6.1: Dimensions of the FEM model of the RON tester

A distributed load of 11.7 N per mm width was applied to the rotating tool which
resulted in a total load of 350 N for the whole contact width. The displacements of
the stationary tool in the tangential direction were suppressed, as well as the radial
displacements of the rotating tool at the upper nodes. The velocity of the strip in
the x-direction was prescribed with a constant velocity at both ends of the strip.
Further details are described in table 6.1.

It was also assumed that the boundaries of the model of Figure 6.2 are not
a�ected by the stresses and displacements in the contact.

6.3.1 Simulation procedure

The normal force on the contact was applied �rst and, without prescribing any dis-
placements, a number of steps (� 10) was calculated to eliminate the in
uence of
the damping in the contact area.

In section 6.2 it was pointed out that the damping force is added to the contact
sti�ness of a contact element. The smaller the displacement increment, the smaller
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Curve � L
Curve 1 � =

R
�dx=

R
�ndx L = (�inl � v+)=(Rat �

R
�ndx)

Curve 2 � =
R
�dx=

R
�ndx L = (�inl � v+)=(Rat � �pHertz)

Curve 3 � = according to equation 6.3 L = (�inl � v+)=(Rat � �pHertz)

table 6.2: Di�erences between the calculated curves

the in
uence of damping is. When a normal force is prescribed, the �rst calculation
of the contact sti�ness still contains a lot of damping. Every following step under
the same load will slightly adjust the contact gap and diminish the damping terms,
until the contact has reached an approximately constant gap. Since a Lagrangian
description is used in the y-direction, the element mesh will be indented in the con-
tact area because of the force exerted by the tools.

After that, the tangential motion of the tools along the strip can be prescribed.
Since a Eulerian description is used in the x-direction, the relatively �ne element
distribution in the contact area remains in the same place and the material `
ows'
through the mesh.

For the simulations it was assumed that the lubricant shows incompressible be-
haviour which implies that the sti�ness of the contact layer is in�nite.

The velocity of the strip relative to that of the tools increases from 2 to 500
mm/s, while the contact pressure remains constant. Using this procedure, the mea-
surement of a Stribeck curve is simulated.

6.3.2 Results of the simulations

In Figure 6.3 three di�erent generalised Stribeck curves are presented. In the �rst
curve the lubrication number was calculated on the basis of the mean contact pres-
sure calculated by DiekA; the friction coe�cient was determined from the integrated
shear stresses divided by the integrated normal stresses in DiekA. In the second curve
the lubrication number was calculated using the mean Hertzian pressure, whereas
the friction coe�cient was calculated on the same basis as in the �rst case. For
the third curve, the relation between lubrication number and friction coe�cient is
determined from the tanh curve-�t.

It can be seen that curve 2 di�ers from curves 1 and 3. This can have the
following reasons:

� Because the contact area is wider than in a real situation, the mean contact
pressure in the simulation is lower than would be expected on the basis of the
Hertzian contact theory, see Figure 6.1. This implies that the mean lubrication
number in the FEM calculation will be higher than the number based on the
mean Hertzian pressure. For a given load, surface roughness and inlet viscosity,
in the simulations the transitions of the Stribeck curve will occur at a lower
velocity than would be expected on basis of the Hertzian pressure distribution.



96 Chapter 6: Application of friction curve-�ts in FEM-simulations

0.14

0.12

0.10

0.08

0.06

0.04

0.02

1.0e-05 1.0e-04 1.0e-03 1.0e-02
L

µ
DiekA

L(p )DiekA

µ
1

DiekA
L(p )

Hertz

µ2

curve fit of
experimental data

3

Average Hertzian contact pressure: 71.5 MPa
Average contact pressure in DiekA: 31.4 MPa

figure 6.3: Stribeck curves obtained by a simulation of the friction tester
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figure 6.4: Contact pressure and friction coe�cient in the contact area

� In the �nite element calculation, the contact area has been discretised. Thus,
instead of calculating one lubrication number for the whole contact area, in
each node the lubrication number is calculated as a function of the local pres-
sure, see Figure 6.4.

At the sides of the contact a higher lubrication number will be calculated than
in the middle of the contact area. The friction coe�cient calculated at the
sides of the contact will thus be lower, the friction coe�cient in the middle
will be higher. The di�erence with the original curve-�t will depend on the
pressure distribution, the mean lubrication number in the contact and the
number of nodes which describe the contact area.
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figure 6.5: Element mesh for 3D draw bending

6.4 3D Deep drawing

In this section the results of simulations from 3D modelled deep drawing of a strip,
3D modelled deep drawing of an axisymmetric cup and deep drawing of a Nu-
misheet'93 square cup (see Makinouchi et.al. (1993)) will be presented. The ob-
jective of all example simulations was to show the di�erences between the use of a
constant coe�cient and the use of the generalised Stribeck curve-�t.

6.4.1 Elements for 3D SMF simulations

In 3D simulations of SMF processes, two element types are widely used: the mem-
brane element and the Mindlin element. Both elements have a plane stress condition.
This implies that the stresses normal to the sheet will remain zero. Because of the
plane stress condition, the sheet does not change in thickness due to normal forces
on upper and lower surface. A change in thickness is only caused by contraction
of the sheet due to strains in the plane of the sheet. If a plane strain condition is
simulated by means of 3D elements, the displacement in the y-direction of the 3D
elements has to be suppressed.

Bending forces in the sheet will contribute to the process force in a deep drawing
simulation. As this bending process is involved in most SMF processes these bending
stresses should not be ignored. Mindlin elements have a bending sti�ness, whereas
membrane elements do not resist bending forces. Therefore, triangular Mindlin ele-
ments with three nodes and a variable number of integration points over the height
were used in the 3D deep drawing simulations. An even number of integration points
will cause the bending sti�ness to be too high, an odd number of integration points
leads to a bending sti�ness which is too low. For reasons of memory use and calcu-
lation time, in the following simulations two integration points over the height were
used.
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figure 6.6: 3D draw bending geometry (dimensions in mm)

6.4.2 Draw bending of a strip

6.4.2.1 FEM model

A strip with a width of 2 mm was modelled with 120 triangular Mindlin elements
(Figure 6.5) the material input properties can be found in appendix F. The displace-
ments in the y-direction of both sides of the strip were suppressed. Simulations were
performed for the geometry as shown in Figure 6.6.

6.4.2.2 Stribeck friction in
uences

With the same Stribeck curve and a range of three punch velocities, 1 mm/s, 10
mm/s and 100 mm/s, simulations with Stribeck friction were carried out. The
result of the simulations is presented in Figure 6.7 which shows the punch force F
for Coulomb friction and Stribeck friction as a function of punch displacement at
di�erent values of punch velocity. The punch force curve-for a frictionless simulation
has also been included.

As was expected, the punch force diminishes at higher velocities, indicating that
the total friction force becomes smaller. Figures 6.8, 6.9, 6.10 and 6.11 show the
shear stresses and the principal strains which are found from the simulations. In
appendix G the coordinate distances of the x-axis are shown along the deformed
sheet in order to make out where the speci�c stresses and strains occur.

From the shear stress distribution at the lower side of the strip it appears that
the width of the shear stress peak decreases with increasing velocity. This means
that the Stribeck friction model not only causes a lower tangential stress, but that
it also reduces the contact areas between tools and strip.

The length strain of the strip also decreases with increasing velocity. This is
caused by the decreasing e�ect of friction forces at the surface of the strip. In parts
of the strip where thickness reduction occurs, Stribeck friction gives less thickness



6.4 3D Deep drawing 99

punch displacement (mm)

F
 (

N
)

Coulomb

Stribeck 1 mm/s

Stribeck 10 mm/s

Stribeck 100 mm/s

Frictionless

Legend

44

55

33

22

11

0
5 10 15 20 25
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figure 6.9: Shear stress at the upper side of the strip
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reduction. At the parts of the strip where positive thickness strains occur (40 to 55
mm), more thickening occurs at a higher punch velocity. These e�ects are closely
related to the decreasing tangential friction forces.

6.4.3 Axisymmetric deep drawing simulation

6.4.3.1 FEM model

For axisymmetric deep drawing, a section of 10 degrees from a circular blank has
been modelled. The geometry of die, punch and blank holder are given in Fig-
ure 6.12.

R8

R8

40
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85

50

figure 6.12: Geometry of the axisymmetric deep drawing problem

In the contact behaviour a relatively low contact sti�ness at the upper side of
the strip had to be chosen, in order to obtain convergence during the calculation,
see appendix F.

The element mesh is given in Figure 6.13. Displacements in the tangential di-
rection � have been suppressed, only the displacements in the radial direction r and
the z-direction are possible. The punch displacement is 25 mm and the same punch
velocities were used as in the draw bending case.

6.4.3.2 Stribeck friction in
uence

In 3D axisymmetric simulations, di�erences in punch force and shear stresses occur
at higher velocities as can be seen from Figures 6.14 and 6.15.

As expected, the punch force and the shear stresses decrease at higher punch
velocities. The relative reduction of the friction forces is strongest under the blank
holder.
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figure 6.16: Principal strains along the middle line of the sheet section

To see if any in
uence of the friction reduction can be seen in the principal
strains of the material, the length strain and the thickness strain have been plotted
in Figure 6.16. In this last �gure, the labels e1 and e3 represent the major principle
strain and the major thickness strain, respectively.

The Stribeck friction forces at higher velocities have reduced the length strain of
the blank but they have magni�ed the thickening of the strip. This was expected,
because a smaller length strain implies that the blank has stretched less and that
the edge of the blank has been drawn in further than in the case of Coulomb friction.
Therefore, the initial outer diameter of the blank has been reduced more, causing
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the blank to thicken more under the blank holder.

6.4.4 Square cup deep drawing simulation

6.4.4.1 FEM model

In this section the deep drawing of a square cup is used for comparison of an SMF
simulation with the results of experiments. This process was used as a benchmark
problem at the Numisheet'93 conference (see Makinouchi et al. (1993)) and for this
reason many experimental data were available for this experiment. The geometry
of the square cup is given in Figure 6.17. Material data are listed in appendix F.

The element mesh of the cup is shown in Figure 6.18. Because of the symmetry
only a quarter of the cup needs to be modelled. In the case of an isotropic material,
an eighth section of the cup would have su�ced.

The punch stroke is 40 mm. After 15 mm and 40 mm punch displacement the
principal strains of the cup on lines OA and OC are considered, because experimental
data for these lines at these punch displacement is available. For the Stribeck friction
model the same values for friction coe�cients and transition points have been used as
in the draw bending and axisymmetric simulations, see also appendix F. Simulations
were carried out with the Coulomb friction model and with the Stribeck friction
model with punch velocities of 1, 10 and 100 mm/s.

6.4.4.2 Stribeck friction in
uence

The in
uence of Stribeck friction can be seen in the punch force diagram in Fig-
ure 6.19.

The punch force decreases for Stribeck friction with increasing punch velocities.
This is caused by the decrease in friction forces in some areas, which cause the strains
in the material to be smaller compared to those calculated by the Coulomb model.
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figure 6.18: Finite element mesh of a quarter of a cup

punch displacement (mm)

F
 (

N
)

Coulomb
Stribeck 1 mm/s
Stribeck 10 mm/s
Stribeck 100 mm/s

Legend

.15E05

.12E05

.9E04

.6E04

.3E04

0
0 10 20 30 40

figure 6.19: Punch force for the deep drawing of a square cup
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figure 6.21: Principal strains on line
OA after 40 mm punch displacement

Punch displ.(mm) 15 OA 15 OB 15 OC 40 OA 40 OB 40 OC
Experiments (av.) 6.17 6.12 3.24 27.96 27.95 15.36
Coulomb 5.76 5.89 3.39 26.90 27.30 16.03
Stribeck 1 mm/s 5.90 5.90 3.58 26.98 27.33 16.06
Stribeck 10 mm/s 5.96 5.96 3.67 27.36 27.71 16.40
Stribeck 100 mm/s 6.04 6.04 3.78 27.91 28.35 16.76

table 6.3: Draw-in results for the simulations and the experiments

Therefore, the strain hardening of the material is less and the forces, required to
deform the material also decrease. From this it can be concluded that friction forces
have a complicated in
uence on SMF processes.

The principal strains have been compared for Coulomb friction and Stribeck
friction at a punch velocity of 100 mm/s. Figures 6.20 and 6.21 show the principal
strains on line OA and Figures 6.22 and 6.23 show the principal strains on line OC
(see Figure 6.17).

The lower friction forces in the calculation with Stribeck friction reduce the
length strain e1. The thickness strain e3 has a higher value, which means that
everywhere the sheet is thicker.

The in
uence of Stribeck friction on the draw-in is listed in table 6.3.

The draw-in in each point is de�ned as the di�erence between the original and
the �nal distance to the z-axis. At the higher velocities the draw-in turns out to be
higher for Stribeck friction than for Coulomb friction. This conclusion con�rms the
decrease in friction forces and deformation forces as indicated earlier. It also appears
that the draw-in on the lines OA and OB is in
uenced more by the Stribeck friction
than the draw-in on line OC. The deformation conditions on line OC are more like
axisymmetric deep drawing, the conditions on lines OA and OB are similar to the
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figure 6.23: Principal strains on line
OC after 40 mm punch displacement

draw bending of a strip. The comparison to experimental results will be made in
the next section.

6.4.4.3 Experimental results

For the Numisheet'93 conference, the same square cup as was discussed in the pre-
vious section was used as a benchmark for experiments and numerical simulations.
All measurements of thickness strain and draw-in of the di�erent experiments were
averaged. It must be noted that the variation in the experimental results is quite
large (individual results sometimes di�er by a factor 2 to 4). From the experimental
results no correlation was found between higher punch velocities and lower strain-
s. This is mainly caused by the fact that the experiments have been carried out
on several di�erent testing devices, for which the individual conditions may well
have varied signi�cantly with respect to both friction and deformation. It would
have been more valuable to have experimental results at di�erent velocities from the
same test equipment.

However, in order to obtain a �rst impression of the relation between the square
cup FEM simulations and the mean values of experimental results, the thickness
strains on lines OA and OC are compared. In Figures 6.24, 6.25, 6.26 and 6.27
the mean thickness strains from the experiments and the thickness strain from the
simulations with Coulomb friction and with Stribeck friction at 100 mm/s are giv-
en. The graphs from the experiments on line OA show a sudden drop at the end
(point A). The drop is caused by localised thinning of the test specimen: in some
experiments the blank had deformed so much that the thickness strain in point A
of the blank could not be measured. The experiments for which the thickness could
be measured on the edge were the ones in which the blank had thickened less. The
mean value on the edge is therefore lower.

The trends in the experimental data (location of the minimum and maximum
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figure 6.25: Thickness strain on line
OA after 40 mm punch displacement

strains) are the same as those found in the simulations. The values do not match
the mean of the experimental data. However, the simulation results are within the

uctuations of the experiments, see Makinouchi et al. (1993). It is obvious that the
thickness reduction of the material is underestimated in all stages of the simulations.
After a punch displacement of 15 mm, the experiments show a considerable amount
of thinning under the punch, where the simulations show hardly any strain at all.
This is due to the blank holder force working on the nodes at the punch rounding:
this force will pushes the blank towards the bottom of the punch. This connection
between the blank holder and the sheet does not change during the process; initially
the sheet is connected to the blank holder. After a certain punch displacement the
contact elements close again in the region of the punch rounding. At that moment
the blank holder force is partly applied to the sheet at the punch rounding, which is
a modelling error. If the force were absent, the blank would strain more under the
punch and would not stick at the punch rounding or it would start slipping at an
earlier stage.

After a punch displacement of 40 mm, the experimental and simulation results
on line OA look more similar, although the maximum di�erence between the two
curves has not decreased. On line OC the di�erence has increased. There, the simu-
lation at 40 mm punch displacement is much further from the experimental curve.

The in
uence of Stribeck friction on the thickness strain is small compared to the
distance of the simulation curves to the experimental curve. When the connections
of the contact nodes are adjusted during the calculation such that the blank holder
force is applied correctly, simulation results may change considerably and more e�ect
is expected from the Stribeck friction.

As can be seen in table 6.3 in the previous section, in simulations with Stribeck
friction at a high velocity, the draw-in matches the experimental mean value quite
well on lines OA and OB. On line OC, the draw-in value from the simulation is
higher than the mean experimental value.
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figure 6.26: Thickness strain on line
OC after 15 mm punch displacement

Stribeck 100 mm/s
Coulomb
Average of experiments

Legend

st
ra

in

27.5 55 82.5 110

Coordinate distance undeformed sheet (mm)

-.12

-.06

0

.06

.12

figure 6.27: Thickness strain on line
OC after 40 mm punch displacement

6.5 Discussion and conclusions

Although a single generalised Stribeck curve �t is used for the simulations described
in this chapter, signi�cant e�ects are found. However, some remarks must be made:

� From the veri�cation based on simulation of the RON tester it was found that
the Stribeck friction model is implemented well. It appeared, however, that
the contact pressures as calculated by the FEM code are too low in comparison
with the real applied pressure. This is caused by the contact element sti�ness
which has to be chosen much lower than the elasticity modulus of the material.
The low sti�ness has to be chosen for reasons of calculation time. Acceptable
calculation times are approximately 14 hours or less. Furthermore, in simula-
tions the coe�cient of friction is calculated in the contact per node, whereas
for the experiments the coe�cient of friction is determined as an average for
the whole contact. Furthermore, the in
uence of the mesh dimensions has to
be studied in more detail. A better criterion is needed to decide whether a
�ner mesh is needed or not. Such a criterion can be based on checking the
mean contact pressure in the contact zone. Re�nement is still necessary in
case the mean contact pressure is not stable.

� The 3D simulations show that the Stribeck friction model in
uences punch
force characteristic, strains and stresses signi�cantly. Comparison with exper-
imental data showed that the deviations in the measured data are so large
that no �rm conclusion can be drawn with respect to this.

Further research on the Stribeck model in the FEM code can be performed in
di�erent directions. Firstly a more fundamental study should be carried out with
respect to the contact description, as this is not yet satisfactory. Also, the Stribeck
model should be extended for the secondary in
uence of the contact pressure and
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other factors mentioned in chapter 3. Secondly, the conclusion that the simulations
show a signi�cant in
uence of friction may encourage the attempt to implement the
theoretical model presented in the �rst part of chapter 3.
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Chapter 7

Conclusions and recommendations

In this chapter the conclusions from the present work are summarized. They relate
to chapters 4, 3, 5 and 6 and they are discussed in this order in separate sections.
Related recommendations are presented in the same sections.

7.1 Experimental friction tester

Conclusions:

� With the RON tester it is possible to measure friction under conditions of
controlled deformation, thus simulating SMF conditions.

� The modular construction of the RON tester makes it a multi-purpose tester
with respect to tribological experiments on relatively thin specimens.

Recommendations:

� The sensitivity to stick/slip of the RON tester with the zinc coated materials
has to be studied in more detail in order to determine to which degree the
tester itself contributes to this behaviour.

� To simplify the experiments, a coupling between the tensile tester control unit
and RON's control unit needs to be established.

� A possibility for reliable measurements with 
at tools is desirable for compa-
rison of the experimental results with other devices.

7.2 Friction models

7.2.1 Theoretical model

Conclusions:

� It is possible to predict realistic generalised Stribeck curves on the basis of a
combination of the theory proposed by Greenwood and Williamson, and EHL
theory.

� The exponential asperity height distribution overestimates the real asperity
heights and should therefore not be used in the theoretical model.
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� Depending on the operational conditions, the calculated generalised Stribeck
curve may shift to higher or to lower L values at increasing normal load. Under
SMF conditions it shifts to higher L values.

� The precise values of the parameters n and � have a minor e�ect on the
generalised Stribeck curve as their product remains reasonably constant. In
fact an increase in n value causes a decrease in � value.

Recommendations:

� With new fast computer techniques it is possible to obtain (asperity) height
distributions from measurements. These should be used in the calculations.

� For higher load conditions the Roelands equation should be used in the calcula-
tions instead of the Barus equation, which overestimates the dynamic lubricant
viscosity at higher loads.

� Plastic deformation of the asperities is not taken into account by the theoretical
model, further research on this item is necessary.

� For the calculations a measured value for �c, the coe�cient of friction for BL,
is still necessary. Models for the determination of this value would be welcome.

� With rough surfaces the calculation of the contact pressure on the basis of
Hertz' theory has to be adjusted, because the asperities cause an increase in
the apparent contact surface.

7.2.2 Empirical friction model

Conclusions:

� Several di�erent curve{�ts may be used to describe the frictional behaviour of
a tribo-system, in terms of a generalised Stribeck curve.

� A tanh �t of the generalised Stribeck curve results in a relatively simple equa-
tion which can be implemented easily in calculations (e.g. FEM simulations).

Recommendations:

� In practice, measured curves do not show a perfectly symmetrical form given
by a tanh �t. The tanh symmetry makes that a measuring point may have
more or less in
uence on the shape of the curve. For this reason it may be an
improvement to use a non-symmetrical function for �tting purposes.

� The e�ect of the pressure on the position of the transitions is not taken into
account, more experiments are needed to study this dependence.
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7.3 Experiments

7.3.1 Bulk deformation

Conclusions:

� Pre-straining of sheet material does not change the generalised Stribeck curve{
�t of a sheet/tool/lubricant system. Therefore the curve �t obtained without
deformation can be used for calculations.

� Application of a tension to the sheet just below the uniaxial yield stress,
in combination with a contact pressure, does not in
uence the generalised
Stribeck curve{�t.

� Simultaneous application of strain and sliding on sheet/tool/lubricant combi-
nations results in a shift of the BL/ML transition to higher L values during
an experiment.

� Calculated and measured generalised Stribeck curves show a good correlation.

Recommendations:

� The mechanism behind the shift of the BL/ML transition during a simultane-
ous sliding and deformation experiment has to be studied as this point is not
clear yet.

� In order to study the in
uence of the contact pressure on the transitions more
experiments for higher and for lower contact pressures have to be performed.
The use of a 
at tool can be a �rst step in this direction.

7.3.2 Surface roughness in BL

Conclusion:

� For the combinations of tool material and sheet materials, used in SMF, the
coe�cient of friction in the BL regime depends strongly on the surface rough-
ness (Ra) of the harder tool.

Recommendation:

� The in
uence of roughness in soft/hard material combinations in SMF and
the mechanisms behind this, must be studied in order to better predict the
behaviour in the BL regime.
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7.3.3 Materials

Conclusions:

� Zinc coated steel sheet, aluminium sheet and sandwich laminates show a fric-
tional behaviour which di�ers from that of uncoated steel sheets.

� The ranking of lubricants on zinc coated sheets only on the basis of friction
measurements is not possible, because zinc compounds are transferred to the
tool.

� Galvannealed sheet materials cause an unstable frictional behaviour with al-
most all lubricants used.

Recommendation:

� In the SMF industry the interest for zinc coated, aluminium and sandwich
laminate materials is growing fast. More extensive research with respect to
the frictional behaviour of these kinds of materials is necessary, because the
present research shows that these materials behave di�erently from uncoated
steel sheets.

7.4 FEM simulations

Conclusions:

� In FEM simulations of SMF processes application of a tanh curve �t, based
on measured data, instead of a constant coe�cient of friction in
uences both
the calculated punch force characteristics and the stresses.

� The contact description (sti�ness and damping) strongly in
uences the abso-
lute values of the calculated parameters.

Recommendations:

� Continued research on the subject `contact description' is necessary to obtain
a more realistic contact behaviour in FEM simulations.

� On the basis of the results of the simulations, application of the theoretical
model, described in the �rst part of chapter 3, is to be considered.
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Appendix A

Hertzian relations for contact

A.1 Line contact

Mean contact pressure:

�p =
�

4
�
s
Fn=B � E�
2 � � �R� (A.1)

Combined elasticity modulus:

E� =
2 � E1 � E2

E2 � (1� �1
2) + E1 � (1� �2

2)
(A.2)

Combined radius:

R� =
R1 �R2

R1 +R2
(A.3)

Half contact width:

a =

s
8 � Fn �R�
� �B � E� (A.4)

A.2 Point contact

Mean contact pressure:

�p =
1

3 � � �
3

vuut3 � Fn � (E�)2
(R�)2

(A.5)

Contact radius:

r =
3

s
3 � Fn �R�

E�
(A.6)
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Appendix B

Materials speci�cations

B.1 Sheet materials

For the experiments eight di�erent sheet materials were used, two uncoated steel
sheets (UCS), two zinc-coated steel sheets (ZCS), one aluminium sheet material (A)
and three sandwich material (S). The speci�cations of these materials are presented
in tables B.1, B.2, B.3 and B.4. The values of the properties, which are dependent
on the rolling direction, are a mean value of the values measured in the rolling
direction, perpendicular to the rolling direction and at 450 (2�).

UCS1 UCS2
property Low Carbon TSulc unit description

E 2.1 � 1011 2.1 � 1011 Pa elasticity modulus
� 0.3 0.3 { Poisson constant
�y 175 151 MPa yield strength
�b 312 308 MPa tensile strength
C 534 - MPa Nadai constant
n 0.210 0.228 { Nadai constant
Rani 1.61 2.2 { anisotropy value
st 0.8 0.7 mm sheet thickness
Ra(surface) 1.85 0.82 �m CLS area surface roughness
Ra(stylus) 1.92 0.89 �m CLS line surface roughness
rough. type EDT EDT roughness type

table B.1: Uncoated steel sheet properties.
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Bulk steel properties
GA GI

property TSulc/IF-Ti/Nb TSulc/IF-Ti unit description

E 2.1 � 1011 2.1 � 1011 Pa elasticity modulus
� 0.3 0.3 { Poisson constant
�y 170 185 MPa yield strength
�b 310 312 MPa tensile strength
n 0.217 0.220 { Nadai constant
Rani 1.8 2.0 { anisotropy value
st 0.69 0.68 mm sheet thickness
Ra(surface) 1.48 1.12 �m CLS area surf. roughn.
Ra(stylus) 1.00 1.00 �m CLS line surf. roughn.

Coating properties
type GA GI coating type

HD-ZnFe HD-Zn
ct 7.2 7.4 �m mean coating thickness
cm 122 107 g/m2 mean coating mass

table B.2: Zinc coated steel sheet properties.

6016 T4
property A1 unit description

E 0.7 � 1011 Pa elasticity modulus
� - { Poisson constant
�y 158 MPa yield strength
�b 256 MPa tensile strength
n 0.221 { Nadai constant
Rani 0.6 { anisotropy value
st 1.17 mm sheet thickness
Ra(surface) 0.95 �m CLS area surface roughness
Ra(stylus) - �m CLS line surface roughness

table B.3: Aluminium sheet properties.
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property Hylite S1 S2 unit description

�b 150 438 136 MPa tensile strength
st 1.3 1.2 2.4 mm total sheet thickness
tout1 0.224 0.2 0.2 mm outer layer 1 thickn.
tout2 0.224 0.2 0.2 mm outer layer 2 thickn.
tin 0.86 0.8 2.0 mm inner layer thickn.

al. soft al. hard al. soft { outer material
poly propylene poly prop. poly prop. { inner material

Ra(surf.) 0.3 0.3 0.3 �m CLS area surf. roughn.

table B.4: 3-layer sandwich sheet properties.

B.2 Lubricants

Code % Linear % Branched % EP/AW % Mineral Design
ester ester additive oil nr.

SG0029/Lub1 0.0 0.0 0.0 100.0 {
SDF0061/Lub2 0.0 0.0 0.0 100.0 1
SDF0062 0.0 0.0 1.0 99.0 5
SDF0063 10.0 0.0 0.0 90.0 8
SDF0080 0.0 10.0 1.0 89.0 3
SDF0081 5.0 0.0 0.5 94.5 9
SDF0082 10.0 10.0 0.0 80.0 6
SDF0083 10.0 10.0 1.0 79.0 4
SDF0085 0.0 10.0 0.0 90.0 2
SDF0086 0.0 5.0 0.5 94.5 11
SDF0087 5.0 5.0 0.0 90.0 10
SDF0088 10.0 5.0 1.0 84.0 12
SDF0089 10.0 0.0 1.0 89.0 7

table B.5: Composition of the lubricants.

All lubricants in the above table had a dynamic viscosity of approximately 1.2
Pa�s, except for the SG0029/Lub1 lubricant which had a dynamic viscosity of ap-
proximately 0.6 Pa�s. Both values were measured at 20oC.
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B.3 Tool materials

DIN 1.2510
property ARNE unit description

E 2.1 � 1011 Pa elasticity modulus
� 0.3 { Poisson constant
Hv � 6500 MPa Vickers hardness
Ra(surface) � 0.05 �m CLS area surface roughness

table B.6: Tool steel properties.
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Calculating generalised Stribeck

curves

In this appendix the iterative calculation of the coe�cient of friction for a line con-
tact will be described. By using a range of velocities it becomes possible to calculate
a generalised Stribeck curve, see chapter 3.

The �rst step is to calculate the mean (apparent) contact pressure, �p, and the
apparent contact area, AHertz, by using the Hertz equations, which can be found in
appendix A. The next step is the choice of a start value for the sum velocity at the
contact. After this an iterative procedure is followed until a stable �{value for each
velocity in the whole velocity range is obtained. The iterative determination of � is
explained in the following.

1. The total normal force on the contact is divided between the asperity contact
area and between the full �lm lubricated area, Fnc and Fnma , respectively. Fnc

is a function of the separation according to Greenwood and Williamson (1966),
f(h�). The other part of the normal force, Fnma is a function of the separation,
h�, the total normal force, Fn, and the sum velocity, v+, g(h�; Fn; v

+). For this
function a corrected �lm thickness equation is used.
The value of h� is now obtained by solving the root of the following equation
by using a bisection method:

Fn � f(h�)� g(h�; Fn; v
+) = 0 (C.1)

Finally a stable value for h� is obtained by solving this equation.

2. The asperity part of the contact area, Ac, can now be calculated from:

Ac = �n�� � AHertz � Fj(h
�=�) With :j = 1 (C.2)

In this equation the function Fj(h
�=�) is given by:

Fj(
h�

�
) =

1Z
h�

�

(s� h�

�
)j�(s)ds (C.3)
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As the Gaussian distribution is used, �(s) is given by:

�(s) = e�s
2=2 (C.4)

3. The fully separated contact area, Ama, is obtained from: Ama = AHertz � Ac

4. The mean pressure in the lubricant �lm has to be calculated for use in the
lubricant viscosity/pressure relation. Here the Barus equation is used: � =
�inl � e�l �p. The equation for the mean contact pressure �ph reads:

�ph =
Fnma

Ama
(C.5)

5. The lubrication number, L, has to be calculated from:

L =
�inl � v+
�p �Rat

(C.6)

6. Finally the coe�cient of friction is obtained from:

� =
�c � Fnc +

� � vdif
h�

� Ama

Fn
(C.7)

For the calculations reported in chapter 3 the Dowson/Higginson equation and
the equation by Moes, see appendix D, �lm thickness equations for line contacts
are used, calculating, not the minimal �lm thickness but the central �lm thickness
(hcentr = 4=3 � hmin�line) is used, because the only a very small part of the full �lm
lubricated part is subjected to the minimal �lm thickness.

To obtain the separation from this �lm thickness equation has, as already men-
tioned, to be corrected according to Johnson, Greenwood, and Poon" (1972). In
that work of Johnson it is shown that the pressure in a mixed lubricated contact is
equal to the sum of the pressure in the boundary lubricated part and the pressure
in the hydrodynamically lubricated part, see �gure C.1. Therefore:

p = 
 � pH (C.8)

in which:

p the total pressure
pH the pressure in the hydrodynamically lubricated contact part

 the ratio of the above pressures
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Hertzian contact pressure

p

pbl

ph

figure C.1: Pressure in an ML contact according to Johnson et al. (1972).

To take into account the e�ect of the load being partially transferred by the
boundary lubricated contact part, the ratio 
 has to be used in the derivation of the
�lm thickness equation by using Fn=
 instead of Fn and E�=
 instead of E�.

For the asperity contact part of the total load the G&W equation from sec-
tion 3.2.2 is used:

Fnc =
2

3
(n��)E�

s
�

�
AHertzFj(

h�

�
)With :j = 3=2 (C.9)
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Appendix D

The in
uence of normal force on

the generalised Stribeck curve

The lubrication condition in thin-�lm lubricated line contacts can be described by
means of �gure D.1, in which the �lm thickness parameter Hminis expressed as a
function of a load parameter M and a lubricant parameter L, which are all dimen-
sionless, see Moes (1995).

In �gure D.1 Hmin, M and L are de�ned as follows:

figure D.1: Film thickness as a function of load, lubricant and material properties.
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Hmin =
hmin

R�
�
s
E� �R�
�inl � v+ (D.1)

M =
W

E� �R� �
s
E� �R�
�inl � v+ (D.2)

L = �l � E� �
 
�inl � v+
E� �R�

!1=4

(D.3)

The entire diagram is covered by the following equation, proposed by Moes
(1992):

Hmin =

"�n�
1� e�(HRP =HEP )

5=2
�
�H5=2

EP

o8=15
+H

4=3
EI

�7=4
+H

7=3
RI

#3=7
(D.4)

This equation was used in chapter 3 of this thesis. In this equation HRI , HRP ,
HEI and HEP are de�ned as follows:

HRI = 2:45 �M�1 the rigid=isoviscous asymptote (D.5)

HRP = 1:05 � L2=3 the rigid=piezoviscous asymptote (D.6)

HEI = 2:05 �M�1=5 the elastic=isoviscous asymptote (D.7)

HEP = 0:86 �M�1=8 � L3=4 the elastic=piezoviscous asymptote (D.8)

W = Fn=B (D.9)

In small areas of the diagram the relation between Hmin andM can be expressed
by a simple power relation:

Hmin /M�x (D.10)

As indicated in �gure D.1, for the rigid/isoviscous asymptote x = 1 and for
the elastic/isoviscous asymptote x = 0:2. In the so-called `region of Dowson and
Higginson (D&H)', see Dowson and Higginson (1966), the curves for L = constant
are (nearly) straight. In this region x has as a value of approximately 0.13. In the
latter case the `D&H equation' can be used to calculate the minimum �lm thickness
hmin:

hmin�line � 1:60 �Rx � (�l � E�)0:60 �
 
�inl � v+=2
E� �Rx

!0:70

�W�0:13

(D.11)

Consequently we may write:
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hmin / Fn
�0:13 � v+0:7

(D.12)

Since in a generalised Stribeck curve � is expressed as a function of:

H

Rat
=

�inl � v+
�p �Rat

(D.13)

we can express hmin in terms of H=Rat. By inserting the relation

v+ / (H=Rat) � �p (D.14)

in equation D.11 we obtain:

hmin / Fn
�0:13 � v+0:7

= Fn
�0:13 � (H=Rat)

0:7 � (�p)0:7 (D.15)

and, with

�p / F 0:5
n (D.16)

hmin / Fn
0:22 � (H=Rat)

0:7 (D.17)

Equation D.17 shows that in the D&H region, at a constant value of H=Rat, hmin

increases with increasing Fn, which causes the generalised Stribeck curve to shift to
lower L values. This trend has been found by Schipper (1988), who constructed a
`lubrication regime diagram' for contacts operating in the D&H region.

The lubrication condition for the RON tester (and thereby for SMF practice)
can be derived from �gure 5.4 and table 5.2 of this thesis. Inserting the appropriate
values of �p and Rat and taking �inl = 1.2 Pa�s (Lub2) yields a value of 0.68 m/s for
v+. Taking �l = 3�10�8 m2/N and applying equation D.4, yields the following values
for Hmin, M and L: Hmin = 24:5, M = 0:12 and L = 20. In �gure D.1 these values
correspond with point A on the rigid/isoviscous asymptote, i.e. Hmin = 2:45 �M�1.
From this we now �nd:

hmin /M�1 � v+0:5 / Fn
�1 � v+ (D.18)

Inserting H=Rat yields:

hmin / Fn
�1 � (H=Rat) � �p (D.19)
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which, with

�p / F�0:5n (D.20)

becomes:

hmin / Fn
�0:5 � (H=Rat) (D.21)

Equation D.21 shows now that hmin decreases with increasing Fn (at constant
H=Rat), which means that the generalised Stribeck curve shifts to higher H=Rat

values. This was found in the present work in the theoretical analysis as well in
measurements (cf. �gs 3.10 and 5.17).

From the above it will be clear that the latter behaviour manifests itself for all
systems which operate under conditions for which x > 0:5 (eq. D.10). For x = 0:5
(i.e. somewhere in the region of Weber and Saalfeld) the value of Fn (or that of
�p) does not a�ect the generalised Stribeck curve and for x < 0:5 the behaviour,
described by Schipper (1988), is found.
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Appendix E

Determination of n, � and �

In chapter 3 values for the micro surface parameters n, � and � were used in the
calculations of the generalised Stribeck curves. These values were obtained by optical
surface height measurement of the two uncoated steel sheet materials, UCS1 and
UCS2. In table E.1 the relevant values are listed once more.

Many di�erent techniques are available for such measurements among which a
division can be made in surface roughness measurements with contact and surface
measurements without contact. Both techniques result in a discrete interpretation
of the height of the surface i.e. a 3D discrete surface image is obtained.

Generally, the determination of the values of n, � and � is performed by the
following procedure: from the surface image the number of asperities per unit of
surface, n, is obtained. When this is done, the radii of each asperity in both direc-
tions can be determined, which results in a mean value for �. Next, the standard
deviation of the asperity height distribution, �, can be determined.

For the measurements on the UCS1 and UCS2 sheets a device based on optical
interference patterns is used. This is a fast, contactless method which produces a
discrete 3D image of the measured surface. This device is described in more detail
in Lubbinge (1994).

In the next sections detailed information on the determination of each parameter
is presented.

E.1 Determination of n

The determination of the number of asperities on a surface depends on the de�nition
of `asperity'. The discrete surface data consist of x- and y-positions on the reference
plane and values for the height, z, with respect to this reference plane. A surface

UCS1 UCS2
n 7.70� 109 7.73� 109 [m�2] number of asperities
� 4.21 4.92 �m mean asperity radius
� 2.19 1.21 �m st. dev. of the asp. height dist.
n�� 0.071 0.046 {

table E.1: Uncoated steel sheet microsurface properties.
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asperity can now be de�ned in di�erent ways. One possibility is to compare the
height with that of two neighbouring points in the x- or y-directions. The point
under observation is an asperity when both neighbouring points are lower. Another
possibility is to compare the z-value with the z-value of the two neighbouring points
in the x- and y-directions. In this case the point is an asperity if all four points show
a lower z-value. More points can be used as well. However, the more points are used
the more global the result is. In the present case the nearest eight points in the x-
and y-directions determine if a particular point is to be considered an asperity. The
mean value from three measurements on di�erent parts of the each sheet resulted
in the n values in table E.1.

E.2 Determination of �

After the determination of the number of asperities on the discrete surface image,
the radii in the x-direction and y-direction are determined in order to obtain a value
for the mean asperity radius �. This value can again be determined in di�erent ways.
In Handzel-Powier_za et al. (1992) a method, originally by Whitehouse presented,
based on the seven nearest points in the x-direction and y-direction:

�x =
180�x2

2zx�3;y � 27zx�2;y + 270zx�1;y � 490zx;y + 270zx+1;y � 27zx+2;y + 2zx+3;y

(E.1)

�y =
180�y2

2zx;y�3 � 27zx;y�2 + 270zx;y�1 � 490zx;y + 270zx;y+1 � 27zx;y+2 + 2zx;y+3

(E.2)

In these equations the �x and �y values represent the distances between the
discrete points in the x-and y-directions, respectively.

Another way to obtain the asperity radii is introduced by Greenwood (1984):

�x =
zx�1;y � 2zx;y + zx+1;y

�x2
(E.3)

�y =
zx;y�1 � 2zx;y + zx;y+1

�y2
(E.4)

Both methods are essentially based on the determination of the second derivative
of the z-values in the vicinity of an asperity. In de Rooij (1995a) a third method is
described. This method is based on drawing a circle through the asperity and the
two nearest points on both sides. This is done for both the x-and the y-directions.
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The radii of both circles are used for the calculation of �x and �y.
After determination of the �x and �y values for each asperity they, have to be

combined in order to obtain a mean � value for the total surface, as required in the
G&W model. This can again be done in di�erent ways. According to Whitehouse
and Greenwood, the � values can be combined in the following ways:

�comb =
q
�x � �y (E.5)

or:

�comb =
�x + �y

2
(E.6)

After this the mean value of � for the whole surface can be obtained from:

� =
nX
i=1

�combi

n
(E.7)

Another method is to determine a mean �x and �y value for the whole surface and
than to combine these values by one of the above methods (equations E.5 and E.6).

In the present case the � values were calculated on the basis of equations E.1, E.2, E.5
and E.7.

E.3 Determination of �

The value of � was obtained from the discrete asperity height distribution as it is
determined by n and the height (z) values of these n asperities.

E.4 Remarks

With respect to the above determination two additional remarks should be made.
Firstly, the in
uence of the measuring equipment must be considered. The e-

quipment generates discrete surface data. Thus the measured and the calculated
values depend on the resolution of the equipment and di�erent measurements can
only be compared in the case that the same equipment (including magni�cation)
is used under the same conditions. This also implies that the calculated values are
not absolute. With the optical equipment, used in the present case, a higher res-
olution and more accurate measurements can be performed than with stylus type
equipment, used more often. For this reason it is assumed that the values obtained
are the best available yet.

Secondly, the choice of the method for the determination of the number of as-
perities, n, and the mean � value are rather arbitrary. From a comparison of the
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methods in de Rooij (1995a) it appeared that application of di�erent methods re-
sults in signi�cant di�erences (� values di�ering by factors of 2-3). However, from
the calculations in chapter 3 it appeared that the generalised Stribeck curves are
rather insensitive to this kind of variability.
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Appendix F

Material input properties for FEM

simulations

Bulk material

Simulation Thickness Elastic behaviour Plastic behaviour (Nada��)

st (mm) E(GPa) � �y(MPa) "0 C(MPa) n

RON tester 0.80 210 0.3 151 3:68 � 10�3 542 0.228

Draw bending 0.78 206 0.3 173.1 1:03 � 10�2 565.3 0.2589

Axisymmetric 0.80 206 0.3 173.1 1:03 � 10�2 565.3 0.2589

Square cup 1 0.78 206 0.3 173.1 1:03 � 10�2 565.3 0.2589

Tool material

Elastic behaviour

Simulation E(GPa) �

RON tester 210 0.3

Draw bending rigid rigid

Axisymmetric deep drawing rigid rigid

Square cup rigid rigid

Contact behaviour

Simulation K(MPa) �max(MPa) del c gdamp

RON tester 1:0 � 106 150 1:55 � 10�3 0.1 0.1

3D Draw bending 300 1000 0.5 0.5 0.25

3D Axisymmetric 100 1000 0.5 0.3 0.25

Square cup 100 1000 0.5 0.3 0.25

Frictional behaviour

Simulation �(Pa�s) Ra(�m) �EHL �BL LEHL LBL

RON tester 0.6 1.92 0.0 0.136 5:09 � 10�3 2:78 � 10�4

3D Draw bending 0.6 1.66 0.0 0.144 5:0 � 10�3 2:7 � 10�4

3D Axisymmetric 0.6 1.66 0.0 0.144 5:0 � 10�3 2:7 � 10�4

Square cup 0.6 1.03 0.0 0.144 5:09 � 10�3 2:78 � 10�4

1The material is anisotropic with values R0=1.79, R45=1.51 and R90=2.27
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Appendix G

Coordinate distances along the

original sheet
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Appendix H

Photo impression RON

figure H.1: Sliding � 100 mm tool in holder, side view (left) and front view (right).

figure H.2: Rotating tool in holder, side view.
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figure H.3: Sliding � 20 mm tool and holder.

figure H.4: Friction measuring device, side view.
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figure H.5: Sliding tool, sheet and rotating tool, side view.

figure H.6: Sliding tool, sheet and rotating tool, top view.
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figure H.7: Friction measuring device and screw spindle.

figure H.8: RON tester overview.
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Index

A
adhesion, 12
aluminium, 81, 84
ARNE steel, 58
asperity, 6

number of, 129
radius, 129, 130
surface roughness, 26

automotive industry, 1, 58

B
Barus, 30, 36, 112, 122
bellows, 52, 55
bending, 15

air, 14
principle of, 2

BL, 12, 23, 24, 42
blank holder zones, 20
boundary

layer, 6, 21
lubrication regime, 12

C
canning industry, 3
car manufacturing industry, 2, 46
carriage, 54
cleaning

procedure, 59
specimen, 59
tool, 59

coatings, 45
conical products, 3
contact

area (real), 6
die-rounding, 18
element sti�ness, 94
elements, 91
gap, 95

line, 51, 115, 125
macro, 24
micro, 24
mixed lubricated, 122
models, 38
point, 115
regions, 9
sheet/punch, 15
sti�ness, 92
types
basic, 14
combined sliding/rolling, 16

at, 14

corrosion resistance, 57, 58
Coulomb, 5, 98
curve-�t, 39, 40, 75, 109, 112

arctan, 40
tanh, 40, 42, 95

CVD, 45

D
data acquisition, 43
deep drawing

3D simulations, 97
axisymmetric, 14, 20
simulation, 101

principle of, 2
square cup
simulation, 104

deformation, 27, 44
bulk, 23, 44
controlled, 23, 48, 54, 56, 111
elastic, 21
elastic/plastic, 4
in
uence, 21, 22
in
uence on measurements, 60
irreversible, 4
plastic, 21
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uniaxial, 45
DF, 24
die, 2
DiekA, 8, 91, 93, 95
dimensionless lubrication number, 13
distribution

asperity height, 26, 27, 80, 111,
129, 131

exponential, 27
Gaussian, 27, 32
in
uence on calculations, 33
measured, 35, 38

exponential, 27, 33
Gaussian, 28, 33

draw bending
3D simulation, 98

draw-in, 106
drive, 54

E
EHL, 12, 24, 42

theory, 29, 111
elastic

contacts, 6
joint, 53

elasto hydrodynamic lubrication, 12
regime, 12

element
contact, 91
membrane, 97
Mindlin, 97
properties, 44, 45
3D simulations, 97

environment, 11
ester

branched, 85, 87
linear, 85, 87

experimental
device, 43
setup, 8

experiments, 57
high elastic tension, 71
high pressure, 77
lubricants, 83
no deformation, 60

non-ferro sheet, 81
pre-deformation, 66
sandwich laminate, 82
simultaneous sliding and deforma-

tion, 73
square cup deep drawing, 107
zinc coated sheet, 81

F
FEM, 91

simulations, 91
�lm thickness, 29, 122

central, 29
Dowson and Higginson, 29
equation, 35, 126
in
uence on calculations, 35
minimal, 29
Moes, 29


at blank, 2
force

damping, 93, 94
transducer, 53
piezo electric, 53

fresh surface, 73
friction

Coulomb, 92
force control, 10
measuring device, 49, 50, 52
model, 2, 14
Stribeck, 98, 101, 108
testers, 43, 50
new, 49
reciprocating, 48
RON, 49
rotational, 48
strip, 48

full �lm
lubrication, 12, 22

G
galling, 57
galvanized, 81, 84
galvannealed, 81, 84
Greenwood and Williamson, 26
guide, 54
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H
Halling, 38
Hertz, 17, 52, 93, 121

contact pressure, 115
hydro-forming, 3
Hylite, 58

I
information technology, 1
interaction

sheet and tool, 9
interference

microscope, 67
pattern, 28

interferometry, 28
ironing, 3

L
layer

transfer, 87
LCC, 7, 18
localised thinning, 9
lubricant, 59

additives, 59, 83
components, 59
composition, 83
rheology, 29
selective supply, 10
speci�cations, 119

lubricated concentrated contacts, 7, 18
lubricated systems, 7
lubrication

mixed, 24
starved, 59

lubrication mode diagram, 18
lubrication modes, 24
lubrication number, 14, 95, 96

time-dependent, 75
lubrication regimes, 11, 12, 14

SMF, 22

M
magni�cation in
uence, 131
mass production, 1
material

isotropic, 104

properties, 117
sheet
aluminium, 58
coated, 57
sandwich laminate, 58
speci�cations, 117
uncoated, 57

speci�cations, 117
tool, 58
speci�cations, 120

transfer, 57
measurements

surface micro-geometry, 129
measuring procedure, 61
micro-geometry

in
uence of, 37
mixed lubrication, 13

regime, 13
ML, 13, 23, 42

regime, 75, 84
model, 1

contact, 26
curve-�t, 8, 23, 91
friction, 5, 40, 42, 92, 111
constant, 92
empirical, 39, 42, 112
FEM veri�cation, 93
Stribeck, 104

material, 4
microsurface, 28
theoretical, 23, 80, 91, 111

Moes, 35
�lm thickness equation, 31

N
Nadai, 4, 15
normal force

in
uence on calculations, 36

O
operational condition, 7, 11

for calculations, 31
operational parameters, 44, 45

P
parameters
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operational, 7
penetration, 92
pick up, 57
plain stress condition, 97
ploughing, 22
ploughing friction, 80, 88
polymer layer, 83
pre-deformation, 71
predicting

frictional behaviour, 9
predictive computer simulations, 1
presses, 1, 2

instrumented, 47
pressure

apparent contact, 6
apparent normal, 6
real contact, 6

problem analysis, 1
processes

metal forming, 1
properties

element -, 11
environmental, 47
geometrical, 44
lubricant, 47
material, 31
mechanical, 44
rheological, 44
sheet, 46
thermal, 44
tool, 45

punch, 2
velocity, 98

PVD, 45

Q
quality control, 1

R
re-grinding, 79
requirements, 1, 44

general, 44
quality, 12

results
experimental, 57

Roelands, 30, 37, 112

RON tester, 31, 42, 54, 56{58, 73, 75,
88, 93, 111, 127

FEM model, 94
principle, 49

rotating die, 3
roughness, 21
rubber-forming, 3

S
sandpaper, 10
screw spindle, 54
scu�ng, 57
separation, 28, 31, 35, 122
sheet

material 
ow, 9
materials, 114
aluminium, 46
sandwich, 46
uncoated, 46
zinc coated steel, 46

Sheet Metal Forming, 1
sheet/tool/lubricant systems, 44
simulations

2D, 93
3D, 91
FEM, 92, 114
FEM input parameters, 133
SMF, 91

SMF, 1
example processes, 1
bending, 1

conditions, 43
deep drawing, 1
stretching, 1

industry, 114
Soda pendulum, 48
specimen preparation, 59
spinning, 3
spring blades, 53
springback, 58
square cup, 9, 97
static friction, 52
stick/slip, 81, 87, 111
strain

hardening, 106
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in
uence on micro-geometry, 67
length, 103
natural, 4
principal, 98, 106
thickness, 103

stress
plain, 97
shear, 24
apparent frictional, 5
limiting, 5, 7

Stribeck curve, 23, 26, 28, 35, 38, 39,
42, 61, 74, 77, 80, 83, 88, 91,
95, 111

calculation, 31, 121
high pressure, 77

surface
asperities, 24
characteristics, 37
fresh, 21
measurement, 38
micro, 28
parameters, 129

micro-geometry, 21, 26
quality, 79
roughness, 21, 27, 44, 113
BL regime, 79

surface/thickness ratio, 5
surfaces

interacting, 11

T
tearing, 9
tensile test, 4
tensile tester, 49, 50, 56

schematic, 51
tester control, 54
tool


at, 113
high pressure, 75, 77
material, 113
rotating, 51, 53, 54, 94
roughness, 88
sliding, 51, 53

transition, 14, 18, 36, 37, 40, 75, 78
high elastic tension, 72

high pressure, 78
in
uence of pressure, 75
no-def, 64
points, 83
pre-def, 69
pressure dependence, 88
simultaneously, 76

tribo-system, 11, 23, 112
tribology

de�nition of, 11

U
uniaxial, 60

V
valve, 55
variable blank holder force, 9
von Mises, 5

W
wear, 12, 27, 85
work hardening, 60
wrinkling, 20

Y
yield criterion, 60

stress
uniaxial, 77

Z
zinc layer, 81
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